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Abstract

The ability to engineer the optical properties of the semiconductor nanocrystals by controlling
their growth — size, shape, materials, coatings, etc — makes them appealing for many optical
applications. Despite the impressive development of nanocrystal manufacturing capabilities,
there are still many basic questions about how to model nanocrystals that have yet to be
adequately answered. This thesis investigates three important optical properties: 1) the
temperature dependence of the bandedge absorption energy Eu(T), 2) the temperature
dependence of the Stokes shift, and 3) the homogeneous linewidth. We relate these properties to
various nanocrystal applications with particular focus on nanocrystal based microbead barcodes.

We present measurements of the temperature dependence of the absorption and emission spectra
from 5 sizes of CdSe/ZnS nanocrystal ensembles. Our measurements show that dEq.(T)/dT is
similar to the value for bulk CdSe for all sizes of nanocrystals, in contrast with previous
experiments. We develop a model that can explain measured values of dE.,(T)/dT in both
epitaxial quantum dots and colloidal nanocrystals of different materials. We interpret our
measurements of the temperature dependence of the Stokes shift and linewidth, along with single
nanocrystal fluorescence, from the perspective of two models based on different physical
processes: 1) the fine structure of the bandedge exciton and 2) exciton-acoustic phonon scattering.
We find that neither theory is able to adequately explain our measurements in isolation. We
conclude that a comprehensive model that includes both physical mechanisms is required to
explain our experimental results.

We present a detailed analysis of nanocrystal based microbead barcodes for high throughput
biological screening. We make design decisions for how such a system would operate, develop a
Monte Carlo simulation of the expected noise, and investigate different coding architectures. We
investigate this system from the perspective of information and coding theory. We develop a
Monte Carlo code generation algorithm to evaluate the information capacity of this system.
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Chapter 1

Introduction

Over the last decade scientists have developed the ability to grow semiconductor nanocrystals
with unprecedented control over size, shape, composition, and surface chemistry. Figure 1-1
shows what a nanocrystal (NC) with a capping layer looks like schematically. A nanocrystal is
typically composed of 100s to 1000s of atoms, has a diameter of 1-10 nm, and is considered to be
a type of quantum dot. Since NCs are much larger than atoms, yet much smaller than bulk
materials, their electronic, optical, and mechanical properties are somewhere between the two
regimes. The ability to engineer the optical properties of the NCs by controlling their growth —
size, shape, materials, coatings, etc — differentiates them from organic dyes, making NCs

appealing for many optical applications.

Core-Shell Coating

Core Nanocrystal

Figure 1-1: Schematic of a nanocrystal made of two types of semiconductor, a core material and a
shell material. (from [1]) The colored spheres represent different types of atoms. Nanocrystals
are also called colloidal quantum dots.

When a direct bandgap semiconductor bulk material is illuminated with UV light,
electrons are excited from the valence band to the conduction band. The positively charged hole
that remains in the valence band is attracted to the negatively charged electron in the conduction

band via the Coulomb interaction. The electron and the hole bind together to form a quasi-
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particle called an exciton which eventually recombines and emits a photon. In bulk CdSe, an
exciton has a Bohr radius of R~5.6nm [2] and emits red light (A~680nm). However, a NC often
has a radius that is smaller than the bulk exciton radius, and this changes its optical properties
through quantum confinement.

In a NC, the quantum mechanical wavefunctions of the electron and hole are compressed
by the confining walls of the core. Because of this compression, extra energy (quantum
confinement energy) is required to generate an exciton in a NC versus in bulk. This situation is
analogous to the familiar quantum mechanical analysis of a particle in an infinite square well; As
the radius of a NC decreases, the photon energy E=2xnhc/A required to create an exciton increases.
CdSe NCs can be engineered to emit light across the entire visible spectrum. Figure 1-2 shows

both the absorption and emission spectra for different sizes of CdSe NC ensembles.

10K

saueqiosqy

Luminescence
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Figure 1-2: Absorption (solid) and emission (dashed) spectra for CdSe NCs with different radii at
T=10K. (from [3]) The Stokes shift is the peak absorption minus the peak emission energy.

Despite the impressive development of NC manufacturing capabilities, there are still
many basic questions about how to model NC optical properties that have yet to be adequately

answered. This is because the physical mechanisms that determine NC optical properties are not



well understood. It is difficult to predict @ priori the optical properties of a semiconductor NC
made of a particular material and size. What is the temperature dependence of the exciton
absorption energy? What causes the Stokes shift? What is homogeneous linewidth of a single
NC? Developing a physical model to explain these NC properties will hopefully allow for a more
intelligent NC design — in terms of core/shell material, NC size, NC shape, surrounding matrix,
etc - for specific applications. Even for CdSe NCs, the most studied of all NC technologies, the
answers to these questions have not been well established.

For example, in many current and potential NC applications - including biological
imaging, optical barcodes, and laser gain media - the spectral linewidth of the NC ensemble
emission is a critical parameter. Understanding what fraction of the ensemble linewidth at room
temperature is due to inhomogeneous and homogeneous broadening is important.
Inhomogeneous broadening refers to broadening due to differences in size, shape, impurities, and
local environment, that cause different NCs to have different energy levels and hence broaden the
linewidth of an ensemble of NCs. Homogeneous broadening refers to broadening that is caused
by processes that are intrinsic to an individual NC like electron-phonon scattering or thermal
fluctuations. Broadening due to inhomogeneities can be reduced by better manufacturing and
control of the NC’s environment, but the other types of homogenecous broadening are
“fundamental” and can not easily be eliminated through superior engineering.

Chapters 2 and 3 focus on developing a physical model to explain NC optical properties
based on our experiments with CdSe/ZnS NCs (CdSe core with a ZnS capping layer). We
specifically focus on characterizing and analyzing three NC properties: 1) the temperature
dependence of the bandedge absorption energy E..(T), 2) the temperature dependence of the
Stokes shift, and 3) the homogeneous linewidth of a single NC. These optical properties are
important design parameters and place “fundamental” constraints on many potential NC
applications. In chapter 4 we present a detailed analysis of one potential application, NC based
microbead barcodes for high throughput biological screening.

Before continuing, we first motivate our research in section 1.1 by reviewing some
current and potential NC applications and how they relate to the physical properties of NCs.
Section 1.2 reviews the physics and the current state of understanding with respect to Eps(T), the
Stokes shift, and the linewidth of NCs. Finally, section 1.3 reviews the need for biological
screening, what technologies are currently available commercially, and how replacing traditional

dyes with NCs in microbead barcodes might improve current technology.
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1.1 Applications of Semiconductor Nanocrystals

This section discusses some of the applications of NCs for which E,,(T), the Stokes shift, and the
spectral linewidth are critical parameters — lighting, display, temperature sensor applications,
laser gain media, and biological imaging. Additional applications that have received attention in
the literature, but are not discussed in this section include using the emission from a single NC as
a source of single photons {4], combining NCs with organic materials to make solar cells [5], and

using the spins of singly charged NCs as qubits for quantum information processing [6].

1.1.1 Display, Lighting, and Temperature Sensor Applications

Researchers have successfully demonstrated that NCs can be used as light emitters in organic
devices [5], thus opening the door for displays based on NC emission. The benefit of a display
that uses NCs as fluorophores is that a wider range of colors can be potentially be displayed than
is possible using traditional CRT displays. The CIE diagram in Figure 1-3 shows the range of
colors that are visible to the human eye. The range of colors that can be covered by a CRT
display is shown in the black triangle, while the dots show the range of colors that could be
covered by using currently available NC ensembles as fluorophores. In a CIE diagram, pure
colors are closer to the edge of the diagram and mixtures are near the center. The homogeneous
linewidth of NCs puts a “fundamental” limit on how much the ensemble linewidth can be
narrowed by minimizing inhomogeneous broadening, and therefore places a “fundamental”
constraint on the range of colors that can potentially be displayed with improved engineering.

A related application is to simply use hybrid NC/organics as a single color illuminant
rather than a display. The range of colors produced by traditional semiconductor LEDs is limited
by the ability to produce materials that emit at desired wavelengths., Hybrid NC/organic devices
on the other hand can emit across the visible spectrum. In particular, using NCs as a yellow
illuminant in traffic signals might be an ideal application. For this application, an important
specification is the amount that the wavelength changes with temperature. Since the range of
colors that humans perceive as yellow is extremely narrow, even a small wavelength drift could
cause a person to misinterpret a yellow light. UK rail specifications released in 1999 allows no
more than a AA=2.5nm chromaticity drift from -20°C to +40°C [7], a difficult specification to
satisfy with traditional LED technology. Developing a model for dEy(T)/dT in NCs might allow
the intelligent design of a NC technology that minimizes dE.,(T)/dT and satisfied these

14



specifications.

CIE Diagram
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Figure 1-3: The CIE diagram shows the range of colors that are visible to the human eye. Black
triangle — range of colors covered by CRT displays. Circles — range of colors covered by current
NC ensembles. (from [8])

Finally, the emission wavelength of NCs could be used to measure temperature on the
nanometer length scale. For instance, if a monolayer of NCs were deposited in an organic
electronic device, then the temperature of the NC layer could be inferred by exciting the NCs
with UV and measuring the spectrum. We believe that measuring temperature to within AT=2K
is reasonable. This would allow a direct measurement of how heat is transported in an organic
clectronic device on a nanometer length scale, something that it is difficult to imagine using
standard techniques. Unlike the previous application, here it is desirable to design NCs with a
large dE.,(T)/dT in order to increase temperature sensitivity.

In our analysis of Chapters 2 and 3 we separately consider the temperature dependence of
both the absorption E.,s(T) and the Stokes shift Es(T)-Ecmi(T), which together imply Ecmi(T). In
conclusion, all three of the optical properties that we will analyze - E.(T), the Stokes shift, and
linewidth — have important implications for NC based display, lighting, and temperature sensor

applications.

1.1.2 Laser Gain Medium

Theoretically, using NCs as a laser gain medium, in place of a bulk semiconductor, will result in
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more thermal stablility (higher Ty), a lower threshold current, and will allow for a wider range of
wavelengths [9]. The first two advantages stem from the fact that confinement of electron and
holes leads to a sharper density of states at the band edge compared to bulk. Quantum well lasers
confine electrons and holes to a 2D slab in order to achieve these advantages, and are widely used
today. NCs, which confine the carriers in all 3 dimensions, theoretically have an even greater
advantage. NC lasers have been demonstrated experimentally [10-12], but to date they have yet
to show many of the advantages that were hoped for.

Both the Stokes shift and the emission linewidth are important parameters for modeling
the NC gain spectrum. Understanding the origin of the Stokes shift has important implications
for how intense the pumping needs to be in order to achieve gain. As the Stokes shift decreases,
the overlap of the absorption and emission spectra increases, and therefore the gain spectrum
(which is the sum of the absorption spectrum and an appropriately weighted emission spectrum)
decreases. On the other hand, the maximum gain is inversely proportional to the homogeneous
linewidth [13]. Developing a model for both the Stokes shift and homogencous linewidth may

allow for a better design and a more realistic assessment of the potential of NC based lasers.

1.1.3 Biological Imaging

Perhaps the most common application of NCs currently is as a replacement for traditional dyes in
biological imaging applications. NCs have many advantages over traditional dyes for imaging
applications. 1) They don’t bleach as quickly. So, the same piece of tissue can be imaged for
longer periods of time. 2) They are brighter, so you can image on a shorter time scale. 3) NCs
can be excited with one UV light source. With traditional dyes, each dye needs its own excitation
source which makes imaging more difficult and expensive. 4) The emission spectra of traditional
dyes tend to overlap with one another causing cross-talk between the different colors. NC
emission linewidths are very symmetric, slightly narrower, and can be chosen so that cross-talk is
minimal. Researchers have demonstrated the ability to label 4 types of tissue with different
colors of NCs [14] which is difficult to achieve with traditional dyes. Figure 1-4 shows a

multicolor image using NCs and a traditional dye.
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Figure 1-4: (from [14]) — Double-labeling of mitochondria and microtubules in NIH 3T3 cells.
The mitocondria are in red and microtubules are in green. (Nuclei are counterstained with a
traditional dye).

The emission linewidth of NCs is an important parameter to consider for biological
imaging. As the linewidth is reduced, it is possible to image more types tissue without having
significant cross-talk between different colors. Again, understanding the origin of the emission
linewidth is important. If the linewidth is primarily due to size inhomogeneities, then it may be
worth investing in methods to improve size selection and reduce the linewidth. If the linewidth is
primarily due to the homogeneous linewidth, then improved size selection will have a minimal
impact and effort should be directed elsewhere. Developing a better understanding of NC physics
may help to focus research in more productive areas. The next section reviews the current

literature models of NC physics.

1.2 Nanocrystal Physics

The applications discussed in the previous section indicate that the temperature dependence of the
emission wavelength, the Stokes shift, and the spectral linewidth are all important design
parameters. This section reviews the current state of the literature with respect to these three

parameters, although we break the temperature dependence of the emission energy E.n(T) into
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two parts — the temperature dependence of the bandedge absorption E..(T) and the Stokes shift
Eabs(T) - Ecmi(T)-

1.2.1 Bandedge Absorption Energy E,;(T)

In bulk semiconductors, it is well known that the temperature dependence of the bandgap is
primarily a result of thermal expansion of the lattice and electron-phonon interactions, the later
effect being the most important for most semiconductors [15]. Since confinement in a quantum
dot (QD) changes the electronic energy levels and phonon modes, it has been argued that the
electron-phonon interaction strength may change, and as a result the temperature dependence of
the excitonic energy may change. References [16-22] all suggest that the E,5(T) in QDs should
be or is modified from the bulk temperature dependence due to modified phonon coupling. This
reasoning was used to explain the experimentally observed size dependence of dE/dT in CdS
[21], CdSe [16], and PbS and PbSe NCs [17]. (See Figure 1-5) (Most papers do not differentiate
between Eu(T) and E.ri(T) and seem to implicitly assume that they are the same E(T).) Ref
[18] makes the interesting observation that for epitaxial QDs (InAs, IngsGagsAs, GaAs), the
temperature dependence dE/dT is well described by the bulk value, in contrast to colloidal
nanocrystals. (see Figure 1-6) This difference is unexpected because the physical mechanisms
that are invoked to explain the size dependence of dE/dT in NCs should also be applicable to
epitaxial QDs. Ref [18] concludes that “No detailed theory, either first principles or
semiempirical, that would allow for an accurate description of E(T), seems to be available for
QDs.”

In Chapter 2, we present our own measurements of the temperature dependence of the
bandedge absorption of different sized high quality CdSe/ZnS NCs. In contrast to the literature
we find that the bulk temperature dependence accurately describes our measured dE,,/dT for all
sizes. Additionally, by considering how the temperature dependence of the effective mass affects
the confinement energy we are able to adequately explain the strong size dependence of dE,/dT
in PbS and PbSe NCs [23].

18
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Figure 1-5: The temperature dependence of the bandedge absorption feature in PbS NCs
experimentally has a strong size dependence. The proposed explanation involves electron-
phonon scattering. (from [17])
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Figure 1-6: The temperature dependence of the emission in epitaxial InAs/GaAs quantum dots is
primarily determined by the bulk temperature dependence. (from [18])
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1.2.2 Stokes Shift

Existing theory attributes the large non-resonant Stokes shift in CdSe NCs primarily to the
exciton fine structure [3]. The fine structure is a set of discrete energy levels that is derived by
considering confinement effects within a multiband effective mass framework [3]. PLE
(photoluminescence excitation) experiments show sharp features in the absorption spectrum of
the bandedge exciton that compare reasonably well with fine structure theoretical predictions
[24]. Figure 1-7 shows the inferred single NC bandedge absorption spectrum from PLE
experiments [24]. Figure 1-8 shows how the theoretically derived fine structure compares to
experiment [24].

The fine structure model predicts a strong temperature dependence for the Stokes shift of
small CdSe NCs. In Chapter 3 we present our measurements of the temperature dependence of
the Stokes shift for five sizes of CdSe/ZnS NCs. Surprisingly, we find that the Stokes shift has a
weak temperature dependence for all sizes. We speculate that the temperature independent
Stokes shift that is implicit in exciton-acoustic phonon scattering models may offer a partial
explanation. This implication of exciton-acoustic phonon scattering has not been widely
appreciated by the research community, which instead has focused on the homogeneous linewidth

implied by exciton-acoustic phonon scattering.

Single Dot Structure

PRI TS T

0 50 100 0 25 580
Energy (meV) Energy (meV)

Figure 1-7: The inferred single NC bandedge absorption (excluding optical phonon replicas) from
PLE experiments for different sizes of CdSe NCs. A-H correspond to NC radii of 15, 19, 21, 24,
27, 33, 44, and 50A. (from [24])
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Figure 1-8: Theoretical fine structure for CdSe NCs (a and ¢) and experimentally inferred fine
structure (b and d). (from [24])

1.2.3 Spectral Linewidth

For many of the applications discussed in section 1.1, it is desirable to make the NC ensemble
emission linewidth as narrow as possible. However, the contributions of different broadening
mechanisms to the ensemble spectrum at room temperature (the temperature regime for most
applications) have not been well established. Figure 1-9 shows that single NC emission spectra
are much narrower than cnsemble linewidths at low temperature. This inhomogeneous
broadening is primarily due to the size distribution of NCs within the ensemble, although spectral
diffusion also contributes to the ensemble linewidth. Spectral diffusion refers to the experimental
observation that the spectrum of a single NC changes with time. Spectral diffusion is believed to
be the result of Stark shifts that are due to fluctuating local electric fields which result from
charges moving in the environment surrounding the NC. A direct result of spectral diffusion is
that the single NC spectrum broadens as the integration time of the spectrometer increases, as is
shown in figure 1-10. Additionally, the rate of spectral diffusion increases with temperature,

complicating the interpretation of single NC spectra at room temperature.
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Figure 1-9: Single CdSe NC emission spectra along with the NC ensemble spectra. (from [25])
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Figure 1-10: Single CdSe NC linewidth at T=10K as a function of spectrometer integration time.
(from [26])

The homogeneous linewidth has been inferred from femtosecond photon echo
experiments [27] on different sizes of CdSe NCs as a function of temperature in {28]. Exciton-
acoustic phonon scattering has been invoked to explain both the inverse size and linear
temperature dependence of the echo decay rate [27]. However, the broad linewidth (~10 meV)
implied by photon echo experiments at low temperatures seems to be at odds with the narrow
(~100peV) linewidths that are measured for single NC emission [25]. This apparent conflict is
not discussed in the literature. However, we speculate that it may be partially resolved by
considering the results of spectral hole burning experiments which show a narrow line on top of a
broad pedestal [29]. This spectrum, shown in figure 1-11, has been described as a “Prussian
helmet” and has been attributed to exciton-acoustic phonon scattering. Within this interpretation,
the broad pedestal corresponds to acoustic phonon assisted optical transitions, while the narrow

peak corresponds to a purely optical transition, and is called the zero phonon line (ZPL) [30]. In
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conclusion, there is no concensus in the literature regarding how to model the spectrum of a

single NC, nor is it clear what the experimental homogeneous linewidth is at room temperature.

b)
D=4nm
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Figure 1-11: Measured spectral hole burning spectrum for R=2nm CdSe/ZnS NCs. (from [29])

In Chapter 3 we use the temperature dependence of ensemble emission spectrum to infer
the room temperature homogeneous linewidth as a function of NC size. We compare our
experimentally measured temperature and size dependence of the Stokes shift and ensemble
linewidth to the predictions of an exciton-acoustic phonon scattering model and find adequate
agreement. However, we also present a single NC emission spectrum for a small NC which is
inconsistent with this model. We conclude that a more complete model that treats both the fine
structure and exciton-acoustic phonon scattering in the same physical framework is required to
explain our experimental data. Hopefully, this model will assist in NC design for applications

such as NC based microbead barcodes for biological assays.

1.3 Review of Biological Assay Technology

A recurring desire in many areas of biological research is to screen for the presence of many
predefined target biomolecules in large numbers of test samples in a rapid and economic manner.
Currently, the two dominant biological assay technologies are DNA planar arrays and microbead
based assays. Figure 1-12 shows schematically how microbead biological assays work. First,
different types of microbeads are created by varying the ratio of different colors of dyes that are
incorporated into the polymer microbeads. Then, a different type of molecular probe is attached

to the surface of each type of microbead. Different types of microbeads are then mixed together
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with the biological sample of interest. If a target molecule is present, then it will bind to the
exterior of the corresponding microbead. Finally, the microbeads are individually separated,
illuminated with UV light, and their individual emission spectra are recorded. The fluorescence
from the internal dye provides the optical code to differentiate between types of microbeads,
while the presence of the target analyte is indicated by its fluorescent tag. Currently 100 types of
microbeads are distinguishable using organic dyes, but the literature suggests that using
nanocrystals (NCs) instead of organic dyes could dramatically increase the number of
distinguishable microbead types, and hence increase the multiplex capability of this system.
Although the benefits of replacing organic dyes with NCs has been anticipated, there are
still very basic questions regarding how a NC based microbead barcode system should be
designed that have not yet been addressed. In chapter 4 we first develop a specific proposal for
how a NC based system might work, along with a noise model based on what is currently
achievable experimentally. A Monte Carlo simulation is used to evaluate the number of
distinguishable barcodes given an error rate for different microbead coding architectures. We
find that the best results are obtained by using a Monte Carlo code generation algorithm. Our
analysis indicates that 1000s of types of microbead barcodes could be distinguishable using a NC
based system, a dramatic improvement over the 100 codes that are currently available
commercially, but much less than the 40,000 to 1 million that was been speculated in the

literature.
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Figure 1-12: Schematic of microbead barcode technology for biological assays. Polymer
microbeads are differentiated by the ratios of internal dyes. Each type of microbead is coated
with a different type of probe. Target molecules bind to their probes. The individual spectrum of
each microbead is measured. The fluorescence from internal dyes provides an optical code that is
used to determine the type of microbead, while fluorescence from the tagged target molecules
indicate their presence. (from [31])
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Chapter 2

Temperature Dependence of the Exciton

Transition in Semiconductor Quantum Dots

As the manufacture of colloidal and epitaxial quantum dots (QDs) has matured over the last
decade, the usefulness of a physical model to predict the optical behavior of QDs has increased.
In particular, modeling the measured temperature dependence of the excitonic energy levels E(T)
has attracted attention [16-18, 20]. This is relevant for many quantum dot applications: Changing
the exciton energy moves the gain profile in laser applications, introduces chromaticity drift in
lighting applications (UK rail specifications allow only 2.5nm chromaticity drift throughout the
-20°C to +40°C temperature range for yellow railway signal illuminants. This is difficult to
achieve with current yellow LED technology.), and can be used to measure the temperature on
the nanoscale (If a monolayer of NCs can be deposited in an optically accessible area of a device
such as an organic LED, then the temperature at that layer can be inferred from the color of the
photoluminescence.). It is useful to not only characterize the temperature dependence of the
exciton energy, but to understand the physics in order to potentially design nanostructures (or
choose materials) that have the desired temperature dependence for a particular application.

In bulk semiconductors, it is well known that the temperature dependence of the bandgap
is primarily a result of thermal expansion of the lattice and electron-phonon interactions, the later
effect being the most important for most semiconductors [15]. Since confinement in a QD
changes the electronic energy levels and phonon modes, it has been argued that the electron-
phonon interaction strength may change, and as a result the temperature dependence of the
excitonic energy may change. References [16-22] all suggest that the E(T) in QDs should be or is
modified from the bulk temperature dependence due to modified phonon coupling. Ref [18]
notes that “No detailed theory, either first principles or semiempirical, that would allow for an
accurate description of E(T), seems to be available for QDs.” Ref [18] also notes that for
epitaxial QDs (InAs, Ing¢GagsAs, GaAs), the temperature dependence is well described by the
bulk value, in contrast to colloidal nanocrystals (CdS, CdSe, PbS, PbSe).

In this chapter we argue that there is no fundamental physical difference between
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epitaxial QDs and colloidal nanocrystals (NCs) with respect to E(T) and show that a first order
model that only considers changes in the confinement energy with temperature can reasonably
explain the behavior of both epitaxial QDs and colloidal NCs. In particular, we show that the size
dependence of dE/AT in PbS and PbSe NCs [17] can be attributed to the strong temperature
dependence of the effective mass, and hence the confinement energy Econ(T)~m’'(T). However,
we first present our measurements of E(T) in high quality CdSe/ZnS NCs, for which the
temperature dependence of the confinement energy is expected to be minimal. We find that E(T)
agrees well with the bulk CdSe dependence for all sizes of NCs, in contrast to previous

measurements of CdSe [16] and CdS [21] NCs.

2.1 Experiment

We measured the absorption spectra of 5 sizes of CdSe/CdS/ZnS NCs at temperatures between
T=5K and T=300K. However, when we designed our experiment we wanted to measure more
than just E(T). We wanted to measure both absorption and emission ensemble spectra from the
same physical samples at temperatures between T=5K and T=300K. Furthermore, we wanted the
spectra to be indicative of the properties of the individual NCs within the ensemble, so that we
could infer properties of a single NC: the temperature dependence of the exciton transition,
intrinsic spectral linewidth, and Stokes shift. In this section we discuss all aspects of our
experiment, although we will only analyze the temperature dependence of the absorption spectra
in this chapter. Chapter 3 will focus on the intrinsic linewidth and the Stokes shift. It will
provide the temperature dependence of the photoluminescence (PL) which is important for the

applications mentioned in the introduction.

2.1.1 Sample Preparation

In order to get reliable and relevant data, we needed to make trade offs between various
characteristics of our samples. Some important considerations in sample preparation were: 1)
Optical clarity — This is necessary in order to minimize scattering as light passes through the
sample. Scattering manifests itself as a slope in the absorption spectra which makes it more
difficult to infer the absorption spectra due NC absorption. 2) Low Optical Density — This is

necessary in order to minimize reabsorption and remission which causes a red shift in the
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emission spectra. 3) Low NC density — This is necessary in order to ensure that the NCs do not
significantly interact with one another. If the NCs are too closely packed, then they can transfer
energy from one to another via dipole-dipole coupling. This will cause a redshift in the PL
spectrum. 4) Accurate temperature control — If the NC/polymer is too thick then the heat transfer
between the middle of the polymer composite and the cryostat will be poor, and this will decrease
the ability to control the sample temperature. These were major considerations that dictated
many of the choices that we made in our sample preparation.

We embedded NCs in a poly laurylmethacrylate (PLMA) matrix using a procedure
similar to the one described in ref. [32]. The basic procedure is: 1) Separate the NCs from their
solvent. 2) Mix a monomer, a cross linker, and a catalyst with the NCs. 3) Activate the catalyst
by heating to create a NC/polymer composite. However, because our NC samples were different
from those used in ref. [32], their procedure needed to be modified in order to achieve a high
enough sample quality for our needs. We used 545, 565, 585, 605, and 655 Qdot ITK Organic
Quantum Dots from the Quantum Dot Corporation which come in decane with a TOP (trioctyl
phosphine) and TOPO (tioctyl phosphine oxide) coating. The high quantum efficiency (>50% at
room temperature) of these NCs indicates that the effects of defect/surface states are minimal,
while the narrow size distribution allows accurate determination of the bandedge absorption
energy.

Before continuing it is worth briefly mentioning some of our failed attempts. Evident
Technologies sells CdSe NCs in an optically clear polymer that is similar to NOA (Norland
Optical Adhesive) and can be cured with UV light. We mixed dried NCs with NOA and were
able to make a reasonably clear NC/polymer composite. We cured the samples under UV, but the
resulting samples were quite foggy at room temperature which looked to be the result of tiny
cracks in the cured polymer. The PL intensity was also significantly reduced upon mixing with
the NOA. We stopped using NOA for both of these reasons. Secondly, we tried incorporating
the NCs into polyvinyl butyral (PVB). We dissolved dried NCs with some PVB, deposited drops
of the solution onto two separate sapphire plates, waited a few hours for the solution to mostly
dry, made a sandwich of the two sapphire plates with the NC/PVB in the middle, and put the
sample in an oven at 100°C with a weight on top for half an hour. The heat served to fully dry
out the PVB and to allow the polymer to flow. We successfully created an optically clear sample
and were able to make accurate absorption measurements. However, the PVB quenched the PL
of the NCs dramatically and the signal was not adequate for emission spectra measurements.
Accordingly, we discontinued using PVB.

Our initial attempts to incorporate the NCs into PLMA did not work. In order to
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incorporate the NCs into PLMA, they must first be separated from the decane solvent. We
followed ref. [32] and separated the NCs from the decane using a familiar crash out procedure:
add methanol and a little butanol until the mixture becomes cloudy and then centrifuge. The NCs
collect on the bottom of the container and the remaining clear solvent can be removed, leaving
just some moist NCs. We found that the polymer composite did not cure unless the NCs were
thoroughly dried, which we accomplished by pulling vacuum on the NC container for about 1
hour. However, we also found that the crash out procedure removed much of the TOP/TOPO,
which we believe caused the NCs to aggregate and resulted in a foggy sample. We tried to add
some TOP to the dried NCs, but this also resulted in a foggy sample, possibly because we were
unable to accurately add the small amount of TOP that is appropriate for the small amount of NCs
sample that we had at our disposal. Eventually, we found that pulling vacuum directly on the
NC/decane solution for a few hours removed the decane and left behind an appropriate amount of
TOP/TOPO with the dried NCs. This is how we separated the NCs from solvent for all of our
final samples.

After drying out 1 mL of QDot solution, we mixed the NCs with a premixed solution of
0.36g of laurylmethacrylate, 0.09g of ethyleneglycol dimethacrylate crosslinker, and
approximately 0.005g of azobisisobutyronitrile (AIBN) radical initiator. The resulting solution
was often times foggy, which we speculated was due to NC aggregation. However, after about
10 minutes of sonication the solution became optical clear. We then inserted some of the solution
between two sapphire plates separated by 380-760um with two Indium solder spacers. Following
Ref. [32], we first tried to cure the samples in an oven at 77°C, but even after many hours our
samples did not fully cure. We also tried to cure the sample by illuminating it with a 30W Xenon
lamp overnight, but no curing occurred. We then put the samples in an aluminum dish, put it on
a hot plate set to 100°C, covered the samples and hot plate with aluminum foil, and waited about
2 hours. The resulting cured samples were optically clear and flush with the sapphire plates on
both upper and lower surfaces. We found that if the sapphire plates were spaced much less than
380um then the curing polymer, which contracts as it is cured, would separate from the surface of
the upper sapphire plate and the surface would be too wavy to accurately measure the absorption
spectrum. The thicker spacing apparently allows the polymer enough room to bend inwards

while curing without cracking or separating from the sapphire plates.
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2.1.2 Optical Detection

We used the same optical detection setup to measure both the emission and absorption spectra of
our samples. (see Figure 2-1) To measure the absorption spectra we used an LS1 halogen lamp
from Ocean Optics as a white light source. The output light is collimated to a beam a few
millimeters in diameter, passed through the sample, and collected with a CC3 diffuser attached to
a 600um fiber (both from Ocean Optics). (The diffuser minimizes the sensitivity to the angle and
position of the incident beam.) A spectrum is measured by attaching the fiber to an Acton
SpectraPro 300i spectrometer with a Princeton Instruments Spec10:400BR back illuminated, deep
depletion camera cooled to -80°C. Next, the sample is removed from the beam path, and the
halogen lamp spectrum is measured. After subtracting the dark counts from both spectra, the
absorption spectrum is calculated by taking the absolute value of the log of the first spectrum
divided by the second. The first absorption peaks of our samples have an optical density that
varies between 0.04 and 0.07. This low optical density ensures that the PL redshift due to
reabsorption and reemission is minimized. The absolute wavelength is verified to an accuracy of

A=1-2nm using the lines of a Mercury Xenon lamp.

cryostat

fluorescence

Halogen
Lamp

sample spectrometer

Figure 2-1: Schematic of our experimental setup. To measure emission spectra the UV LED is
used to excite samples, while the halogen lamp is blocked. To measure absorption the beam
block is used to block the UV excitation.

Accurately measuring the PL spectrum is slightly more complicated. We use a A=380nm
LED (Digikey LX5093SUVC) filtered with UG1 and BG40 colored glass filters as an excitation
source. The UV light is focused to a few mm diameter spot on the sample, the NC emission is

collected by the fiber, and a spectrum is measured using the same detection system that is used
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for absorption. (The halogen lamp is physically blocked while taking emission spectra.) The
relative efficiency as a function of wavelength of the detection system is calculated by dividing
our measured LS1-CAL halogen lamp (Ocean Optics) spectra by the calibration spectrum sent
with the lamp. (see Figure 2-2) It is reassuring that the calculated relative efficiency spectrum
agrees well with the efficiency spectrum of the camera multiplied by our grating’s spectral
efficiency. The actual PL spectrum is then calculated by dividing the raw emission spectrum by
the relative efficiency spectrum. We estimate that our calibration procedure corrects the center
wavelength of NC PL spectra by up to AA~1nm, or AE~4meV, which is small but not negligible.
This calibration procedure is necessary for accurate measurements of the emission spectra, and

we suspect that it is often overlooked by other researchers.
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Figure 2-2: Left — Colored lines show the measured spectra of calibration source LS1-CAL at
three spectrometer settings. Black line shows the calibration spectrum. Right — Colored lines
show the measured spectra divided by calibration spectrum. Black line shows a fit to the colored
lines, and is used as the relative efficiency for our optical detection system.

We were also concerned that the details of our LED might affect the measured emission
spectra. The A~20nm FWHM linewidth of our LED excitation could preferentially excite NCs of
a certain size within our inhomogeneously broadened sample. However, an emission spectrum

taken with a A~50nm FWHM bandpass filtered Xenon lamp was experimentally identical to
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spectrum using our LED, and we therefore concluded that any size selective effects of our LED
excitation are negligible. Also, the magnitude of the emission spectra scaled linearly with
excitation intensity, but the shape did not change. We concluded that our measurements are not
sensitive to the LED excitation intensity which in theory could cause heating or have other
effects. Using the cross sections of different sized NCs from [33] along with our absorption data,
we calculated that the density of NCs in our samples are 1-2x10"°cm™ which corresponds to a NC
spacing of approximately 80nm. Energy transfer between NCs is expected to be negligible at this

distance.

2.1.3 Temperature Control

Accurately controlling the temperature of the NCs at low temperatures requires careful thermal
engineering. Qur samples are cooled in an Optistat CFV continuous flow helium cryostat from
Oxford Instruments. Our samples are secured to a cold finger with a top plate and four screws.
(sece Figure 2-3) All thermal connections are made with Indium solder to ensure good heat
transfer. [In the cryostat literature GE varnish is often recommended for making a good thermal
contact, however our experience was that Indium solder makes a far superior thermal contact and
is much easier to use. For example, we originally connected the cold finger to the cryostat body
using GE varnish, and we were not able to lower the cold finger temperature below T=10K.
After replacing the varnish with Indium solder the cold finger could be cooled below T=5K. We
ran into similar problems using GE varnish to attach the sample to the cold finger, but were able
to solve them by switching to Indium solder.] Three of the attachment screws passed through 2
or 3 spring loaded washers to ensure that pressure is maintained even if parts thermally expand or
contract at lower temperatures. The fourth screw went through a mounting adapter for a silicon
diode temperature sensor from Lake Shore (DT-470-BO) that was above the top plate. [We first
tried to use silicon diode that was not premounted by Lake Shore and had a lot of difficulty
making a good thermal contact to the cold finger without making an clectrical contact. We highly
recommend using the premounted sensor if possible.] This temperature sensor always agreed to
within about T=2K with a sensor embedded in the cryostat body. We concluded that the sapphire
plates, which were in the thermal path between the two temperature sensors, were maintained at
the same temperature as the cryostat body. However, we were still concerned that there could be
a large thermal resistance between the middle of the NC/polymer composite and the sapphire

plates on either side. [In our preliminary experiments we created a NC/polymer composite in a
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0.25” diameter hole of a metal washer. We mounted the sample/washer in our cryostat without
Indium solder thermal connections. In retrospect, we can infer from the PL spectrum that the
sample was only at T=150K when the cryostat was at T=5K. This was presumably due to bad
thermal contacts between the sample, the washer, and the cold finger, even though they were all

in physical contact.]

Bird's Eye Lateral
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Figure 2-3: Schematic of our sample mounted on the cold finger.

We performed another experiment to validate that the temperature of the NC/polymer
composite was cooled to the same temperature as the cryostat. We first set the cryostat to T=77K
and measured the PL spectrum of a sample. Then, we removed the sample and immersed it in a
dish filled with liquid nitrogen (T=77K) and again measured the PL spectrum. The two spectra
were experimentally identical, and therefore we concluded that the cryostat temperature sensor
accurately indicated the sample temperature at low temperatures. (The center wavelengths agreed
to within A=0.2nm, which is quite close considering that the PL wavelength shifts by A=20nm as

the temperature is changed from T=300K to T=77K.)

2.1.4 Data Processing

Since most of the theoretical models of NCs are reported in terms of energy, as opposed to
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wavelength, it is convenient to transform the axes of our spectra from wavelength to energy in
order to compare with theory. While this is trivial for an absorption spectrum, simply convert A
to E=2nhc/A and replot the data, this is an INCORRECT procedure for emission spectra. An
absorption spectrum is unitless, since it is the ratio of the POWER OUT divided by the POWER
IN. The emission spectrum, on the other hand, has units. It measures the optical power per unit
wavelength or per unit energy. Since AE=-27thc(AL)/A%, simply converting the x-axis from A to E
and then replotting the emission data on the energy axis is incorrect, although this is correct for
absorption. A correct procedure is to multiply the emission spectra by A? and then plot on the
energy axis. To illustrate this, figure 2-4 shows the theoretical blackbody spectrum for an object
at T=3000K, and the spectrum that would be measured using a spectrometer. Simply converting
the spectrometer bin wavelengths to energy, and replotting gives an incorrect result, as fig, 2-4
shows. Since the spectrometer bins are spaced evenly in wavelength, they are unevenly spaced in
energy. Finally, fig 2-4 shows the result when the correct procedure is used. This procedure is
more important for spectra with larger linewidth:wavelength ratios. The incorrect procedure
causes only about a 5 meV error in our PL data, which is small but not negligible. We suspect
that the incorrect procedure is common in the literature.

Additionally, there were some complications with the absorption spectra due to
scattering. At T=300K, all of our samples were optically clear with flat absorption spectra at
energies lower than the first absorption peak. However, by the time they had been cooled to
about T=230K they became visibly foggy. This showed up as a negative slope when plotting the
absorption spectra versus wavelength, and is presumably due to Rayleigh scattering. In order to
correct for this we have subtracted off a variable straight line background from the absorption in
the wavelength domain. We found that the fogginess was reversed when the sample temperature
was returned to T=300K. In fact, we took 2 sets of data on the same physical sample and the data
was experimentally identical. We speculate that some molecule in our sample came out of
solution at lower temperatures, and went back into solution when the temperature was returned to

T=300K, but we are not sure.
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Figure 2-4: Simulation of data processing procedure. Left — Shows the theoretical T=3000K
blackbody spectrum, along with a spectrometer measurement. Center — Shows the results of
applying the incorrect data processing. Right — Shows the results using the correct procedure —
multiply the spectrometer data by A%, convert A to E, and then replot.

2.2 Experimental Results

The absorption spectra are fit to a series of either 2 or 3 Gaussians. Figure 2-5 shows the
temperature dependence of the lowest energy absorption peak E(T) for all of our samples along
with the raw absorption spectra at T=300K. (For the largest NCs, we use an average of the 1st
and 2nd absorption features, since the lowest energy feature is partially buried beneath the 2nd
feature and therefore the least squares fit is not sensitive to its position.) Our measured values of
dE/dT are experimentally identical for all 5 NC sizes and agree well with the average bulk value
of dEpu/dT=-0.36meV/K from T=100-300K. Our results are in contrast to previous
measurements in CdSe [16] and CdS [21] NCs which indicate that the magnitude of dE/dT scales
with NC size. We believe that our data is more reliable for several reasons. 1) Our implied size
dispersion is narrow enough (cg/R~5%) that we are able to measure the shift of the bandedge
absorption directly, while in [16] Stark spectroscopy is necessary to extract dE/dT values. The

interpretation of Stark spectra of CdSe NCs is complicated since the electric field is known to
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cause state mixing [34] and therefore may modify dE/dT. 2) NC manufacturing has improved
dramatically in the last decade, so that we are confident that our NCs have a CdSe core. In
contrast, measurements of CdS NCs in 1994 show a size dependent E(T) [21], but have a S/Cd

ratio as low as 0.2, instead of 1.
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Figure 2-5: Temperature dependence of the lowest absorption feature for 5 sizes of CdSe/ZnS
NCs from the QDot Corporation (655nm, 605nm, 585nm, 565nm, 545nm). Inset — Raw
absorption data for all 5 samples at T=300K.

2.3 Analysis

In light of our different experimental results it is appropriate to revisit the analysis in [16] of the
physical mechanisms that contribute to dE/dT in CdSe NCs. Additionally, it is important to

consider experimental data of quantum dots in other material systems.

2.3.1 CdSe Nanocrystals

In bulk CdSe the temperature dependence of the bandgap is thought to result primarily from
changes in the electron-LO phonon self-energy [15]. However, dE/dT could be modified in a NC
due to changes in the pressure, Coulomb energy, exciton-phonon scattering, and the confinement

energy. 1) Since our NCs have a ZnS capping layer, the CdSe core could potentially experience a
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temperature dependent strain, due to different thermal expansion coefficients. However, we
believe that strain effects are minimal since adding the ZnS cap causes a red shift in the exciton
energy [35], not a blue shift as is expected for increasing pressure (dE/dP is positive). 2) Since
the electron and hole wavefunctions are confined in a NC and therefore have a greater overlap
than a bulk exciton, the Coulomb energy is higher in a NC. Since the Coulomb energy depends
on the dielectric constant and the dielectric constant depends on temperature, dE/dT will be
modified. Assuming that the Coulomb energy in a NC scales as 1/R, that Ecoyomy=15meV for the
bulk exciton radius R=5.6nm, and that £35x=9.64 and £;0x=9.17, we have calculated the

dielectric contribution to dE/dT to have a maximum effect of about -0.01meV/K for our smallest

NCs. (see Figure 2-6)
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Figure 2-6: Calculated contributions to dE/dT for a CdSe NC: Coulomb energy, exciton-optical
phonon scattering, thermal expansion, and effective mass (see text). Shaded area indicates the
calculated range of dE/dT due to uncertainty in the effective mass contribution. Circles —
experimental values.

3) Exciton-phonon scattering is expected to be modified in a NC since the phonon density
of states, the electronic structure, and exciton wavefunction are different than in bulk. It has been
suggested that this modification may lead to a change in dE/dT for NCs [16-18, 20]. The
independent boson model is commonly used to describe exciton-phonon interactions in NCs [16,
36], but this model does not lead to a change in dE/dT [37]. A second order model which allows
for the virtual absorption and emission of phonons and does modify dE/dT is simulated in [38] for
optical phonons in CdSe NCs. The shift in energy hA,,=BxN scales as the optical phonon
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Boltzmann occupation N and the constant B can be inferred from simulations of the optical
phonon contribution to the linewidth 3. in [38]. The contribution to dE/dT is quite small,
reaching a magnitude of only about -0.01meV/K for R=5nm. (see Fig. 2-6)

4) Finally, there will be some contribution to dE/dT due to a change in confinement

energy with temperature. Assuming an infinite potential well and a parabolic bandstructure, the

2.2

. o . . . .
confinement energy is given by E pe) where « is a geometric constant, m is the exciton

conf —

effective mass, and R is the radius of the confining potential. Taking the first derivative with

respect to temperature we find 9E sonr _

daT "' 'mar RoT

{__16_”"_3%} and we can therefore estimate the
contribution to dE/dT due to changes in the confinement energy. The thermal expansion
coefficient is approximately 5x10° for CdSe and therefore the second term is negligible [16]. We
are not aware of any data on the temperature dependence of the effective mass in CdSe, but this

2
1 2h7[p o ]
can be estimated using Kane’s kep formula —-—,,(—- = —+ ——K——z—-— , where m, is the mass of
m

T) m, mE,(T)

an electron, p.v is a coupling constant, and Ey(T) is the bulk bandgap. Since we know that the

2

effective mass of CdSe is about 0.12m, and we know dEy/dT=-0.36 meV/K, we estimate a
percentage change in effective mass of about 2x10™/K, although this is likely an overestimate
since Kane’s formula tends to overestimate the temperature dependence in other materials [39].
This effect is potentially the largest modification to dE/dT in a CdSe NC by far. However, in
materials such as PbS and PbSe where the percentage change in effective mass with temperature
has been measured to be quite large, 8.5x10%/K and 1.2x107/K respectively at T=300K [40], we

expect this effect to dominate.

2.3.2 Other Materials

Figure 2-7 shows our measured dE/dT values for CdSe NCs and experimental dE/dT values in
other materials, all normalized by their bulk dEpu/dT values. While dE/dT in CdSe, InAs,
InGaAs, and GaAs nanostructures are experimentally identical to their bulk values
((dE/dT)/(dEpu/dT) = 1), dE/dT in PbS and PbSe NCs decreases in magnitude with increasing
confinement energy and actually goes to dE/dT=0 for PbS NCs with a confinement energy of
approximately 700meV. To quantify the importance of the temperature dependence of the

39



effective mass on dE/dT for PbS and PbSe, we have subtracted this contribution g f[—_m_m}
"\ 'maT

from the raw data and plotted the result (open symbols) in Fig. 2-7. The resulting values of
dE/dT are much closer to the bulk value dE,,;/dT (their ratio is approximately one) across a
range of sizes for both PbS and PbSe. We conclude that the temperature dependence of the
effective mass can account for the majority of the size dependence in dE/dT for PbS and PbSe
NCs. This effect was ignored in the analysis of [17]. We believe that our interpretation is
strongly supported by measurements of PbSe NCs which show that the ratio of the second to first
exciton confinement energies remains constant as a function of temperature [41], even though the
first exciton confinement energy is strongly temperature dependent. If dE/dT were being
modified by strain effects, for example, then we would not expect this ratio to remain constant.
CdSe, InAs, InGaAs, and GaAs are expected to have a weaker percentage change in effective
mass with temperature and hence are expected to have dE/AT values much closer to their bulk
values, as Fig. 2-7 shows is the case. It is important to note that our model will break down once
the confinement becomes so strong that the electrons occupy k states further from the band
minimum and the parabolic band approximation breaks down. Since this breakdown occurs for
confinement energies of about 800meV and 600meV for PbS and PbSe, we have only included

data points with these lower confinement energies in Fig. 2-7.
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Figure 2-7: Filled shapes are raw experimental data for InAs [18], Ing¢GagsAs [18], and GaAs [20]
epitaxial QDs, and CdSe (this work), PbS [17], and PbSe [17] NCs. Open shapes show PbS and PbSe data
after subtracting the expected contribution of effective mass to dE/dT.
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2.4 Conclusions

In conclusion, we have shown that a first order model that only considers changes in the effective
mass with temperature can explain the existing experimental measurements of dE/dT for both
epitaxial QDs and colloidal NCs, and hence both types of systems can be modeled using the same
physical framework. Our absorption measurements of high quality CdSe/ZnS NCs show that
there is no measurable size dependence to dE/dT, in contrast to earlier measurements in lower
quality CdSe and CdS NCs. We are able to explain most of the size dependence in dE/dT in PbS
and PbSe NCs by the strong temperature dependence of the effective mass of these materials.
Previous explanations neglected this simple, yet dominant physical effect. We do not know of
any experimental evidence that indicates that E(T) should be modified in nanostructures due to
changes in exciton-phonon coupling. However, the next chapter will consider how exciton-

phonon coupling scales with NC size and the effect on NC optical spectra.
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Chapter 3

The Stokes Shift and Spectral Linewidth of CdSe

Nanocrystals

Nanometer size structures have enabled the control of excitonic transition energies through
confinement of the electron/hole wavefunctions. This has allowed the fluorescent properties of
CdSe nanocrystals (NCs) to be tailored to any wavelength across the visible spectrum by
controlling their size [32]. A desire to understand the physical mechanisms responsible for the
optical properties of NCs, including the Stokes shift and the spectral linewidth, has lead to
various theories about the fine structure of the bandedge exciton [3] and exciton-acoustic phonon
coupling [27, 38].

In this chapter, we consider both perspectives in the analysis of the experimentally
measured exciton fluorescence, absorption, and Stokes shift. Analysis of the observed
temperature dependence of the Stokes shift through the lens of exciton fine-structure is a rigorous
test of existing theory and can assist in locating the excitonic excited states with precision.
However, if the same data is analyzed through the lens of strong exciton-acoustic phonon
coupling, an alternative physical picture develops that can quantitatively reproduce the observed
Stokes shift and exciton linewidth. Consideration of both theories in light of the data presented
suggests that neither explanation is complete, and in fact both are demonstrably flawed when
considering both ensemble and single particle data. Additionally, we infer the room temperature
intrinsic linewidth of NCs for different sized NCs from our experimental data. As discussed in
Chapter 1 this is an important parameter for determining the “fundamental limits” of many

potential NC applications.
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3.1 Introduction

Figure 3-1 shows schematically how the fine structure and exciton-acoustic phonon scattering
theories account for the Stokes shift and linewidth broadening of NC ensembles with an
inhomogeneous size distribution. This section discusses in detail the physics that is used to

derive these theories and their implications.
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Figure 3-1: Schematic of fine structure and acoustic phonon theories applied to an ensemble with an
inhomogeneous size distribution. The thick lines show the convolution of the single NC emission (dashed)
and absorption (dotted) with an inhomogeneous size distribution. Upper Left — thin lines show absorption
of a single NC, while the single NC emission is mostly from the lowest energy level at T=5K. Lower Left
— Thin lines show the predicted single NC emission at T=300K by assuming an oscillator strength weighted
Boltzmann distribution. This change in single NC emission causes the Stokes shift to decrease and the
ensemble emission linewidth to broaden. Upper Right - According to the independent boson model of
exciton-acoustic phonon coupling, the single NC absorption and emission have a Prussian helmet shape
that consists of a sharp zero phonon line and a broad offset acoustic phonon pedestal, and they are mirror
images of one another about the zero phonon line. Lower Right — At higher temperatures the acoustic
phonon pedestal broadens and this causes both the emission and absorption spectra to broaden, but the
Stokes shift does not change.
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3.1.1 Fine Structure Theory

The fine structure is derived by considering confinement effects within a multiband effective
mass framework. The analysis of CdSe NCs in [3] accounts for the effects of the hexagonal
lattice structure, crystal shape asymmetry, and electron-hole exchange interaction, and results in
five sublevels with different oscillator strengths including a dipole forbidden ‘dark exciton’ [3].
Evidence for the fine structure theory includes 1) PLE (photoluminescence excitation) and FLN
(fluorescence line narrowing) spectroscopies which show sharp features in the spectrum of the
bandedge exciton that compare reasonably well with theoretical predictions [24], and 2)
Measurements of the low temperature fluorescence lifetime dependence on both magnetic field
[3] and temperature [42-44] which are consistent with the existence of a dark exciton. While the
fine structure is usually invoked to explain the Stokes shift, exciton-acoustic phonon scattering is
usually invoked to explain the spectral linewidth.

In the fine structure theory, the bandedge exciton consists of multiple discrete energy
levels. The single NC absorption spectra consist of sharp lines, weighted according to their
oscillator strengths, while the emission spectra consists of sharp lines weighted according to an
oscillator strength weighted Boltzmann distribution. (see figure 3-1) The single NC emission
spectra changes as a function of temperature, which can result in ensemble broadening, while the
absorption spectra is predicted to be temperature independent. Figure 3-2 shows how the strong
temperature dependence of the Stokes shift arises for an example based on [3] with 4 energy
levels (0%, 1Y, 1%, 2). Boltzmann statistics are used to calculate the occupation probability for
cach sublevel. This means that the ratio of occupation probabilities for states with energies E;

—(E,;~E,)
and E, is given by —L=¢ *'

2

At low temperatures the lowest energy levels are

preferentially occupied, but at higher temperatures the occupation probabilities will become
equal. When there are many states, the occupation probability of state n is given by
—Ey B

P = Ee %aT where C is a normalization given by C= Zek“T . The relative probability of

n
1

emission PE;/PE; for two states is given by the ratio of their respective occupation probabilities P;
PE; Po;
Po;

multiplied by their respective oscillator strengths o;, or . When there are many
J
-E

ni

states, the emission probability of state n is given by PE = -E"e %7 where K is a normalization
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-E;
givenby K = Z oiekBT . As Fig. 3-2 shows, this can lead to a complex temperature dependence

when there are many levels. At high temperatures the emission probabilities will approach their
normalized oscillator strengths, and will have the same spectrum as absorption. At low
temperatures, the Stokes shift is large since most of the emission is from the low energy 2 state

while the absorption is dominated by the high oscillator strength 0 and 1Y states. At higher

temperatures, the Stokes shift approaches zero.

1 1 20—-—vj
Ou
0.9 = 0.9 q
oscillator 15 bsorofi i
0.8 T 0 8 Stf@ngth 1 ....a.‘...s..o..rﬂ.'.c.’.'."...b
c 1u
2 07} 1 8 o7} \ s 107 P
« ] Va
[<% ] E 4
g 0.6} 2 | Eos Tu > !
8 - m - E’ 5» I’ B
L3 ) 1
- [« c I
© 05 1 205 1 W !
=y = g !
= - S or ¢ .
g0 S 04 1 @ { emission
8 g } pE |
L T w
o u. 0.3 Ou 5} ',l 1
i 4
0.2+ g ',l /
1 107 energy 1
0.1 g ! level
2 i 2
0 0 ! ! -
0 100 200 300 0 100 200 300 0 100 200 300
Temperature (K) Temperature (K) Temperature (K)

Figure 3-2: Left — Occupation probability calculated using Boltzmann statistics for the energy
levels shown on the right. Center — Emission probability is calculated by multiplying the
occupation probability by the oscillator strength. The oscillator strengths are shown as triangles.
Right — Absorption energy is the sum of the oscillator strengths multiplied by the energies. The
emission energy is the sum of the occupation probabilities multiplied by the energies. The energy

levels are shown as triangles.

3.1.2 Exciton-Acoustic Phonon Scattering Theory

Exciton-acoustic phonon scattering is expected to be dominated by the deformation potential in
CdSe NCs [27]. The deformation potential in a bulk material refers to the fact that the bandgap

changes when a material is compressed. Since acoustic phonons locally compress a material,
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they change the local bandgap, and hence change the energy of a localized exciton, which has an
electron in the conduction band and a hole in the valence band. In NCs this interaction is
normally modeled using the independent boson model [37], is expected to scale like 1/R? [27],
and has a magnitude that can be calculated using bulk material parameters [38]. The resulting
absorption and emission spectra consist of a broad acoustic phonon pedestal under a narrow and
offset (polaron shifted) ZPL (zero phonon line) whose shape has been described as a “Prussian
helmet” [30]. Evidence for exciton-acoustic phonon coupling includes 1) Spectral hole buming
experiments which show a sharp peak on top of a broad pedestal in self assembled CdSe QDs
[45] and CdSe NCs [29], 2) Single CdTe QD emission spectra showing a sharp line on a broad
pedestal [46], and 3) Femtosecond photon-echo experiments that measure spectra of CdSe NCs
with a size and temperature dependence that is consistent with calculated exciton-acoustic phonon
coupling [28]. While the spectral broadening effects of exciton-acoustic phonon coupling have
been widely appreciated, the contribution of exciton-acoustic phonon coupling to the Stokes shift
has not.

The Prussian helmet spectrum has two parts: the ZPL and the acoustic phonon pedestal.
(see Fig. 3-1) For emission, the ZPL physically corresponds to an exciton recombining and
emitting one photon, with no change in phonon occupation. Alternatively, an exciton can create
both a photon and a phonon upon recombination. For optical phonons, this process leads to
optical phonon replicas which are spaced in multiples of the optical phonon energy ho=26meV
on the low energy side of a single NC emission spectra. (see Figure 3-5) Since there many
acoustic phonon modes with different energies, the same physical effect is expected to manifest
itself as an acoustic phonon pedestal on the low energy side of the ZPL. At higher temperatures,
when the acoustic phonon modes of a NC are thermally populated, a recombining exciton can
emit a photon while annihilating a phonon and therefore the emitted photon will have a higher
energy than the ZPL. This process is not possible at T=0K, since there are no phonons to be
annihilated. Thus, the phonon pedestal becomes broader with temperature. Importantly, the ZPL
is offset from acoustic phonon pedestal. (see Fig. 3-1) Intuitively, this offset occurs because the
lowest energy lattice configuration of the NC is depends on whether an exciton is present or not.
When there is an exciton present the equilibrium lattice configuration will relax in order to lower
the bandgap, and thus reduce the energy of the exciton. The lattice relaxation energy is often
referred to as a polaron shift. When the exciton recombines, the lattice will return to its original

configuration. Figure 3-3 shows a schematic of what happens.
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Energy

Lattice Configuration

Figure 3-3: Schematic of how the lattice configuration changes within the independent Boson
model. 1. NC absorbs a photon 2. lattice configuration relaxes 3. Photon emitted 4. lattice
configuration relaxes back to original position.

For the exciton-acoustic phonon scattering model the emission spectrum is a mirror
image of the absorption spectrum about the ZPL. For CdSe NCs, the acoustic phonon pedestal is
expected to have most of the oscillator strength [45] and therefore the Stokes shift is
approximately twice the polaron shift. (see Figure 3-1) In the independent Boson model, the
Stokes shift is expected to be temperature independent and the ensemble emission and absorption
linewidths are expected to broaden equally due to higher population of acoustic phonons at higher

temperatures.

3.1.3 Outline

In the following sections, we present our measurements of the temperature dependence of the
Stokes shift and spectral linewidth in high quality CdSe NC ensembles along with a single NC
photoluminescence (PL) spectrum, and show that neither theory by itself is able to adequately
explain our experimental results. In Section 3.2 we present our experimental data. In Section 3.3
we analyze the nonresonant Stokes shift, which has previously been primarily attributed to the
exciton fine structure [3, 47]. If this model is correct, then our measurements of the temperature
dependence of the Stokes shift allow us to infer the energy spacing and oscillator strength of the

fine structure. Using this model, our results can be made to roughly agree with theoretical
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predictions. We show that the lattice relaxation energy due to acoustic phonons that is implicit in
the exciton-acoustic phonon scattering theory developed in [38] can reasonably account for both
the magnitude and size dependence of the Stokes shift. In Section 3.4 we show that the fine
structure is unable to explain our measured spectral broadening, while the exciton-acoustic
phonon model shows reasonable agreement. However, we show that the exciton-acoustic phonon
scattering theory is inconsistent with single NC emission spectra. We conclude that neither
theory is able to explain our experimental results. In Section 3.5 we speculate that a model that
consistently treats both the fine structure and the exciton-acoustic phonon interaction in the same
physical framework is required to explain our measured anomalous Stokes shift. Section 3.6
discusses the inferred room temperature intrinsic single NC linewidth and the range of spectral
diffusion. Section 3.7 reviews our calculation of the contribution of the inhomogeneous size

distribution to the Stokes shift, before concluding in Section 3.8.

3.2 Experiment

We have taken absorption and emission spectra of 5 types of CdSe/ZnS NCs. Chapter 2
describes the details of our experimental setup, but we will briefly review the key considerations.
In order to verify that the nonresonant Stokes shift is due to the intrinsic NC physics, we have
taken care to minimize potentially distorting effects. The high quantum efficiency (>50% at
room temperature) of these NCs indicates that the effects of defect/surface states are minimal,
while the narrow size distribution minimizes the effects of the inhomogeneous contribution to the
Stokes shift. We have embedded the NCs in a poly laural methacrylate (PLMA) matrix using a
procedure similar to the one described in reference [32]. The NC/polymer composite was cured
between two sapphire windows that were separated with Indium foil spacers (380-760pm) [23].
The first absorption peak has an optical density that varies between 0.04 and 0.07 for our
samples. This low optical density ensures that the PL redshift due to reabsorption and reemission
is minimized, while the low volume density of the NCs (<5x10" ¢m™) ensures that the NCs do
not interact. Previous measurements had optical densities up to 0.3 which corresponds to 50%
light absorption, and could lead to a significant red shift due to reabsorption and reemission [47].
Figure 3-4 shows the raw PL and absorption data for all of our samples at T=5K and T=300K,
along with a fit to the absorption using a series of either 2 or 3 Gaussians. Figure 3-5 shows a
single NC PL spectrum from the same physical batch of NCs that we used for the smallest NC

ensemble measurements.
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Figure 3-4: Raw PL (green) and absorption (blue) measurements for 5 samples of QDots (from
top to bottom: 655, 605, 585, 565, 545) at T=5K and T=300K. The fit to a series of Gaussians is
shown on the absorption spectra. The NC sizes are determined by comparing to the spectra in
[24, 47, 48]. The range of implied radii are (3.5-4.3nm, 2.2-2.6nm, 1.7-2.2nm, 1.5-2.0nm, 1.35-
1.8nm) respectively.
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Figure 3-5: Single NC emission spectra from the same physical batch of 545 NCs that are used in
the PL and absorption measurements.
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Figure 3-6 shows the temperature dependence of the Stokes shift, PL. ensemble linewidth,
and PL center wavelength. The Stokes shift is weakly dependent on temperature and increases as
size is decreased, in qualitative agreement with previous measurements [47]. The ensemble
linewidth increases with temperature for all NC sizes, but has the strongest dependence for the
smallest NCs. The temperature dependence of the center wavelength of the PL spectra is similar
for all sizes, decreasing as a function of temperature except at low temperatures where there is a
2-4meV increase between T=5K and T=20K. We note that our R=2.4nm sample stands out from
the other samples with regards to its small Stokes shift, weakly temperature dependent linewidth,
and asymmetric emission spectrum. We are unsure if this is due to the intrinsic physics of
R=2.4nm NCs or if there was a difference in the NC growth. We include all of the R=2.4nm

data, but view it with some suspicion.

100 120 T - 82
90 80!
80+
- 78
s "l | 2 s
1 £
[1] i ~ [-] L
E GO-S R’Z.Onm = E 76
x 2 g
» 50 1 E 74
8 5 .
x 4 R=4.1nm 1 s i i ’
- Q q 72
an y £ 80 R=2.4nm _* |
30\*\% - D
701
R=2.4nm
20+ 1
10} . 68
(a)
0 ! ‘ 60 66
0 100 200 300 0 100 200 300 0 50
Temperature (K) Temperature (K) Temperature (K)

Figure 3-6: Left - Temperature dependence of the non-resonant Stokes shift for all 5 of our
samples. Center — Ensemble emission linewidth versus temperature. Right — The temperature
dependence of the emission wavelength is similar for all samples (in the plot the PL center is
normalized to zero at T=300K for all samples). All samples have a “hook” at low temperatures
that is consistent with emission from a dark exciton.
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3.3 Analysis — Temperature dependence of the Stokes shift

Existing theory attributes the non-resonant Stokes shift to a combination of optical phonon
replicas, the exciton fine structure, and the inhomogeneous size distribution in a NC ensemble.
We consider the contribution of each to the Stokes shift. Optical phonons have a narrow energy
range around hw=26meV, and optical phonon assisted transitions manifest themselves as optical
phonon replicas. To estimate the contribution to the Stokes shift, we follow the analysis in
reference [3] which results in a contribution of 15meV independent of size and temperature,
although it should be noted that this is very rough since the optical phonon replicas are not
accurately described in the independent Boson model as is shown in reference [49]. Next, there is
a Stokes shift that is due to the inhomogeneous size distribution. Since NC absorption cross
sections scale as R’ [3] away from the bandedge, large NCs preferentially absorb UV excitation
resulting in a red shift of the ensemble PL spectrum. However, since the oscillator strength of the
first absorption feature scales as R [33], the first absorption feature is also red shifted and
partially cancels the first effect. Using appropriate inhomogeneous size distributions for our
samples, we find a temperature independent contribution of only 4-8meV to the Stokes shift.
Finally, the fine structure is assumed to account for the remaining Stokes shift and is calculated
by assuming an oscillator strength weighted Boltzmann occupation of the fine structure energy
states calculated in ref. [3]. In contrast to the previous explanation of the room temperature
Stokes shift [47], we assume that the oscillator strengths for the PL are the same as those for
absorption. (In [47] it is assumed that the oscillator strength of the three optically active energy
levels are equal for emission, but different for absorption. Since we see no physical justification
for this model, and none is given, we assume the oscillator strengths are the same for absorption
and emission. This leads to almost no change at low temperatures, but gives a significantly lower
Stokes shift than previously calculated at room temperature.) Figure 3-7 shows that the a priori
predicted temperature dependence of the Stokes shift using the current literature model does not
match experiment very well. (Our model is based on the analysis in ref. [3] but is slightly
simplified. We haven’t included the optically inactive states (£2,0") since they are not important
for the temperature dependence of the Stokes shift between T=40K and T=300K. Also, we have
combined the (0Y,£1Y) levels, since they are spaced relatively close together.) According to the
model, at low temperatures for small NCs, the Stokes shift is dominated by the fine structure
contribution: emission occurs from the lowest energy ‘dark’ exciton state and the upper levels
which have most of the oscillator strength dominate the absorption. The theory predicts a strong

temperature dependent Stokes shift, which we do not observe experimentally.
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Figure 3-7: Left — The solid lines show the a priori prediction for the temperature dependence of
the Stokes shift according to the fine structure theory. The plot assumes that there is a 15meV
Stokes shift for all sizes and temperatures due to effects other than the fine structure, and the fine
structure is assumed to look like the solid lines in bottom plot. The dashed lines correspond to
a least squares fit of the fine structure to our data. The resulting energy and oscillator
strengths are shown with the circles in Figure 3-8. Center — Repeat of Stokes data. Right —
predicted temperature dependence of Stokes shift according to exciton acoustic phonon scattering
theory for a CdSe core in a SiO; matrix.
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Figure 3-8: The solid line shows the simplified 2 level a priori theoretical fine structure based on
ref. [24]. Circles show the implied energy and oscillator strength from a least squares fit to our
experimental data. We vary the magnitude of the temperature independent Stokes contributions.
The R=2.4nm data is skipped because of its unusual properties (see text in section 3.2).
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However, figure 3-8 shows that by modifying the fine structure a reasonable agreement
can be reached. If the fine structure model is correct, then the temperature dependence of the
Stokes shift is an extremely sensitive way to measure the upper energy levels and oscillator
strengths of the fine structure. Many previous experiments have measured the energy levels and
relative oscillator strengths of the “dark” and lower fine structure energy levels using the
temperature dependence of the lifetime at low temperatures [42, 43]. In fact, our experimentally
measured PL wavelength shows a “hook” at low temperatures (see figure 3-7) that is consistent
with the existence of a dark exciton about 2-4meV below the lowest allowed bright exciton level.
At T=5K almost all of the emission is expected to occur from the dark exciton, while at T=40K
almost all of the emission is expected to occur from the lower bright exciton level. (Importantly,
our measurements show that the first absorption feature does not have a “hook™ at low
temperatures [23].) Our measurements of the dark exciton energy relative to the lowest bright
exciton energy are consistent with previous lifetime measurements [42], but the upper exciton
energy is 3x-5x published theory. Using our extracted fine structure we can calculate the
corresponding ensemble absorption spectra. Fig. 3-9 shows that convolving our extracted fine
structure single NC absorption spectrum for R=1.5nm NCs with the inhomogeneous broadening
implied by the T=5K emission spectrum, we are unable to adequately account for the ensemble
absorption spectrum. In summary, within the fine structure model the temperature dependence of
the Stokes shift allows a sensitive determination of the energy levels and oscillator strengths, but
these values do not agree with the theoretically expected values or our measured absorption

spectra. We now consider the same data from a different perspective.
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Figure 3-9: We fit the T=5K emission spectrum to a Gaussian to infer the inhomogeneous
broadening for R=1.5nm NCs. We use this to calculate the corresponding absorption spectra

(T=5K, T=300K) and emission spectrum (T=300K) using our extracted fine structure.
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The temperature independent polaron shift that results from the exciton-acoustic phonon
interaction offers an alternative explanation. In [38] the acoustic phonon interaction is calculated
to first order in perturbation theory, so that the difference in the phonon Hamiltonians

(“independent boson model”) for the final and initial states is given by

H, -H, =rQ, + ZAa (é; +a, ), where hQ); is the excitonic energy after excitation, a* and
a

a are phonon creation and annihilation operators, and the summation is over all phonon modes.
(The solutions when all of the phonon modes have the same energy has an analytical form
consisting of a series of delta functions [37], and has been used to model the optical phonon
replicas in CdSe NC emission spectra [24, 50]. Within this model, the emission and absorption
spectra are mirror images about the ZPL [37].) In [38] the spectrum of acoustic vibration modes
for a NC embedded in a glass SiO, matrix is calculated and the lineshape of the phonon
broadening is approximated as Gaussian. The calculated spectra physically corresponds to
acoustic phonon assisted optical transitions, however there is also a narrow ZPL corresponding to
optical transitions not requiring phonons that is offset from the acoustic phonon band by the
lattice relaxation energy (polaron shift). In [38], the polaron shift (A,) is not explicitly
calculated, but can be inferred from the linewidth (8,;) simulations. [Although refs. [27, 38, 46]
all consider exciton-acoustic phonon scattering in similar frameworks, it is difficult to extract the

relevant information from the simulations of any one paper. According to [38] the temperature

(Q—Qf.-Aac)z}

dependence of the acoustic phonon pedestal is given by o, (Q): exp|:— 257

2

Since 82 (T =0)= Z% scales like

2

2

2
A
where 82 = E Ay coth o, and A :z >
~— h 2kBT = h 0,

1/R? [27] and values for R=1.1nm and R=6nm are given in the simulation results in ref [38], the

values at intermediate sizes can be estimated. Using the simulation results for 8,.(T=300K) and

2

A; ho,
making an approximation 6; = h—Z‘coth :

, allows one to infer w, for all CdSe NC sizes
B

and hence A,.=06,./0, for all NC sizes. Our approximation accurately reproduces the simulations
of the temperature dependence of R=1.1nm and R=6nm NCs in [38], and demonstrates that this is
reasonable.] Since spectral hole burning experiments indicate that most of the oscillator strength
is in the acoustic phonon pedestal, and PL and absorption spectra are mirror images of one
another about the ZPL, there is a Stokes shift equal to approximately twice the polaron shift.

Figure 3-7 shows that the acoustic phonon scattering theory without any fitting parameters agrees

55



reasonably well with our measured Stokes shift in terms of both size and temperature
dependence. Since the Stokes shift can not definitively say which theory is correct, we next look

at the temperature dependence of the ensemble linewidth.

3.4 Analysis — Temperature Dependence of the Linewidth

Existing theory attributes the temperature dependence of the spectral linewidth to homogeneous
broadening due to exciton-acoustic phonon scattering [27, 28]. This effect is expected to scale
approximately as 1/R* and as T [27]. Figure 3-10 shows the predicted temperature dependence of
the ensemble linewidth using the same single NC model that is used to calculate the Stokes shift,
but convolved with a Gaussian size distribution that is chosen to fit our experimental linewidth at
low temperature. The agreement with experiment is adequate in terms of size dependence and the
magnitude of the spectral broadening. Furthermore, the exciton-acoustic phonon scattering
model predicts that both the absorption and emission linewidths will broaden by the same
amount. Our raw data are consistent with this prediction, as is clear from the large NC spectra in
Fig. 3-4. However, there is too much noise in our data to allow for a quantitative measure of the
absorption broadening. We conclude that the exciton-acoustic phonon scattering model can
reasonably explain both the Stokes shift and spectral linewidth broadening. However, the fine
structure theory also predicts that the ensemble emission linewidth will increase with
temperature.

In figure 3-10 we have plotted the calculated broadening using the fine structure that was
inferred from the temperature dependence of the Stokes shift. The broadening is not strong
enough to explain our measured ensemble emission broadening. Additionally, the fine structure
theory can not explain the broadening of the absorption features. (Optical phonon replicas are
expected to cause a small but insignificant temperature dependence to the spectral linewidth.)
We therefore conclude that the fine structure does not provide a full description of the relevant
NC physics and that exciton-acoustic phonon scattering is necessary in any comprehensive

physical model in order to account for spectral broadening.
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Figure 3-10: Left — calculated temperature dependence of an inhomogeneously broadened
ensemble linewidth assuming the fine structure used to calculate the dashed Stokes shift in figure
4. The inhomogeneous broadening is assumed to be Gaussian whose width is choosen to fit the
data at T=5K. Center — Repeat of linewidth data. Right — Predicted temperature dependence of
the linewidth using exciton-acoustic phonon scattering model.

However, our single NC experimental data is inconsistent with predictions of the exciton-
acoustic phonon scattering model. The theory that we have used predicts a broad acoustic
phonon pedestal (~35meV FWHM) for our smallest NC sample at T=5K. However, the narrow
linewidth (~12meV FWHM) of a single NC shows that this can not possibly be the case. While
the single NC spectra is not necessarily indicative of the homogeneous linewidth, since spectral
diffusion causes the spectra of the NC to shift during the integration time of the spectrometer, it
does set a strict upper bound of 12meV on the homogeneous linewidth at T=5K. We therefore
conclude that the exciton-acoustic phonon coupling model can not provide a full description of

the NC physics necessary to explain the optical properties.

3.5 Discussion

Neither the fine structure theory nor the acoustic phonon scattering theory can adequately explain

all of the experimental results. As has been pointed out in the literature, the independent boson
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model for exciton-acoustic phonon scattering only takes one excited exciton state into account,
neglecting higher energy exciton states [36, 51]. However, the effects of other excited states
become important as the thermal energy kT approaches the relevant energy level spacing [51].
The fine structure theory and experiments suggest that the spacing between the ‘dark exciton’ and
the next highest level can be as small as a few meV, and therefore the exciton-acoustic phonon
scattering model should break down at low temperatures. A complete physical model that
includes both the fine structure and acoustic phonon coupling is expected to yield complex
results, as [52] indicates.

It is interesting to speculate how the NC spectra may be modeled phenomenalogically.
The temperature dependence of the emission lifetime along with the “hook” in our PL spectra
seems to strongly confirm the existence of a dark exciton and a lower excitonic level. However,
the only experimental evidence of an upper exciton level that we are aware of comes from PLE
experiments in [24]. These PLE experiments infer a single NC absorption spectrum that has a
“Prussian helmet” shape, (see figure 7 in [24]) however in [24] the two peaks in the Prussian
helmet were interpreted as discrete fine structure energy levels. We speculate that this “Prussian
helmet” may in fact correspond to the ZPL and acoustic phonon pedestal due to exciton-acoustic
phonon scattering. It seems that any model must incorporate a dark exciton that has a narrow
spectrum and a higher exciton level that is broadened by exciton-acoustic phonon scattering,

since these seem to be well established experimentally.

3.6 Room Temperature Spectral Linewidth

The room temperature single NC intrinsic linewidth is an important parameter in determining the
“fundamental” potential for many NC applications. Even without a complete understanding of
the physical mechanisms responsible for the temperature dependence of the linewidth, the room
temperature intrinsic linewidth can be inferred from our experimental data. We consider the
effect of spectral diffusion on the temperature dependence of the ensemble linewidth. We review
the literature on spectral diffusion and conclude that its effects on the temperature dependence of

the linewidth are minimal.

3.6.1 Data Analysis

Our results show that the ensemble linewidth increases with temperature. (see Figure 3-10)
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While the inhomogeneous size distribution is believed to be responsible for most of the ensemble
linewidth, we attribute the temperature dependence of the linewidth to the temperature
dependence of the single NC intrinsic linewidth. To infer the room temperature intrinsic
linewidth, we assume that the PL spectrum at T=5K is due to inhomogeneous broadening, that
this contribution to the linewidth is independent of temperature, and that all of the temperature-
dependent broadening is due to homogeneous broadening. We then do a least squares curve fit to
the T=300K PL spectrum by convolving the T=5K PL spectrum with both a Gaussian and
Lorentzian with variable width and center. The results are shown in figure 3-11. For small NCs,
the inferred linewidth decreases with size before increasing for our largest NCs.

To compare our data with the exciton-phonon scattering theory, we define the
homogeneous linewidth as I"hzom O(T)= l"o2 + F72 (T), and plot I't(300) on Figure 3-11, not the

homogeneous linewidth. This is what we would infer using our deconvolution procedure if we
had Gaussian inhomogeneous broadening and Gaussian homogeneous broadening. Exciton-
acoustic phonon scattering is expected to dominate for small NCs and the acoustic phonon
pedestal is expected to have a Gaussian spectrum [38]. The exciton-acoustic phonon scattering
theory shows quite reasonable agreement with our experimental data for the smaller NCs, both in
magnitude and size dependence. However, the effects of acoustic phonon scattering clearly can’t
explain the largest NC sample. We believe this is because optical phonon scattering becomes the

dominant broadening mechanism for larger NCs.
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Figure 3-11: Experimentally deconvolved linewidth assuming Gaussian (x) and Lorentzian (o)
homogeneous spectra. Dash — temperature dependent linewidth I'r for acoustic phonons (defined
in text). Dotted — optical phonon broadening calculated in [38].
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In bulk CdSe, the exciton linewidth is almost entirely due to optical phonon scattering,
where the scattering is one phonon scattering between different excitonic states (mostly higher
energy continuum states) [53]. In [54] the excitonic absorption linewidth in bulk is measured and
fit to I'=[(+BN with a Lorentzian lineshape, where N is the phonon occupation number.
Assuming ho=26meV for optical phonons, reference [54] finds that B=53+3 meV. This result
has been misquoted multiple times, because [54] refers to the “half-width” of the exciton
absorption. Other researchers including myself interpreted this to mean HWHM, but looking at
the actual data that is included in the paper indicates that they mean FWHM. Since there are
many other numbers quoted in the literature (B up to 200meV), we think that it is worth double
checking the linewidth by considering an experiment by Cardona. In [55] the dielectric function
of bulk CdSe is measured using spectral ellipsometry. Fixing the optical phonon energy at
ho=26meV, they find that for the lowest energy exciton, B=46+2 meV (FWHM) for the
imaginary part of the dielectric function €,. Using Kramers-Kronig relations and their value for g,
we estimate that this underestimates the excitonic absorption linewidth by about 5%, so this ends
up being in agreement with [54]. We believe that the data in [54] and [55] is the most reliable,
and plot this bulk linewidth value in Fig. 3-11. (See matlab code in appendix for details.)

In a NC, the physics of optical phonon scattering is expected to differ from bulk, since
the electronic states may not be separated by 26meV and hence there may not be a 1 phonon
transition between exciton states. In NCs, the dominant optical phonon scattering mechanism is
expected to be second order virtual transitions (simultaneous absorption and reemission of

phonons) with no change in the electronic state. This effect has been estimated in [38] and is
expected to scale like 1/R with size and ,/inin +1 H with temperature. In fact, measurements in

substrate grown CdSe based dots show that B=23meV [56], consistent with the prediction of
reduced coupling. However, it has also been observed that the strength of optical phonon
scattering is sensitive to the shape of the electron and hole wavefunctions [57], and even observed
to be enhanced by up to 5 times in GaAs/AlAs superlattices compared to bulk.

Our interpretation of the data is that for small NCs, acoustic phonon broadening
dominates and the Gaussian fit is appropriate, while for large NCs optical phonon broadening
dominates and the Lorentzian fit is more appropriate. Importantly, our experiment indicates that
optical phonon scattering is reduced in CdSe NCs compared to bulk. This result is consistent
with measurements in epitaxial CdSe QDs [56] and colloidal CdSe NCs [58]. We have treated
the inhomogeneous broadening due to spectral diffusion as independent of temperature. In the

next subsection we will discuss in detail why we believe this is appropriate.
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3.6.2 Range of Spectral Diffusion

Measurements of single NCs show that their spectra change with time. This effect is referred to
as spectral diffusion, and is believed to be caused by fluctuating local electric fields caused by
charges moving in the matrix surrounding a NC. A direct result of spectral diffusion is that the
longer the integration time of the spectrometer, the broader the measured linewidth will be.
Spectral diffusion contributes to inhomogeneous broadening of our ensemble spectra. This
subsection considers the possibility that spectral diffusion affects the temperature dependence of
an ensemble linewidth.

While it has been shown that the rate of spectral diffusion increases with temperature
[59], less attention has been focused on the temperature dependence of the range of spectral
diffusion. The range of spectral diffusion refers to the linewidth that would be measured as the
integration time of the spectrometer approaches infinity. The range of spectral diffusion must be
smaller than the measured ensemble spectra, but clearly contributes to the inhomogeneous
broadening of our ensemble spectra. Our ensemble measurements have no way of distinguishing
homogeneous broadening from broadening due to a change in the range of spectral diffusion. In
our analysis we have assumed that the range of spectral diffusion is independent of temperature,
but it is possible that this is not the case. For example, any temperature dependence in the
number of charges in the environment or the distance between occupied trap states and a NC will
result in a temperature dependence of the range of spectral diffusion. We argue that experimental
evidence indicates that the temperature dependence of the range of spectral diffusion is small
compared to the measured temperature dependence of the ensemble linewidth.

First, experiments indicate that individual NCs on average have a large permanent dipole
moment. This is commonly attributed to local electric fields inducing a polarization. In [60], the
dipole moment of NCs is measured using dielectric dispersion measurements of NC ensembles
between a parallel plate capacitor. Their measurements of the average dipole moment over a
temperature range of about 80K near room temperature show that the dipole moment is
independent of temperature. They calculate that the measured dipole moment of NCs could be
explained if there is 1 charge on the surface of the NCs. The magnitude of the measured dipole
moment is quite similar to measurements of single NCs at low temperatures in [61]. In [59] itis
shown that the dipole moment is reduced for ZnS capped NCs, which means that any effect
should be reduced in capped NCs. Furthermore, it has also been shown that the rate of spectral
diffusion is reduced when a cap is added [59], which is consistent with the idea that the cap

reduces the local E-field by keeping charges further from the core and screening the charge since
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the cap is a dielectric. These experiments together indicate that the range of spectral diffusion is
independent of temperature.

Secondly, experiments on individual CdSe NCs capped with elongated CdS shells show
that “the spectral range of 30+/-10 meV over which peak shifts occur is virtually independent of
temperature.” [62] These experiments indicate that the change in the range of spectral diffusion
between T=5K and T=300K is less than 10meV. Figure 3-10 shows that this is significantly
smaller than the inferred homogeneous broadening.

Thirdly, within the model of spectral diffusion proposed above, if the fluctuations of the
local electric field increased with temperature (because there are more charges or they get closer
to the NC) then we would expect to see a larger average E-field. This larger average E-field
would cause a larger average Stark shift, and hence we would expect to see a difference in dE/dT
between bulk CdSe and the NCs. As Chapter 2 shows, this is not the case. Given the
experimental evidence discussed above, we conclude that the range of spectral diffusion is
independent of temperature with an uncertainty of 10meV from T=5K to T=300K, and therefore
that our inferred homogeneous broadenings are reasonable.

Finally, it is interesting to estimate the range of spectral diffusion and its contribution to
the ensemble linewidth. Reference [61] presents single NC PL measurements with an applied
electric field. Modeling the NCs using the quantum confined stark effect, they are able to infer

both the average polarizabilities a and the average local electric field € for 4 different sizes of
NCs. Using this data we estimate the average spectral energy shift AE = %82. Although this

data can not be used to definitively measure the range of spectral diffusion, we believe that it is
reasonable to expect that the range of spectral diffusion is in the range of AE to 2AE. Figure 3-12
shows that the calculated values of 2AE are quite similar for all 4 sizes of NCs. The shaded
region shows the estimated range of spectral diffusion.

Figure 3-12 also shows our inferred homogeneous linewidth at room temperature and our
measured ensemble linewidths. Assuming Gaussian spectra and that the ensemble linewidth
Gensemble 15 Tesult of the homogeneous linewidth opeme, range of spectral diffusion o5p=10 nm, and

size inhomogeneities Oy, we can infer the broadening due to the size distribution
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Figure 3-12: Shaded area shows our estimated range of spectral diffusion. Using our inferred
homogeneous linewidths and measured ensemble linewidths at T=300K, we can infer the
broadening due to our ensemble size distribution.

Our analysis indicates that even if the even if the size distribution can be narrowed and
the effects of spectral diffusion can be eliminated, the ensemble linewidth at room temperature
would be limited to about 50% of its surrent value by the homogeneous linewidth. This sets

“fundamental” limits on what is possible for many potential NC applications.

3.7 Stokes Shift Contribution of Inhomogeneous Broadening

This section presents our simulations of the contributions to the Stokes shift due to
inhomogeneous broadening. Since NC absorption cross sections scale as R? [3] away from the
bandedge, large NCs preferentially absorb UV excitation resulting in a red shift of the ensemble
PL spectrum. However, since the oscillator strength of the first absorption feature scales as R
[33], the first absorption feature is also red shifted and partially cancels the first effect. The net
effect is that an inhomogeneous size distribution contributes to the Stokes shift. Quantifying this
effect is more subtle than it may appear on the surface.

The first step is to specify the relationship between the NC radius, R, and the NC energy,
E. Figure 3-13 shows the relationship that we use in our simulations E(R). It is based on the
implied bandedge absorption peak at T=10K in [24]. Secondly, the size distribution of the NC
ensemble s(R) must be specified, where s(R) is the PDF (probability distribution function) of a
randomly chosen NC having a particular radius. Multiplying the size distribution s(R) by R’ and
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renormalizing gives the PDF of a particular size of NC being excited by UV excitation and
emitting a photon, P.i(R). The ensemble emission energy is then calculated by averaging the
product of P.i(R) and E(R) over R, E,=<E(R)* P.,(R)>. The result is that the average
ensemble emission energy is redshifted compared to the emission energy of a NC with an average
ensemble radius. This happens because larger NCs are preferentially excited. Similarly, the
bandedge absorption feature is also redshifted because of the inhomogeneous size distribution.
Since the oscillator strength of the bandedge absorption feature scales as R [33], the PDF of a
photon from a white light source being absorbed by a NC with radius R is given by s(R)
multiplied by R and renormalized, P,,((R). The average absorption energy is then calculated by
averaging the product of P,s(R) and E(R) over R, E,=<E(R)x Py(R)>. This analysis allows us
to quantify the contribution of an inhomogeneous size distribution to the Stokes shift.

Figure 3-14 shows that a or/R=5.5% Gaussian size distribution contributes a maximum
of about 7meV to the Stokes shift. This is the approximate size distribution for our smallest NCs,
assuming that the low temperature PL spectrum is entirely due to the inhomogeneous size
distribution. Our largest NC ensembles have an implied size distribution of approximately 10%.
Since the contribution to the Stokes shift from inhomogeneous broadening scales like (cg/R)?, the
inhomogeneous contribution is approximately 4meV for our largest samples. We conclude that

the contribution of an inhomogeneous size distribution to the Stokes shift is small.
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Figure 3-13: Approximate bandedge absorption energy at T=10K for CdSe NCs from [24].
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Figure 3-14: Calculated contribution to the Stokes shift assuming a Gaussian or/R=5.5% size
distribution.

3.8 Conclusion

In the literature, both exciton fine structure and exciton-acoustic phonon scattering models have
been used to explain a wide variety of experiments in CdSe NCs. However, our careful
measurements of the temperature dependence of the ensemble emission and absorption spectra,
along with the single NC spectrum, can not be adequately explained by cither theory in isolation.
Using the acoustic phonon scattering model developed in [38], we are able to explain both the
magnitude and size dependence of our measured Stokes shift and the ensemble linewidth
temperature broadening, but not our experimentally measured single NC PL spectra. On the other
hand, the parameters in the fine structure theory can be adjusted to adequately fit the temperature
dependence of the Stokes shift, but the implied fine structure can not explain the spectral
broadening of the emission linewidth or the broadening of the absorption linewidth. We believe
that the existence of a ‘dark exciton’ with a narrow emission spectrum and a higher energy
exciton state whose absorption is broadened by exciton-acoustic phonon scattering have been
well established experimentally. We hope that this work provides the motivation to reassess the
physics that has previously been used to explain experimental results.

Finally, we have estimated the contributions of the size distribution, spectral diffusion,
and homogeneous linewidth to the ensemble PL linewidths for our samples. Our analysis

indicates that even if the inhomogeneous broadening due to size distribution and spectral
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diffusion could be eliminated, the room temperature homogeneous broadening will only allow the
ensemble linewidth to be reduced to approximately half of the current value. The room
temperature ensemble linewidth is an important parameter for many potential NC applications,
especially NC microbead barcodes. The next chapter will analyze the potential of NC based

microbeads for high throughput biological screening.
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Chapter 4

Design of fluorescence microbead barcodes for

high throughput screening

In previous chapters, we examined the physical processes that determine the optical properties of
semiconductor nanocrystals. We inferred the room temperature intrinsic linewidth of CdSe
nanocrystals, a parameter that puts “fundamental” constraints on many nanocrystal applications
including microbead barcodes. After reviewing biological assays and the state of the art in
microbead screening, we consider the design of nanocrystal based microbead barcode technology

for use in high throughput biological screening.

4.1 Introduction

A recurring desire in many arcas of biological research is screening for the presence of many
predefined target biomolecules in large numbers of test samples in a rapid and economic manner.
In Section 4.2, we review two dominant techniques for performing biological assays - planar
array and microbead based technologies. In the microbead technology, different types of polymer
microspheres are distinguished from one another by varying the amount of two dyes incorporated
into the microbead. Currently 100 types of microbead are distinguishable using traditional dyes,
but the literature suggests that using nanocrystals (NCs) instead of traditional dyes could
dramatically increase the number of distinguishable microbead types. It has been speculated that
between 10,000 and 40,000 distinguishable barcodes may be realized [31], with some guessing an
upper limit closer to 1 million. Even increasing the number of distinguishable barcode types to
around 1000 is important, since this would allow a single experiment to screen for every type of
human microRNA, which are estimated to number at least 800 [63].

Although the benefits of replacing dyes with nanocrystals (NCs) has been anticipated,
there are still very basic questions regarding how a NC based microbead barcode system should

be designed that have not yet been addressed. Should the optical detection system use filters and
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highly sensitive photomultiplier tubes or a spectrometer? How should information bits be
encoded as fluorescence signals — what kind of code? How should the fluorescence signature be
optimally decoded? How many distinguishable barcodes are possible for a given error rate? This
chapter provides some quantitative analysis to help answer these questions.

Specifically, we look at the problem of NC based microbead barcodes through the lens of
information and coding theory. Information theory has been widely applied to the analysis of
biomolecular structure and sequence information [64-66]. Recently, applications have included
using error control coding analysis as a tool in sequence analysis [64, 65] as well as string
barcoding as a tool for developing minimal assays for sequence identification [67]. These are
examples of channel coding, a field that is concerned with making the storage or transmission of
information more robust to disturbances that can cause errors. Code design involves the
construction of a collection of codewords (the code) where the individual codewords can be
distinguished with minimal error. Once a channel has been specified, a code can be designed to
appropriately trade off the size of the code with the chance of error. In this chapter, the utility of
code design to molecular biology is demonstrated with the example of microbead based high-
throughput assays.

In Section 4.3, we review what is currently achievable with NC doped polymer
microbeads and develop a simple noise model based on what has been achieved experimentally.
Section 4.4 discusses the similarities and differences between this problem and traditional
communications problems. In section 4.5 we investigate multiple regular coding architectures,
while we consider a Monte Carlo code generation technique in section 4.6. Section 4.7 presents a
sensitivity analysis of our model. Before investigating the prospects of NC-based barcodes, it is

appropriate to first review the current biological assay technologies.

4.2 Current Biological Multiplex Assay Technologies
This section reviews the two dominant biological assay technologies — DNA planar arrays and

microbead based assays. Specifically, we discuss the specifications that are currently

commercially available for microbead assays.

4.2.1 DNA Planar Array

A familiar solution to screening for gene expression in human cells is the DNA planar array. This
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technology uses a planar array of 40,000 wells each containing sDNA’ (single stranded DNA)
that is complementary to the SDNA of a different human gene. After fluorescently labeling all of
the sDNA strands in the sample of interest, the sample is flowed over the planar array. In
biology, it is well known that an sSDNA strand will bind to its complement sSDNA’. (see figure 4-
1) Therefore, if a particular gene is present in the sample, then the corresponding well in the
planar array will accumulate sSDNA. This is detected by illuminating the planar array with UV
excitation and imaging the fluorescence. Since only wells that have accumulated sDNA will
fluoresce, and the correspondence between well location and gene type is known, the expression
of all 40,000 genes in the human genome can be inferred. Figure 4-2 summarizes the process.

Figure 4-3 shows a picture of the fluorescence from a DNA planar array.

Figure 4-1: Schematic of a DNA molecule. A single strand of sSDNA binds to its complementary
sDNA’ to form a DNA molecule.

1) Prepare reference sDNA' Planar Array 2) Prepare Biological Sample
- Attach complementary sDNA’ - different genes are expressed in the
form of DNA or RNA

sDNA'

3) Dye analyte sDNA with fluorescent tag f‘g;'vov:“;tBs'n%Los%szE:g";f’Aﬁu?e‘ﬁznaczfay

fluorophore

Figure 4-2: Schematic of traditional DNA planar array technology.
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Figure 4-3: Picture of fluorescence from a DNA planar array. Fluorescence indicates that a
particular gene has been expressed.

Biological screening applications can differ in the types of target biomolecules, the
number of target biomolecules (degree of multiplexing), or the required experimental throughput.
For example, a clinical setting might require screening for only a few types of antibodies in only a
handful of samples per day. Because of these differences, alternative screening technologies such
as microbead assays have been developed. The next section reviews the principle of operation

behind microbead assays and discusses what is currently commercially available.

4.2.2 Microbead Assays

Optically encoded microbeads are used for multiplex assays in many areas of biology [31, 68-71].
In these applications, each biomolecular probe of interest (a single nucleotide polymorphism for
example) is attached to the surface of a different type of encoded polymer microbead.
Commercially available microbeads are encoded by the intensity of two fluorescent dyes within
the microbead [72]. An assay is performed by mixing different types of microbeads with a
sample, separating the microbeads, and using the fluorescence to both decode each microbead
individually and to infer the amount of analyte that is attached to the surface of the microbead.
Figure 4-4 shows a schematic of the microbead assay technology.

For some of the most common microbead biological assays, a flow cytometer is used to
separate the microbeads, while a classification laser excites the internal dyes. The fluorescence
intensity of the two dyes is measured using one colored glass filter and one photo-multiplier tube
(PMT) for each dye. Figure 4-5 shows a schematic of how this separation and detection are
performed. Commercial systems with 8 distinguishable bead types are specified to correctly

decode greater than 80% of the time with an error rate less than 0.5% [72]. (The remaining
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microbeads are ignored due to ambiguous fluorescence.) Systems with as many as 100 different
microbead types are specified to have an error rate of less than 2% [72]. These error rates refer to
decoding individual microbeads, but the effect of these errors can be reduced at the system level
by simply removing the high and low outliers from the final statistics, since typically there are on

the order of 100 microbeads of each type per experiment.

1) Create Different Microbead Barcodes 2) Coat with Complementary DNA

- polystyrene spheres (~5um)
- Dye with different intensity of fluorophores

sDNA’

dyel  dye2 microbead

3) Mix with Biological Samples 4) Separate microbeads
- Green fluorescence measures amount of SDNA

- Red & Yellow used to decode type of microbead

microbead

sDNA
fluorophore

Figure 4-4: Schematic of microbead assay technology.

Particle analysis rates as high as 10,000/sec have been reported using flow cytometry, but
500/sec is more typical [73]. Relative to DNA planar arrays, microbead assays are considered
less expensive, more flexible, and have a higher throughput, but have low multiplexing
capabilities. With this in mind, it is interesting to consider if using NC based barcodes can

improve the degree of multiplexing that is possible for microbead assays.
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Figure 4-5: Schematic of detection system for traditional dye based microbeads. Red and yellow
fluorescence are used to distinguish the type of microbead. Green fluorescence is used to
measure the amount of biomolecule attached to the microbead.

4.3 Nanocrystal Based Microbead Technology

To analyze the potential of nanocrystal based microbead barcodes, we have created a simulation
of what is experimentally reasonable using current technology. Specifically, we developed a
Monte Carlo simulation of the expected noise sources in order to estimate the correct and error
decode rates of different coding schemes. First, we had to make some educated choices about

how a nanocrystal based microbead barcode system might be implemented.

4.3.1 System Implementation

While dye based microbead systems use colored glass filters and photomultiplier tubes for
detection, as the number of colors used to label an individual microbead increases, fluorescence
measurements with a spectrometer become a more practical solution. Figure 4-6 shows
schematically what a system might look like. Assuming a spectrometer based system, we must
choose an algorithm for how to decode a measured spectrum. Our algorithm first computes the
mean-square-error (MSE) between the ‘measured’ noisy fluorescence spectrum and the expected

fluorescence spectrum for all possible codewords, and then decodes by choosing the codeword
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with the minimum MSE,. However, no decision is made if the codeword with the second lowest
MSE, has a similar MSE. In our simulations we have a relative error threshold p and if MSE,>
B*MSE, then we choose not to decode. Our algorithm is similar to a correlation detector. Next
we need to make a model of the expected noise given what can reasonably be achieved

experimentally with NCs and microbeads.
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Figure 4-6: Schematic of NC based microbead assay technology from [31]. Different probe
molecules are attached to different types of microbeads. The fluorescently labeled target
molecules bind to their cooresponding probes. The spectrum of individual microbeads is used to
both infer the type of probe molecule using the optical code and to measure the presence of the
corresponding target analyte.

Since CdSe NCs are the most mature NC technology and have been studied most
extensively, we will focus on them in this analysis. Incorporating NCs into polymer microbeads
is a well established procedure. Figure 4-7 shows microbeads doped with different NC colors. In
our simulations, we assume that the ensemble fluorescence spectra is Gaussian and has a
linewidth of Gjjewign=13nm (AA~30nm FWHM), although ensemble linewidths narrower than this
are currently available for all colors of CdSe NCs [14]. Mathematically, we use h(A-A;) to denote
the spectrum of a single color NC ensemble centered at A;. We assume that any color in the range
Aoie=330nm < A; < Ag=650nm is readily available, even though a larger range has been

demonstrated [32]. The full spectrum will be the superposition of many colors of NCs with

73



different amplitudes S(?L) = Z A.h(A—X,). We choose a spectrometer bin spacing of AA=5nm
i

with a wavelength range from A;=450nm to A, =700nm for our simulations.

100 um

Figure 4-7: Picture of NC dyed microbeads from [74].

Although it may be possible to use the absolute intensity of the fluorescence spectra for
microbead barcodes [31], a much more robust approach is to make decoding the barcodes

independent of absolute intensity. Mathematically, we normalize the spectrum before decoding,

A'l'lllx
so that IS(?L)dl =1. This constraint not only makes the barcodes more robust to decoding — so
A

that the coupling efficiency of the fluorescence to the detector does not matter — it also makes
creating the barcodes potentially must easier, since controlling absolute intensities can be difficult
[74]. (The fluorescence spectrum is the linear superposition of the emission from each color of
NCs so long as there is minimal interaction between the NCs in terms of reabsorption of emitted
light, or dipole-dipole coupling between NCs. Importantly, reference [74] does not observe any
fluorescence quenching or spectral shift when NCs are incorporated into mesoporous polystyrene

beads.)

4.3.2 System Noise Model

While there is no fundamental reason why NC ensemble samples can’t be made with arbitrarily

small uncertainty in NC color or linewidth, the cost and effort required to manufacture the NC
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samples increase as the quality and control of the NC samples increase. We are interested in
assessing what can be achieved given what is currently available commercially. Accordingly, we
have ordered various NC samples from QDot Corp and find that the error in the center
wavelength €., versus what is expected has a standard deviation of 6.,=2nm and a variation in
fluorescence linewidth €,,4 that is about 6y;=0.5nm. We believe that these uncertainties give a

reasonable measure of the noise that can be expected when creating an individual instance of a

A

barcode. The resulting spectrum will have the form S(A, ) = h(—T—/—r) -A; + emJ , where
+ 1€

wid
I'=13nm is the expected linewidth.

Incorporating NCs into mesoporous polymer microbeads has been established
experimentally. The NCs reside in pores (~20nm) in the microbead [74]. Because the
distribution of microbead pore sizes may vary from microbead to microbead, the relative dyeing
efficiency for different colors of NCs will vary, since it is easier for larger NCs to fit into larger
pores. We model this noise by multiplying the desired fluorescence spectra by a random slope
_ Aea H e

red

Eamp centered at A onter = >

and leaving

A
S()\,) - (1 + Samp(k - }\‘ccntcr ))ZAlh[m - 7\’i + Sccn J :

wid
Finally, we add a white Gaussian noise background €,,(A) to the fluorescence spectra to
account for a variety of things — like environmental fluorophores, the detection sensitivity of the

optical system, or photon shot noise. (All of the noise sources are modeled using zero mean

Gaussian random  variables.) The final noisy spectrum is given by
A
S(?L) = (1 + €amp - ))ZAih — = A, +g,, |+&,,(\). This spectrum S(Q) is
i 1+ (8 wid /r )

then discretized into a vector of numbers S[n] corresponding to spectrometer bins, where
Agin +AA(n)

S[n] = IS(?\.)dK , and is normalized ZS[n] =1.
X min +AR{n-1) n

In order to calibrate the amplitude and background noise sources we compare our model
to what has been achieved experimentally using the ratio of 2 colors of CdSe NCs separated by
70nm in wavelength [75]. Ref. [75] finds that the ratio of the amplitudes can be controlled to
better than 2% accuracy and estimates that over 30 ratios could potentially be distinguished. We
adjust the amplitude and background noise so that our model gives comparable results.

Specifically, we generate a code based on the ratios of 2 colors separated by 70nm. We chose a
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1:1 ratio of color#l to color#2 as the first codeword in our code, and then generate many noisy
instances with only the background and amplitude noise sources tummed on. We then do a least
squares curve fit to the amplitudes of two Gaussians with appropriate centers and linewidths. The
distribution of the ratio of the amplitude fits is then calculated. The second codeword (ratio) is
then chosen so that only 0.5% of the distribution is closer to the second ratio. (This effectively
spaces the ratios by about six standard deviations of the distribution, which is what has been
indicated in [75].) We continue this process until we reach zero.

Figure 4-8 shows the simulation results. As expected, we find that for small ratios, the
background dominates the noise and hence it is best to space the ratios linearly, while for ratios
close to 1, the amplitude noise is dominant and the best spacing is logarithmic. Fig. 4-8 only
shows 17 ratios, all less than or equal to 1. Of course, for every ratio less than 1 (more of color
#2 than color #1), there is a corresponding ratio greater than 1 (more color#] than color#2). (For
completeness, calibrated white noise in a spectrometer bin has a standard deviation of 6,,;=0.001
and Gamp=5><10'4nm'1.) Finally, the result of this analysis is that we now have a noise model that

is grounded in what has been achieved experimentally.
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Figure 4-8: In order to calibrate the noise in our model to experiment, we simulate the ratio of 2
colors of NCs (with the center and linewidth errors turned off). Each peak is the result of a
simulation for a particular ratio of NCs. The text explains in detail how the ratios were chosen.

At this point we have a fully specified mathematical problem, and we are left with the
task of making an intelligent choice of how to design the barcodes to maximize the number of
distinguishable codewords. Before continuing with barcode design, we will investigate this

problem through the lens of information theory.
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4.4 Information and Coding Theory

The microbead barcode system that we have specified in the previous section can be viewed as a
noisy communications channel and can be analyzed with information theory, specifically the
Shannon-Hartley Theorem. In this section we also examine the similarities and differences

between a “typical” communications problem and microbead barcodes.

4.4.1 Shannon-Hartley Theorem

Shannon’s channel capacity theorem sets a limit on the transmission rate of information C
through a noisy communications channel with negligible chance of error as the length of a

message becomes arbitrarily long. This is a relevant metric for most modern communications

Bw
S
systems. Shannon’s channel capacity in the time domain is C = Ilogz[l + (f)jdf where
0

N(¥)

S(f) and N(f) are the signal and noise power spectral densities and BW is the channel bandwidth.
There is a direct analogy between the usual the time domain version and our spectral domain
problem that allows us to apply this theorem to microbead barcodes. One issue is that the signal
and the noise are assumed to be independent in the Shannon-Hartley Theorem, which is not true
for our problem. However, the background noise €,,(A) in our model is independent of the
signal, and therefore we can still apply the Shannon-Hartley Theorem to our problem in order to
set an upper bound on the information capacity of a microbead.

One possible analogy between the usual time domain and the optical spectral domain, is
to imagine that the spectrometer range (Amin t0 Amax) corresponds to one second t=1s of signal. In
this analogy, the spectrum of a single NC color corresponds to the impulse response h(t) of the
channel. Then, the magnitude of the discrete Fourier transform of h(t) indicates the attenuation of
sinusoids at 1 Hz intervals, and the square gives us samples of S(f) which we denote S[k;]. N(f) is
calculated by taking the average of the squared Fourier transform of many instances of €,,[n].

Figure 4-9 shows the power spectral densities, S[k;] and N[k;]. The information capacity of a

Mg —A Sk,
microbead is then calculated according to C = kred—bl‘” Zlog{l + [ ‘]] The factor in

N[k;]

front of the summation is due to the fact that we can not transmit for the whole t=1s, since we are

max  /“min k=0
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constrained by Apue < Ai < Ag.  Also, S[0}/N[0] is not included because our normalization
condition eliminates all the information stored in the DC offset. This analysis yields a capacity of
C=42 bits/microbead. However, this metric is not especially useful for assessing microbead

technology.
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Figure 4-9: The plot shows the squared absolute magnitude of the Fourier transform of a single
color NC optical spectrum and the background white noise.

First, the capacity C is not an upper bound on the number of codewords, since we allow a
finite error rate. On the other hand, our system has other constraints that are not taken into
account in our calculation, and will lower the microbead capacity — S[n] can not be negative, S[n]
is normalized, and there are other signal dependent noise sources that we have neglected. Despite
the difficulty of putting an upper bound on the code size, we can put a lower bound on the
number of codewords by simulating different coding schemes to see what works the best. The

main question is: How do we encode the information?

4.4.2 Channel Coding

Most of the analysis that has been done for traditional coding applications is not especially useful
for our situation, but it is worth reviewing the basics in order to understand how our problem is
different. A “normal” communications problem deals with the transmission of a large amount of

information, typically assumes that signal and noise are independent, and assumes that there is no
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ISI (inter symbol interference). A message is first converted into bits which are then physically
encoded, for example as a plus or minus voltage. The receiver then makes a decision as to
whether a 1 or 0 was sent by checking if the received voltage is above or below some threshold
level. Channel coding deals with the problem of how to efficiently add redundant bits to a
message in order to make the message more robust to decode errors, but not unnecessarily long.
Hamming, Golay, Reed Solomon, and convolution codes all fall into this category of traditional
binary codes. Because of channel noise, some of the received bits will be incorrect. As long as
the number of errors is sufficiently small, the original message can be recovered by choosing the
codeword that is closest to the received signal in the Hamming distance sense (minimum number
of differences in bits).

In contrast to a “normal” communications problem, our microbead barcode application
has a small amount of information per microbead (~10 bits) and is therefore in the short block
length regime. Our signal and noise are not independent, so it is non-trivial to apply Shannon’s
theorem to set a strict upper bound on the number of distinguishable codewords. Finally, there is
significant ISI if one chooses a PAM (pulse amplitude modulation) coding architecture, since the
spectra of different colors massively overlap if more than approximately 5 colors are used.

For our application, the received signal is the measured light intensity in each
spectrometer bin, or a vector of (700nm - 450nm)/5nm = 50 numbers. As explained previously,
we decode by calculating the MSE between the received signal and the expected signal that
corresponds to every codeword, and choose the codeword with the minimum MSE as long as
there isn’t a close second choice. For our application, decode complexity is not an issue since we
will be dealing with a very small data rate (~10 bits/bead)*(~1000 beads/sec) = 10,000 bits/sec.

Finally, we are ready to analyze the code design for microbead barcodes.

4.5 Regular Barcode Design

To begin our design analysis we consider pulse-amplitude-modulation (PAM) codes. First, we
create a list of all valid PAM codewords for a given number of colors and number of intensity
levels. Because we have assumed that our system will not be sensitive to absolute intensity we
eliminate codewords that appear identical after normalization, like (132) and (264). Next, a
random codeword is selected from the list (all codewords have equiprobability of being chosen)
and a noisy instance of the fluorescence for that codeword is created according to the noise

characteristics described above. Figure 4-10 shows an example of a noisy instance of the
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spectrum corresponding to the codeword (20211), along with the non-noisy spectrum that was
desired. The left most peak of the noisy spectrum is right shifted due to noise in the center
wavelength, while the high frequency noise results from the background noise. Note that even
with only 5 colors there is a lot of spectral overlap between colors. Figure 4-10 also shows a

specific instance of an incorrect decode.

Wrong
decode ]
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Actual  Desired —

| Desired

codeword:;
decode:

PL (au)
PL (au)

Decode Error

Correct Decode

450 500 550 600 650 700 . . : :
Wavelength (nm) 450 500 550 600 650 700
Wavelength (nm)

Figure 4-10: Specific instances of a correct decode and a decoding error.

To decode, we choose the codeword whose expected fluorescence spectrum has the
lowest MSE with respect to the actual noisy fluorescence signal, unless MSE,> BxMSE, in which
case the spectrum is not decoded. The success rate and error rate are then calculated by repeating
the simulation many times. We then optimize the choice of number of colors, number of intensity
levels, and error threshold B in order to maximize the number of distinguishable codewords while
maintaining a correct decode rate>80% and error rate<0.5%. Ideally we would like to have a
large number of colors and a large number of intensity levels, since this would result in a large
number of codewords. However, there is a trade-off. Fig. 4-11 shows that as the number of
colors increases, the spectral overlap increases and it becomes more difficult to distinguish
between intensity levels. This happens because increasing the number of colors while holding the
spectral range fixed (Apwe < A < Area), means that the colors A; must be spaced more closely. This

increases the spectral overlap and ISI.
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Figure 4-11: Left: shows maximum number of levels versus number of colors for PAM codes.
Right: Number of codes versus number of colors.

Fig. 4-11 shows that the best results are obtained by using a 10 color binary architecture
with 1023 codewords (all zeros is not valid). In the literature, it has been speculated that a
“realistic” scheme would use PAM with 5 or 6 colors and 6 intensity levels for a total of 10,000
to 40,000 codewords [31]. However, our simulation indicates that for 5 colors, only 3 intensity
levels (0,1,2) can be used and still satisfy the error rates. This only yields 211 codewords, far less
than the expected 10,000. A typical error in the PAM scheme involves mistaking between the
codewords: (203) and (304). Since there is no absolute intensity, only the ratio of the intensities
matters, and 2:3 is close to 3:4.

In order to get a better intuition for how efficient a code is, we have created a type of
diagram that is similar to a CIE diagram and plots all of the codewords (for a 3 color case) in a
triangle. (see Figure 4-12) After choosing a particular code with 3 colors, we generate a set of
noisy instances for each codeword. Then, we do a least squares curve fit to the amplitudes of 3
Gaussians summed together (the center and linewidth are fixed at their expected values) for each
of the noisy instances. The 3 amplitude fits are used to generate a coordinate which is shown as a
dot in the diagram. The sum of the 3 amplitudes is normalized to 1 and each amplitude is used as
a scalar multiplier for a unit vector pointing away from the origin on the diagram. For example,
the vector for color #2 points vertically from the origin and hence the code (010) shows up on the
diagram at x=0, y=1. The 3 corners of the triangle correspond to having just 1 color, and the

center of the triangle corresponds to having equal parts of each color.

81



| 49 codes a «—— Single Color #2
(010)
(311) '
N| Equal Colors
02 (111)
0
0.2+ .
Single Color #1 ~ Single Color #3
(100) ~ T —— (001)
0.6

L L L L L L L L L )
1 08 06 04 02 0 0.2 .4 06 08 1

(203)  (102)

Figure 4-12: The diagram shows the codewords for PAM (3 colors, 4 levels) Scatter plot for 3
color codes. A least squares curve fit to the amplitude of 3 Gaussians is performed on several
noisy instances of each codeword and the result is plotted as a point (a random color is chosen for
each codeword). Each of the corners of the triangle corresponds to pure colors, and the middle is
an equal weighting of each color. The noise has a different magnitude and shape in different
regions.

Fig. 4-12 shows that the noise has a different magnitude and shape in different regions,
and that the spacing of the codewords for the PAM scheme is quite inefficient. Along the lower
edge of the triangle, the noise is in a horizontal line and is primarily due to the noise in the
amplitude which is what causes the most errors for PAM codes. Figure 4-12 shows that the
codewords (203) and (102) are very close and that the scatter plots overlap a bit, indicating errors.

A simple way to minimize these kinds of errors is to use PAM but choose codewords of
equal weight (the sum of elements are equal). This method provides a kind of error correction
since two of the elements need to be incorrect in order to create another valid codeword with the
same weight. In this scheme the “nearest neighbors” of (063) are {(072), (162), (153), (054)} all
of which differ by at least 2 elements. (see Fig. 4-13) We find that the optimal code uses 5 colors
and a weight of 10 for a total of 1001 total codewords, which is actually worse than non-equal

weight PAM.
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Figure 4-13 Diagram of equal weight PAM (3 colors, weight 9)

However, a further improvement can be made by adding the additional constraint that
there must be at least 1 zero between any 2 colors with non-zero elements. Using this, we find
that the optimal code uses 8 colors and a weight of 12 for a total of 2164 codewords. (see Figure
4-14) Intuitively, this technique gives better results because more information can be stored in
the color choice of the non-zero elements — it is a kind of mix between amplitude modulation and
pulse position modulation. (For example, if we consider a return-to-zero coding scheme with 6
colors, then there are 4 ways to arrange the elements (1,2,3) in that order {(102030), (102003),
(100203), (010203)}. In the PAM coding scheme with 3 colors, there is only 1 way to do this.)
In fact, the return-to-zero coding scheme can be improved further by constraining codewords to
have at least 2 zeros between non-zero elements. In this scheme, the optimal parameter choice is
10 colors with a weight of 15 for a total of 2586 codewords. If the noise associated with the
center wavelength were reduced, then further gains could be made by constraining codewords to
have even more zeros between non-zero elements. However, for our choice of parameters the
return-to-2zeros scheme is the best regular coding scheme that we have been able to come up
with. Looking at Fig. 4-12 it is clear that codes should not be spaced evenly, but instead should
be packed more densely in regions with low noise and less densely in regions with high noise.
The next section discusses our Monte Carlo code generation algorithm which achieves exactly

this.
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Figure 4-14: Codewords versus number of colors for different regular PAM based coding
schemes described in the text.

4.6 Monte Carlo Code Generation

This section describes the details of our Monte Carlo code generation algorithm and its results.
Using this technique we find a code with 9000 codewords, a large improvement over the regular

codes discussed in the previous section.

4.6.1 Barcode Generation Results

We begin by describing our Monte Carlo code generation algorithm for three colors. First, we
randomly generate a trial PAM codeword with 100 levels (a list of 3 numbers from 0-99). We
then generate 100 noisy fluorescence spectra for that trial codeword, and decode using the usual
technique with the trial codeword plus all of the codewords that are already part of the code. If
all of the noisy fluorescence spectra are decoded correctly, then the trial codeword is added to the
code. If any are incorrectly decoded, then we throw out the trial codeword and continue by

generating another random trial codeword.
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Figure 4-15 shows the results of this Monte Carlo code generation. This technique
allows codewords to be packed more closely in regions that have low noise, and further apart in
regions where the noise is larger. In fact, Fig. 4-15 shows that the codewords along the bottom
edge of the triangle are spaced closer in the vertical direction than the horizontal, which is exactly
what we want since the noise is larger in the horizontal direction. This code generation procedure
can be continued indefinitely, but it is clear that there is a limit to how many codewords can be

added to the code while still satisfying the error rate condition.

"I (3 colors, 100 levels)
1k
.
0.8} h‘:\
0.6t " or® s  }
27 5250
04r «h“o" ::*\
_
02| S22 NN
AT
o ¥ 4 @ o e g e %
' £t N
02} #".d... aliE= Sl I
& e e L ] )
o» L% - P .
0.4} L o~ >
o :-- “q-"'":- haad™ g : .
'_0.6 1 1 1 1 1 1

1 L I 1
-1 08 06 -04 -02 0 0.2 04 06 08 1

Figure 4-15: Triangle diagram for Monte Carlo code generation.

Figure 4-16 shows the results of our Monte Carlo code generation as a function of the
number of colors. The number of codes increases monotonically as expected, although it is
perhaps surprising that some of regular coding schemes manage to do better than the Monte Carlo
generation scheme for a certain number of colors. We attribute this to the fact that in the PAM
based schemes, the codewords are spaced in a regular fashion and hence can be packed
efficiently. The Monte Carlo scheme, on the other hand, sometimes leaves spaces between
codewords that are large, but not large enough to fit another codeword, and therefore there is
some wasted space. Using the Monte Carlo generation procedure with 50 colors, we have found
a code with over 9000 codewords that still satisfies the error conditions. Although this result can
presumably be improved upon, it does set a lower bound on the number of codewords that is over
8 times bigger than the PAM scheme. The algorithm that is used to create this large code must be

carefully designed in order to be computationally efficient.
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Figure 4-16: Number of codewords versus the number of colors for various coding schemes. For
each choice of coding scheme and number of colors, the weight/number of levels and error
threshold B are optimized to maximize the total number of codewords while still maintaining a
correct>80% and incorrect<0.5% error rate.

4.6.2 Barcode Generation Algorithm Details

The Monte Carlo code generation with 50 colors requires careful thought to get the best results
since it is computationally impossible to consider all 100°° possible codewords. A code
generation technique that generates a random number uniformly distributed between 0-99 for
each of the 50 colors gives poor results. This simple technique tends to preferentially generate
codewords with a fluorescence spectrum that is relatively flat and therefore similar to other
spectra in a MSE sense. For example, {99, 0, 99, 0, 99, 0, ...} is almost indistinguishable from
{50, 50, 50, 50, 50, 50, ...} in the MSE sense even though they are far apart in a traditional
Hamming distance sense. This happens because each color overlaps massively with its neighbor
since they are spaced by 2.4nm and have a linewidth FWHM > 30nm. Figure 4-17 shows six trial
codewords using this simple technique (n=1 strategy). All six are relatively smooth and are

similar.
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Figure 4-17: The first six trials of the n=1 and n=16 strategies.

In order to get sharp spectral features, most of the numbers should be small or zero with
only a few large numbers. This can be accomplished by first generating 50 uniformly distributed
numbers, then exponentiating each to some power n, normalizing so that the largest possible
value is 100, and rounding to the nearest integer. Following this procedure on the vector {0, 20,
80, 40, 60, 0, ...} with a power n=2, gives the new vector {0, 4, 64, 16, 36, 0, ...}. Using a
power n=6 gives {0, 0, 26, 0, 5, 0, ...}, which will generate a spectrum with sharper features than
the original vector. Fig. 4-17 shows that codewords generated with the n=16 strategy have
sharper features and are less similar in the MSE sense. As n becomes larger the generated spectra
become even more peaked and start to look like one another again.

Our Monte Carlo code generation algorithm uses seven strategies to generate trial
codewords n=1,2,4,8,16,32,64. We keep track of success rate = (number of times the trial
codeword is added to the code)/(number of attempts) for each strategy. Each time through the
algorithm we choose a strategy based on what has worked in the past, such that the probability of
choosing a strategy is proportional to its marginal success rate. (We start the simulation by
artificially giving each strategy 1 success and 1 attempt.) The idea behind this, is that if a
particular strategy is generating a lot of codewords that are similar (in the MSE sense), like the
n=1 strategy, then eventually its success rate will decrease and therefore its probability of being
chosen as a strategy will decrease and other more productive strategies will be used instead.
Using this kind of strategy diversity ensures that our algorithm is robust. Figure 4-18 shows the
number of attempts and successes for each strategy in our algorithm. The n=4 and n=8 strategies

have high success rates relative to other strategies, and hence they are preferentially chosen.
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Interestingly, we find that using a diverse set of strategies has a higher overall success rate after
30,000 attempts than an algorithm that only uses the n=8 strategy. We attribute this
outperformance to the fact that any one particular strategy tends to generate similar codewords
and hence preferentially fills a certain fraction of the total codeword phase space. Other

strategies can then fill in the less filled parts of the phase space.
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Figure 4-18: Plot of the number of trial codewords versus the number of successful attempts for
each strategy we used. The probability of choosing a particular strategy is based on the marginal
success rate.

4.6.3 Information Theory

At this point, it is worth stepping back again to consider how our Monte Carlo code differs from
codes used in “typical” communications applications. Often, the modulation and channel coding
decisions are considered independently. In our case, these have been combined and we directly
try to find codewords that are spaced such that noise does not cause a codeword to be incorrectly
decoded. Another difference is that for our application we do not expect the noise to be
independent of the signal or to have a trivial structure. As a result it is difficult to find a regular
coding scheme that uses all of the information capacity that is available. Instead, we find that by
using our Monte Carlo generated code we are able to more fully utilize the information capacity
of a microbead barcode.

While it is relatively easy to visualize what is happening when only 3 mostly non-
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overlapping colors are involved, it is much more difficult to visualize what is happening when 50
colors with a lot of overlap are used. In order to help get an intuition for what is happening, we
have plotted the power spectral histogram of the error sources and signal for our 50 color Monte
Carlo code in Figure 4-19. (The signal power histogram is generated by averaging the magnitude
of the Fourier transform of the spectral contribution of the noise from just one source. The noise
power histograms are generated by averaging the magnitude of the Fourier transform of many
instances of the spectra of just the noise source. Although Shannon’s Theorem can not
technically be applied since the signal and noise are not independent, pretending that the signal
and total noise are power spectral densities and applying Shannon’s Theorem yields a microbead
capacity of 19 bits.) The plot shows that the power spectrum of the signal decreases at higher
frequencies. This makes sense because the linewidth of 1 color of NCs effectively acts like a low
pass filter. Fig. 4-19 shows that for low frequencies, which is where most of the information
capacity lies (S/N is the best), the uncertainty in the center wavelength is the dominant noise
source. This is interesting because it suggests that uncertainty in the center wavelength of NC
ensembles may be the limiting factor for NC-bead based barcodes. This is in contrast to [75]
which hints that the uncertainty associated with the intensity of different colors of NCs may be
the limiting factor. However, a better and more direct way to understand what noise sources are

most critical is to perform a sensitivity analysis on the parameters in our model.
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Figure 4-19: Power spectral histogram of the 50 color Monte Carlo coding scheme. Each line of
the labeled lines shows the power spectral density of each power source individually. The dotted
line corresponds to the total luminescence, and the solid black corresponds to all of the noise
sources.
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4.7 Other System Considerations

In this section we consider how sensitive our model is to the parameters we have used and

estimate the system throughput.

4.7.1 Sensitivity Analysis

We performed a sensitivity analysis of our model in order to assess the importance of our
parameter choices. For each parameter, we made a slight change (~20%) and then varied the
number of colors, number of intensity levels, and the relative error threshold B in order to
maximize the number of codewords while still satisfying our error constraints (correct > 80%,
error < 0.5%). We use an equal weight return-to-2-zeros architecture for this analysis. Using the
Monte Carlo code generation for a sensitivity analysis is complicated by the fact that we do not
know of any way to quantify how well filled the code space is, and therefore can not be sure that
we have waited long enough for the algorithm to fill the code space. Figure 4-20 shows how a
1% change in each parameter is expected to change the total number of codewords = 2% The
results show that a 1% increase in the NC color range (bandwidth) increases the number of bits
by about 1%. It is comforting that this agrees with our intuition from the Shannon channel

capacity C = Bleogz(S/N) which indicates that the capacity scales proportionally to
bandwidth BW.

In our analysis we tried to choose parameters that are reasonable for currently available
CdSe NC technology, but it may not be too difficult to expand the range of colors that are
available by using CdS or CdTe NCs. All of these types of NCs can be capped with tri-n-
octylphosphine oxide (TOPO), which should allow them to be incorporated into the same
polymer and could vastly expand the number of barcodes. Also, our results show that reducing

the ensemble linewidth is important. A narrower linewidth will reduce spectral overlap and ISI.
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Figure 4-20: Sensitivity analysis of parameters in simulation. A PAM architecture with equal
weighting and return-to-2zeros constraints is assumed for this analysis.

The sensitivity to different noise sources gives qualitatively the same answer as the
power spectral histogram: the uncertainty in the center wavelength dominates. It is noteworthy
that we do not appear to be limited by the relatively large 5 nm spectrometer bin width that we
have used. In fact, we can increase the bin width to 12.5nm with only minor effects on our
results, which makes intuitive sense when one considers the Nyquist criterion. According to the
Nyquist criterion if we sample a bandlimited signal at twice the signal bandwidth, then the
original analog signal can be recreated with perfect fidelity. Because the “impulse response” of
our system (the sharpest spectrum we can create) has a linewidth of about 30nm FWHM, we
should be able to sample at 15nm spacing (half the impulse response linewidth) without losing
much information. An additional error source is due to uncertainty in the temperature.

Since both the emission wavelength and linewidth are temperature dependent, any
uncertainty in the temperature of the microbeads will introduce additional noise. Figure 4-21
shows our measured temperature dependence of the ensemble emission wavelength for CdSe/ZnS
NCs. We model this by linearly interpolating between a temperature dependence of
dv/dT=0.11nn/K for A=650nm NCs and d\/dT=0.08nm/K for A=530nm NCs. Figure 4-22 shows
our measured temperature dependence of the ensemble emission linewidth for CdSe/ZnS NCs.
Since the slope is similar for all sizes, we model the linewidth with a linear temperature
dependence such that the linewidth (FWHM) increases by A=2nm for a T=40K change in

temperature.
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Figure 4-21: Measured temperature dependence of the emission wavelength for 5 sizes of
CdSe/ZnS NCs. The wavelengths are offset to equal zero at T=300K so that the slopes can be
compared.
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Figure 4-22: Measured temperature dependence of the emission linewidth for 5 sizes of

CdSe/ZnS NCs. Color and shape convention is the same as previous figures.

To estimate the effects of an unknown temperature offset, we adjust the NC emission
spectra accordingly but do not change our decode algorithm. We then find the set of parameters

that maximizes the number of codewords with an acceptable error rate. Figure 4-23 shows the
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results of our simulation. Our simulation indicates that an unaccounted for 20°C increase in
temperature will reduce the maximum number of distinguishable codewords within the PAM
return-to-2zeros scheme from 2586 to 1066. Such a large temperature uncertainty seems unlikely
in a real system. However, if the temperature uncertainty of the microbead system is a concern,
we expect that the performance degradation can be minimized by installing a thermometer inside
the microbead system and then adjusting the expected emission spectra for each codeword in the
decode procedure. In fact, our simulations indicate that if the temperature offset is known and the
temperature dependence of NC emission spectra has been characterized, then the expected center
wavelength and linewidth can be modified in the decode algorithm, allowing for the full 2586
code to meet the error rates across a -30°C to +30°C offset range. We conclude that temperature

uncertainty will not be a major source of error in a NC based microbead system.
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Figure 4-23: Simulation of the maximum code size using a PAM-return-to-2-zeros scheme if
there is an unknown temperature offset.

4.7.2 System Throughput

Finally, it is important to remember that for the applications that we are considering - medium
density biological assay applications — we would like the throughput to be as high as possible, but
we need to make sure that there will be enough collected light to properly decode. A Sum bead
can have about | million NCs, each of which can emit 100 photons in the 10 ps that it is in the
path of a focused argon laser [74]. Assuming 1% collection efficiency, about 1 million photons

will reach the detector per microbead. The photons will be mostly spread over 24 spectrometer
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bins (120nm range, Snm/bin). So, about 40,000 photons will reach each bin, and photon shot
noise will be less than 1% of the signal. Since this is less than the white noise that has already
been added to our noise model, we don’t believe that the throughput of the system will

necessarily be limited by the amount of light that can be detected by the optical detection system.

4.8 Conclusion

In conclusion, for many biological applications there is a desire to be able to perform medium
density (~1000) assays with high throughput. In order to assess the viability of using NC-based
(instead of dye based) barcodes we have created a Monte Carlo simulation of NC barcodes that is
grounded in what is currently achievable using today’s technology. We find that the simple PAM
coding scheme can be improved upon by using an equal weighted, return-to-2zeros PAM coding
scheme. Furthermore, we used a Monte Carlo technique to generate a code with over 9000
codewords that satisfies our error conditions. This number of codewords is much bigger than the
100 currently available dye based commercial technology, but is much less than the 1 million
codewords that has been mentioned in the literature. Our analysis shows the perhaps unintuitive
result that the number of distinguishable codewords can be increased quite dramatically by using
many different colors of NCs even though their spectra massively overlap! Accordingly, we
conclude that controlling the center wavelength of NC ensembles will be the limiting noise
source, rather the amplitude uncertainty. We hope that our work provides a useful framework for
thinking about NC based microbead barcodes, even if future developments indicate that the noise
model should be modified. Finally, our analysis indicates that NC-based barcodes have the
potential to fill the need for medium-density high throughput biological assays. Whether this
technology ever comes to fruition will largely depend if it is economically advantageous to create
such a system.

From the perspective of information theory and channel coding, our problem seems quite
unique. In practice, most problems are in the long block regime (~1000 bits) and it is
computationally impractical to run a Monte Carlo code generation algorithm. In this situation,
the concept of a random code generation is used as a theoretical concept, but is not actually
implemented. However, the microbead barcode problem is in such a small block length regime
(~10bits/barcode), that it is actually computationally possible to implement what is normally a
theoretical concept. At the same time the problem is complex enough, that there is no easy

analytic solution to our problem, and a Monte Carlo simulation seems to be the only option. We
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are not aware of any other applications that fall into this small block length regime, where
constructing a code is nontrivial analytically, but small enough to be tractable using a Monte

Carlo approach.
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Chapter 5

Conclusions

This thesis has investigated the optical properties of semiconductor nanocrystals and attempted to
relate these properties to NC applications. In Chapters 2 and 3 we presented our experimental
measurements of CdSe/ZnS NCs and investigated the physical mechanisms that have been
invoked to explain the temperature dependence of the exciton energy, the Stokes shift, and the
spectral linewidth. In Chapter 4 we used a Monte Carlo simulation to investigate the prospects of
using NC based microbead barcodes for high throughput biological assays.

This chapter reviews our main conclusions, discusses the implications for NC
applications, and suggests directions for future research. In section 5.1 we review our
conclusions regarding the physical mechanisms responsible for NC optical properties and relate
these conclusions to the applications discussed in Chapter 1. In section 5.2 we review the
prospects for NC based microbead barcodes for high throughput biological screening. We also
review microbead barcodes through the lens of information and coding theory, and suggest

additional topics for future research.

5.1 Implications of NC Physics for Applications

This section reviews our conclusions regarding the temperature dependence of the emission
energy dE.mi/dT and the spectral linewidth of semiconductor nanocrystals. We discuss the

implications of these properties for the applications discussed in Chapter 1.

5.1.1 Temperature Dependence of the Emission Energy dE,,;/dT

In Chapter 2, we showed that a first order model that only considers changes in the effective mass
with temperature can explain the existing experimental measurements of dE/dT for both epitaxial

QDs and colloidal NCs, and hence both types of systems can be modeled using the same physical
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framework. Previously, there was no model, either theoretical or semi-empirical, to predict the
temperature dependence of the exciton energy dE/dT in nanostructures. Our absorption
measurements of high quality CdSe/ZnS NCs show that there is no measurable size dependence
to dEu/dT, in contrast to earlier measurements in lower quality CdSe and CdS NCs. We
explained most of the size dependence in dEu;/dT in PbS and PbSe NCs by the strong
temperature dependence of the effective mass of these materials. Previous explanations neglected
this simple, yet dominant physical effect.

One way to test our model is to measure the temperature dependence of the absorption
energy dE,,¢/dT of InSb quantum dots, which our model predicts will be reduced from its bulk
value because of the large percentage change in effective mass as a function of temperature. It is
difficult to make an exact prediction due to the lack of reliable measurements of the effective
mass with temperature, but k-p theory indicates that materials with a large percentage change in
E(T) with temperature should also have a large percentage change in effective mass with
temperature. Specifically, reference [39] indicates that the percentage change in effective mass
with temperature for InSb is about d%m’/dT = -4x10™*/K near room temperature, while reference

[76] indicates that at room temperatue, Eg;=170meV and dEy/dT=-0.33meV/K. Using

% =E,, [11@1 2 QB_} we find that if a nanostructure was made with E.;nr=1000meV, then
our model predicts dE/dT=0. It is important to note that as the confinement potential increases,
the effective mass approximation will break down. The parabolic band approximation fails as
increasing confinement forces electrons further from the band minimum. Additionally, once the
confinement energy becomes comparable to the bulk bandgap, the effective mass approximation
will break down. However, we expect that even for InSb nanostructures with smaller
confinement energies (100s of meV), there should be a measurable decrease in the magnitude of
dE/dT from bulk.

In Chapter 2 we focused on dE./dT, while Chapter 3 focused on the temperature
dependence of the Stokes shift Egppe(T)-Eeni(T). Combining these two properties one is able to
model the temperature dependence of the emission energy dE.,/dT, an important parameter for
many NC applications. Our measurements on CdSe NCs show a weak temperature dependence
of the Stokes shift near room temperature and hence dE.,,/dT is similar to dE,,/dT. In fact, in the
literature it is often implicitly assumed that dE.,/dT and dE,,/dT are the same. Having any
model for dE/dT in useful for assessing potential NC applications.

In chapter 1 we discussed using NCs imbedded in organic devices as light emitters as a

way to provide a solid state solution for yellow traffic lights. Currently, the options for solid state
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yellow lights are limited by material properties. Because of the narrow spectral range perceived
as yellow by the human eye and the wide temperature range that a traffic light is subjected to, a
crucial specification for yellow traffic lights is the chromaticity drift as a function of temperature.
British railway specifications allow AA=2.5nm of chromaticity drift from -20°C to +40°C. Our
measurements of CdSe/ZnS NCs show that the chromaticity drift across this temperature range is
Al~6nm, thus precluding the use of CdSe/ZnS NCs for this application. However, PbS or PbSe
NCs may provide an answer. Since the Stokes shift is small in PbS and PbSe NCs, the
temperature dependence of the absorption energy should be a good approximation for dEen/dT.
Measurements from [17] indicate a chromaticity drift AA=0+1nm for PbS NCs across the relevant
temperature range, indicating their potential suitability for yellow lighting applications.
Although, the quantum efficiency of PbS NCs may be a concern. Our analysis indicates that InSb
nanostructures are potentially another good solution.

Another potential application is to use NCs as a temperature sensor with a high spatial
resolution (10s of nanometers). Researchers have demonstrated the ability to deposit a monolayer
of NCs in organic electronic devices. By measuring the emission spectrum of NCs, the
temperature of the organic device at the depth of the NCs can be inferred. It is difficult to
imagine how to measure the temperature with 10 nanometer resolution using traditional
techniques. For this potential application, it is desirable to make dE.,/dT as large as possible in
order to increase the temperature sensitivity. In general, materials with a large dE,/dT and with a
minimal temperature dependence of the effective mass are desirable for this application. Large
CdSe/ZnS NCs have dA/dT~0.1nm/K making them ideal candidates for this application. Figure
4-21 shows that the temperature dependence of the emission wavelength of CdSe/ZnS NCs scales
with size, making larger CdSe/ZnS NCs more sensitive temperature probes. Our measurements
indicate that it is reasonably easy to detect changes of T=2°C using CdSe NC emission spectra.
Infrared images of OLEDs in [77] show that surface temperatures can reach 50°C before
degradation begins. The ability to measure internal temperatures, which are presumably even
higher, with T=2°C temperature resolution and a vertical spatial resolution of approximately
10nm could allow the internal temperature of OLEDs to studied with far greater precision than is
possible using traditional techniques. The temperature dependence of the emission energy will
have an impact on other applications, but it is often of secondary importance compared to the

spectral linewidth,
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5.1.2 Spectral Linewidth and Stokes Shift

In the literature, both exciton fine structure and exciton-acoustic phonon scattering models have
been used to explain a wide variety of experimental results in CdSe NCs. These two theories are
based on fundamentally different physical mechanisms and normally only one model is invoked
to explain the results of an experiment. In Chapter 3 we presented our careful measurements of
the temperature dependence of the ensemble emission and absorption spectra for different sizes of
CdSe/ZnS NC ensembles. Our experiment is performed in a regime where both theories are
potentially important, and therefore allows us to compare the theories directly. We interpret our
results through the lens of both theories.

In the fine structure framework, the temperature dependence of the Stokes shift gives a
highly sensitive measurement of the energy levels and oscillator strengths. As the temperature is
lowered from T=30K to T=5K, our measurements show a sharp 2-4meV increase in the Stokes
shift for different NC sizes. This behavior indicates the existence of lower energy level with
small oscillator strength, consistent with the existence of a dark exciton. The 2-4meV increase of
the Stokes shift is a measure of the energy difference between the dark exciton and the lowest
bright exciton state, and agrees well with temperature dependent lifetime measurements [42]. At
temperatures higher than T=40K, the dark exciton is expected to have a minimal impact in
determining either the emission or absorption spectra because of its small oscillator strength. As
a result, the temperature dependence of the Stokes shift between T=40K and T=300K provides a
sensitive measure of the energy level spacing and oscillator strengths of higher fine structure
energy levels. Previously, PLE experiments provided the only experimental measurements of the
upper fine structure levels that we are aware of [24].  According to the fine structure theory, we
expected to find a strong temperature dependence of the Stokes shift especially for our smallest
NCs. Surprisingly, we measured a weak temperature dependence of the Stokes shift for all sizes
of CdSe/ZnS NCs between T=40K and T=300K. Although these results were unexpected, we
found that adequate agreement could be obtained by adjusting the parameters in the fine structure
theory to fit our experimental results. Within the fine structure framework our results provide a
sensitive measure of the energy levels and oscillator strengths. However, the fine structure model
can not explain the temperature dependence of the spectral linewidth, which is considered to be a
result of homogeneous broadening which results from exciton-acoustic phonon scattering.

Within the exciton-acoustic phonon scattering model, the absorption and emission spectra
have a ‘Prussian helmet’ shape and are mirror images of one another about the ZPL. While the

spectral broadening predicted by this model is well known, we are not aware of any mention of

100



this model’s contribution to the Stokes shift in CdSe NCs, which turns out to be quite large.
Using the exciton-acoustic phonon scattering model developed in Ref. [38], we are able to
reasonably account for both the magnitude and size dependence of our measured Stokes shift and
the ensemble linewidth temperature broadening. Importantly, this model uses only material
parameters and has no adjustable parameters. However, we have measured single NC emission
spectra which are narrower than predicted and are directly inconsistent with this model.

We conclude that neither the fine structure model nor the exciton-acoustic phonon
scattering model can provide a complete description of the NC physics that is relevant for
explaining NC optical properties. Although both theories are able to adequately explain
experiments in certain regimes, it is not obvious how to combine the separate theories to explain
experiments in a regime where both are important, like the temperature dependence of the Stokes
shift. We speculate that a comprehensive theory that includes the physics of both the fine
structure and exciton-acoustic phonon scattering is needed to explain our experimental results.

Figure 5-1 compares the implied single CdSe NC bandedge absorption spectrum from
PLE experiments in [24] to the exciton-acoustic phonon scattering model of [38]. Previously, the
wide high energy peak from PLE experiments was interpreted as a higher energy exciton level in
the fine structure. We suggest that an alternative explanation is that this peak is due to exciton-
acoustic phonon coupling. One way to potentially determine the correct explanation would be to
measure the absorption of a single NC. At low temperatures, this peak would presumably be
narrow if it is due to a fine structure level, while the exciton-acoustic phonon scattering model
indicates a large width even at T=0K. In fact, the absorption spectrum of a single NC has been
measured by performing PLE on a single NC [78], however the measurements were performed on
a large NC where the difference between the two theories is minimal. If the single NC PLE
experiments were repeated on small NCs, then measuring a narrow high energy PLE peak would
strongly enhance the fine structure interpretation. In the end we suspect that reality is more
complicated, and that a comprehensive theory which combines the physics from both theories is
required. We hope that our work provides the motivation to perform additional experiments and

to reassess the physics that has previously been used to explain experimental results.
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Figure 5-1: Left — inferred single CdSe NC bandedge absorption spectrum (without optical
phonon replicas) from PLE experiments in [24]. Predicted absorption spectra of CdSe NCs based
on exciton-acoustic phonon scattering model in [38]. The oscillator strength and linewidth of the
ZPL are chosen to make the comparison more clear.

Another mystery that has yet to be consistently addressed, but may provide a clue to
resolving the issues we have been discussing, is why adding a ZnS capping layer to a CdSe NC
core increases the Stokes shift. A direct effect of adding a ZnS capping layer, is that the electron
and hole wavefunctions are less confined, since they can extend into the ZnS capping layer, and
hence the emission wavelength is red shifted. This effect indicates that the Stokes shift should be
reduced since redder NCs have smaller Stokes shifts, however figure 5-2 shows that
experimentally the opposite effect is observed [35, 79]. Adding a ZnS cap is also observed to
broaden the emission linewidth. Previously, this broadening has been interpreted as resulting
from an increased effective size distribution of the NCs. The increased Stokes shift was then
explained by the increased contribution of inhomogeneous broadening [35]. Our calculations of
the contributions of inhomogeneous broadening to the Stokes shift indicate that this is a small
effect, and can not account for the increased Stokes shift. Figure 3-14 shows that a typical
contribution of the inhomogeneous size distribution to the Stokes shift is SmeV for a high quality
sample. Assuming that adding a ZnS capping layer increases the size distribution by 10% (from
or/R=5% to or/R=5.5%), the contribution to the Stokes shift of the inhomogeneous size
distribution will increase by approximately 1meV, to 6meV total. This is far less than the 20meV
that is observed in [35]. We speculate that adding a capping layer may increase the lattice

relaxation energy (within the exciton-acoustic phonon scattering model), and hence may increase
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the Stokes shift. However, we are not aware of any quantitative analysis of exciton-acoustic

phonon scattering for NCs with a capping layer to support our speculation.
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Figure 5-2: Absorption and emission spectra of CdSe NCs with different thicknesses, or
monolayers ML, of the ZnS capping layer. (from [79])

Finally, we have estimated the contributions of the size distribution, spectral diffusion,
and homogeneous linewidth to the ensemble PL linewidths for our samples at room temperature.
Our analysis indicates that even if the inhomogeneous broadening due to size distribution and
spectral diffusion could be eliminated, the room temperature homogeneous broadening will only
allow the ensemble linewidth to be reduced to approximately half of the current value. The room
temperature ensemble linewidth is an important parameter for many potential NC applications.

Reducing the ensemble linewidth by 50% would improve the performance of many
applications. For NC based display applications, a wider range of colors could be displayed. On
the CIE diagram, the points corresponding to NCs could be moved about half the distance from

where they are currently to towards the edge of the diagram. For biological imaging, the number

103



of colors that can be used simultaneously could potentially double. For laser gain applications,
the maximum gain would double for a given pumping power. For microbead barcodes, our
sensitivity analysis indicates that the number of codewords could potentially be increased from
about 2" to 2. Whether it is worthwhile to devote time, energy, and money to reducing the
emission linewidth is a complex question that will depend on the economic costs and benefits of
doing so. The primary goal of our research was to analyse what is possible and to assess how

improvements in NC manufacturing could improve NC applications.

5.2 Prospects of NC Based Microbead Barcodes

This section reviews the prospects of NC based microbead barcodes from the perspective of

biology and from the perspective of information and coding theory.

5.2.1 Biological Assay Perspective

For many biological applications there is a desire to be able to perform medium density (~1000)
assays with high throughput. Microbead barcodes are one commercially available method for
performing biological assays. The advantages of replacing organic dyes with NCs for this
application have been widely anticipated in the literature, but we are not aware of any quantitative
analysis of what could be achieved. In Chapter 4 we analyzed the performance that a NC-based
microbead system could be expected to achieve. Here we review our analysis and conclusions.
We began by making some design decisions regarding how a NC-based system would
operate. Among our choices, we choose to use a spectrometer, to make decoding the barcodes
independent of absolute intensity, and to decode based on MSE. We then developed a noise
model based on what can reasonably be achieved experimentally using current NC and microbead
technology. All of the parameters in our noise model have an experimental basis. We then
developed a Monte Carlo simulation of the noise in our system in order to assess the decode error
rates for different types of code design. We found that the simple PAM coding scheme that is
suggested in the literature, performs much worse than anticipated. It was anticipated that 5 colors
and 6 intensity levels could be used for a total of 7776 codewords, while we found that for 5
colors only 3 intensity levels could be used (and still satisfy our error conditions) for a total of
211 codewords. We then investigated other coding schemes. We found that the PAM results can

be improved upon by using an equal weighted, return-to-2zeros PAM coding scheme which
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allows over 2500 codewords. Furthermore, we developed a Monte Carlo code generation
algorithm to find a code with over 9000 codewords that satisfies our error conditions. This
number of codewords is much bigger than the 100 currently available using dye based
commercial technology, but is much less than the 1 million codewords that were speculated as
possible in the literature. Our analysis shows the perhaps unintuitive result that the number of
distinguishable codewords can be increased quite dramatically by using many different colors of
NCs even though their spectra massively overlap! Our sensitivity analysis indicates that
controlling the center wavelength of NC ensembles will be the limiting noise source, rather the
amplitude uncertainty as is implied in the literature. We hope that our work provides a useful
framework for thinking about NC based microbead barcodes, even if future developments
indicate that the noise model should be modified. Finally, our analysis indicates that NC-based
barcodes have the potential to fill the need for medium-density high throughput biological assays.
A goal of our research was to analyze what is possible using currently available technology.
Whether this technology ever comes to fruition is a more complex question that will require

weighing the economic costs and benefits of further developing this technology.

5.2.2 Information and Coding Theory Perspective

From the perspective of information theory and channel coding, NC based microbead barcodes
seem quite unique. In practice, most coding problems are in the long block regime (~1000 bits)
and it is computationally impractical to run a Monte Carlo code generation algorithm. In this
situation, the concept of a random code generation is used as a theoretical concept, but is not
actually implemented. However, the microbead barcode problem is in such a small block length
regime (~10bits/barcode), that it is actually computationally possible to implement what is
normally a theoretical concept. At the same time the problem is complex enough, that there is no
easy analytic solution to the optimal design of NC microbead barcodes, and a Monte Carlo
simulation seems to be the only option.

Additionally, our research raises questions that may be of interest to the information and
coding theory communities. Can an algorithm be developed to space the codewords in a regular
fashion, so that codewords can be packed more densely without increasing the error rate? In
order to better picture what is going on, is there a way to extend the triangle diagram that we
developed for the 3 color case, to more colors? Is there a way to quantify how fully a code covers

the total coding phase space? Is there a way to improve our Monte Carlo code generation
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algorithm to make it more computationally efficient? All of these questions strike us as

potentially interesting topics for further research.
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Appendix A

Frequency Domain Lifetime Measurements

We measured both the absorption and fluorescence lifetime of CdSe/ZnS NCs in the frequency
domain. These experiments were a first step towards performing a spectral hole burning
experiment at cryogenic temperatures. They were discontinued for multiple reasons: reference
[29] reported excellent experimental results before we were able to complete the experiment, we
had trouble getting a NC sample that was well matched to our laser wavelength (A=635nm) at
T=5K, and we found that careful measurements of ensemble absorption and emission were quite
interesting and more assessable experimentally.

For the fluorescence lifetime measurements, we excited the NCs with a green LED that
was sinusoidally modulated using a function generator. The A=640nm NCs were suspended in
toluene in a square cuvette. A New Focus 1801 detector that was connected to a SR844 lock-in
amplifier was used to the measure the amplitude and phase of the fluorescence signal. To get a
reference signal, the sample cuvette was replaced by a mirror and the LED excitation was
measured directly. Figure A.1 shows that the relative amplitude and phase of the fluorescence
agrees well with the prediction for a molecule with a t=20ns lifetime. The slow response of our
LED limited the frequency range of our measurement.

For the absorption lifetime measurement, we used a A=635nm, Smw diode laser
modulated by an AOM (acousto optic modulator) to excite the NCs. This effectively modulated
the absorption of the NC sample, which was monitored with a probe laser at the same
wavelength., The induced modulation of the probe laser is detected with the same setup used for
fluorescence lifetime. Fig. A.1 shows that the absorption lifetime agrees well with the
fluorescence lifetime of t=20ns. The most difficult aspect of this experiment is eliminating the
effects of scattered pump light. It is difficult to separate the signal due to scattered pump light

from the induced modulation in the probe laser.
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Figure A.1: Shows the magnitude and phase delay of both fluorescence and absorption lifetime
measurements. The results agree well with the predicted lifetime of ©=20ns.
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Appendix B

Thermal Fluctuations

Every object in thermal equilibrium with its environment has energy fluctuations. For large
objects, these fluctuations are not noticeable since their heat capacities are large. However,
because NCs have small heat capacities, these fluctuations can potentially be measurable. For
instance, since the number of phonons in a NC fluctuates, even when the NC is in thermal
equilibrium with its environment, and the excitonic energy of a NC is dependent on the number
of phonons, the excitonic energy of a NC will fluctuate. This will manifest itself as linewidth
broadening in the absorption and emission spectra. The goal of this appendix is to quantify this

broadening.

B.1 Analysis to Date

Thermodynamics tells us that the thermal energy of any system in thermal equilibrium with a
large reservoir will fluctuate. This is a result of the fact that any object is constantly exchanging
heat with its environment. The dispersion in the energy of a system in thermal equilibrium is

given by
(AEthermal )2 = szCV

where Cy is the heat capacity of the system [80]. Because the thermal energy of a NC fluctuates,
one can also think of the temperature of the NC as fluctuating. By relating a change in thermal

energy to a change in temperature using

AE C,AT

thermal =

a NC temperature fluctuation can be calculated. There is some controversy regarding the validity
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of interpreting AEuema and AT as widths of the distribution of E and T. However, experiments
using superconducting magnetometers to measure the temperature of paramagnetic salts at 2K are

consistent with its validity [81]. Assuming the equation is valid, the above relations imply that

kT?

v

(AT) =

Using the heat capacity of bulk CdSe c¢,=1.454 J/(cm’K) and R~5nm one finds that
AT~1K at room temperature. Arzberger and Amann have created a more complicated, but more
accurate, model of NC temperature fluctuations using this equation as their starting point [13].
(The primary cotrection is to consider the volume of the electron and hole wavefunctions when
calculating Cy, instead the NC volume.) Their model indicates an excitonic broadening of 1.8
meV at room temperature for R=5nm CdSe NCs. This is comparable to the expected 3 meV
acoustic phonon broadening at room temperature and suggests that it may be important to include
temperature fluctuations in any complete analysis of NC linewidth.

In their analysis, they use the bulk value of ¢, at room temperature and assume that it is
independent of temperature. In fact, c¢,(T=0)=0 and increases with temperature. So, while their
calculated broadening at room temperature should be reasonably accurate, they underestimate the
broadening at lower temperatures. The next subsection analyzes the linewidth broadening at low

temperatures (T<20K).

B.2 Our Analysis

For sufficiently low temperatures, only the lowest energy acoustic phonon mode has a significant
chance of being occupied. Therefore, in the low temperature regime the thermal energy
dispersion can be accurately estimated by modeling the NC as having only one phonon mode.
The probability distribution of the number of phonons occupying that mode can be calculated

using the canonical distribution

P = Ce—E,./kT

r

where P, is the probability of the system being in state r, E; is the energy of state r, and C is a

constant of proportionality independent of r [80]. Adding up the probabilities of all states must
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equal 1, so C is found to be C = Ze_E’/kT . We also know that the energy for oscillator is

given by E = (n+5)hw. Combining these equations we find the probability of having n

phonons in a mode is
P(n) — (1 _ e—hw/kT )e-—hwn/kT

Figure B-1 plots the probabilities of n=0,1, and 2 versus temperature for an acoustic phonon
mode with E,=1.5meV. This is the energy of the lowest acoustic phonon mode in a CdSe/ZnS
NC with R~1.5nm [29]. This single phonon model will break down when the probability of
occupation of higher phonon modes becomes significant. Since the next highest acoustic phonon
mode is expected to have an energy of about 3meV, and the probability of n=2 which corresponds
to an energy of 3meV is about 7% at T=15K, this model should be reasonably accurate up to
15K. The mean thermal energy Eperma and the standard deviation of the thermal energy AEmcmal
are calculated directly from the probability distribution of phonon mode occupation. Figure B-1
shows the probability of phonon occupation, the mean thermal energy, and the standard deviation
of thermal energy versus temperature according to the above model. For T>15K this model will
tend to overestimate the thermal energy dispersion.

The excitonic line broadening AEccion due to thermal energy fluctuations can be
estimated using AEcxciton=(0Fcxciton/ET)*<(0T/OEmermal)*AEermat.  From the above analysis, we
know the standard deviation in the thermal energy AEuema, and can calculate the inverse slope of
Eerma(T).  Finally, our data indicate that OFexcion/0T is experimentally identical to bulk OE/OT.
[Our preliminary data indicated that the average value of OEcxciton/0T between 0 and 50 K was
much larger than bulk, about -0.1meV/K, and spurred our interest in temperature fluctuations.
However, after improving our experimental technique, we now believe that the bulk model is a
good model.] Putting these pieces together gives a thermal linewidth of AEcciion(R=1.5nm,
T=15K) = 0.02peV. This is much smaller than what has been observed epxerimentally and what
is expected theoretically due to phonon scattering. We conclude that excitonic broadening due to

thremal fluctuations is not significant for NCs at low temperatures.
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Figure B-1. Top left — Shows the occupation probability of n=0,1, and 2 for a phonon mode with
E=1.5meV. Top right — Mean thermal energy is calculated using the occupation probability.
Bottom left — standard deviation of the thermal energy distribution calculated using the
occupation probability. Bottom right — derivative of E,(T) for bulk CdSe based on [82].
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Appendix C

Calculation of Optical Trap Depth for a

Nanocrystal

Initially we hoped to use a laser to optically trap a NC in free space. This was motivated by the
belief that trapping the NC would minimize the environmental effects on the NC (since it would
no longer be in contact with a substrate or polymer) and would therefore allow us to better
measure the intrinsic properties of the NC. In retrospect, this idea is probably fundamentally
flawed. NCs are typically coated with TOPO in order to passivate the surface states of the NC.
Removing the TOPO is expected to quench the PL of a NC, since an electron or hole can get
trapped in a surface state and therefore not recombine. Since the TOPO provides the local
environment of the NC, and can not be removed, optically trapping a NC will not eliminate the
environmental effects of TOPO on a NC. Here we present our calculation of the optical trapping
potential for a NC.

The basic idea behind optical tweezers for small dielectric particles is quite simple. First,
a laser is focused to a spot. The average magnitude of the electric field is greatest where the
intensity is greatest, at the laser beam waist. Since the energy potential seen by a dielectric
particle is given by U=-(0/2)|E[>, where a is the polarizability of the particle, the particle will feel
a force towards the region of highest intensity, the beam waist. A 100 mw laser focused to a spot

size of 1um diameter has an electric field magnitude of about |E|=10"V/m. A CdSe NC with

. . . .o £
diameter a=10nm and dielectric €=10, has a polarizability o =
£+

> a’e o of approximately 107

Fm®. These values give a trap depth of about 6meV. We do not expect this to be deep enough
since it is small compared to thermal energy at room temperature kT=25meV. Since a scales like
a’, it becomes increasing difficult to trap smaller particles. We conclude that it is very difficult to

use the simple optical tweezer setup that we described to trap NCs.
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Appendix D

Matlab Code

This appendix includes some of the key matlab code used to produce many of the figures in this

thesis.

D.1 Chapter 2 code

brii ing the efficiency ¢f the cptical detection as a function

dark = 73;

cen = {'6407; '550'; '4607};
lambdamax = [705.60 616.57 527.47];
lambdamin = [572.77 481.89 391.07];

for I = l:length(lambdamax}),
dlambda (I) = (lambdamax (I)-lambdamin{(I))/1339;
lambda (I, :) =(lambdamin(I):dlambda{(I):lambdamax(I)):
end

“Wavelength Calibration
load mercury4oltls.txt;
load mercurys5Ctls.txt;
load mercury640tls. txt

merd460=mercury460tls(3:end)-dark;
mer550=mercury550tls (3:end)~-dark;
mer640=mercury640tls (3:end)-dark;

%The line wavelengths from HG-1
mer lines = [404.7 435.8 546.1 577.0 579.1 696.5}];

figure(l):
splot (lambda(l, :),mer640) ;
splot (lambda (2, :),mer550);
splot (lambda (3, :), mer460)
xlabel ('Wavelength (nm) ') ;

2

’
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ylabel ("Intensity'):

title ('Measured Mercury/Argoen Lines');

5 To find the peak positions
[Y,I]=max (merd60(1:400));
mline(1)=lambda (3,1):;
[Y,I]l=max (merd60):;
mline(2)=lambda (3,1I);
[Y,I]=max (mer550);

mline (3)=lambda(2,1):
[Y,I)=max (mer6d40 (1:60));
mline(4)=lambda(1l,I);
[Y,I]=max (mer6d40(1:200));
mline(5)=lambda(1,I);
[Y,I]=max (mer640(200:end)):;
mline (6)=lambda (1, I+200);
mline-mer lines

mline

mer_ lines

mean (mline-mer_ lines)

5 Intensity Calibration

load cald6ldtlls.txt;

load calbb0tl10s.txt;

load c¢alé40tbs.txt;
cal460=calde0tl0s (3:end)-dark;
cal550=cal550t10s (3:end)-dark;

caled0=2* (cal640t5s (3:end)-dark);
o e Efficiency Data

% Actual spectrum for the LS1CAL with
lsllam = [350 360 370 380 390 400 420

650 700 750];

1slcc3 = [0.0761 0.0930 0.1238 0.1796
2.06 2.79 3.57 4.50 5.52 7.40 9.95 13.
%lslampl = [1.56 2.01 3.33 5.24

64.7];

lslcal fit = polyfit(lsllam,lslcc3,9);

figure(2);

splot (lambda (1, :),caled0);
splot (lambda (2, :),cal550);
splot (lambda(3,:),cald60);

cel3 diffuser on

SMA

- Calibration ————-meme s e

connector

440 460 480 500 525 550 575 600

0.259 0.333 0.
951;

9.43 11.6 15.3

splot (lambda (1, :),3500*polyval (1slcal fit,lambda(l, :
splot (lambda (2, :),3500*polyval (1slcal fit,lambda (2, :
splot (lambda (3, :),3500*polyval (1slcal fit,lambda(3,:

xlabel ("Wavelength (nm)');
ylabel ("Intensity');
title ('Measured LS1-CAL');

lam (400:25:700) ;

pts = [1500 1500 1650 1950 2300 2700 3050 3150 3350

39007 ;
eff fit = polyfit(lam,pts,7);

566 0.880 1.31 1.72

19.9

3600

25.1 31.3 47.0

3900 4100



figure(3):

splot (lambda (1, :),calé40./polyval (1slcal fit,lambda(l, :)
splot (lambda (2, :),cal550./polyval {1slcal fit,lambda(2,:)));
splot (lambda (3, :),cald60./polyval (1slcal fit,lambda(3, :)
splot (lam,pts, 'o'):;

splot (lambda (1, :) ,polyval (eff fit,lambda (1 ))),

splot (lambda (2, :),polyval (eff fit, lambda(Z )):

splot (lambda (3, :),polyval (eff fit,lambda(3 ))
xlabel ('Wavelength (nm)');

ylabel ('Relative Efficiency');

title ('CC3 diffuser on 600um fiber');

axis ([400 700 0 4500]);

’

mnorm = max (caléd0);

figure(4);
subplot(1,2,1);
splot (lambda (1, :),calé40./mnorm, 'r');

splot (lambda (2, :),cal550./mnorm, 'g') ;
splot (lambda (3, :),cald60./mnorn, 'b'});
splot (lambda (1, :),3500*polyval (1slcal fit,lambda(l,:))./mnorm, 'k');
splot (lambda (2, :),3500*polyval(lslcal fit,lambda(2,:))./mnorm, 'k');

splot (lambda (3, :),3500*polyval (1slcal fit,lambda(3,:))./mnorm, "k');
xlabel ("Wavelength (nm) ') ;

ylabel ("Intensity');

title('LS1-CAL");

axis ([400 700 0 11):

nnorm = max (polyval(eff fit,lambda(l,:)));

subplot (1,2,2);
splot(lambda(l,:),cal640./polyval(lslcal_fit,lambda(l ))./nnorm, ‘') ;
splot (lambda (2, :),cal550./polyval (1slcal fit,lambda(2,:))./nnorm, 'g');
splot(lambda(3, ) ,cald60./polyval (1slcal fit, lambda(3 y)./nnorm, 'b');
“eplot (lam,pts, "ko'):

splot(lambda(l 1) ,polyval (eff fit, lambda( 1)) ./nnorm, 'k');

splot (lambda (2, :),polyval (eff fit,lambda(2,:))./nnorm, 'k'});
splot(lambda(3,.) polyval (eff fit,lambda(3,:))./nnorm, 'k");

xlabel ("Wavelength (nm)');

ylabel ('Relative Efficiency');

title('Optical Detection System');

axis ([400 700 0 11):

@ Verifies that my data processing is correct by converting the
theoretical blackbody spectrum from wavelength to energy

clear all;
clf;

h = 6.626e-34; % m"Zkg/s
c 3e8; % m/s
k = 1.3807e-23; %i/K

4

116



T = 3000; &K
kT = k*T;
meV = 1.60e-22; % meV expressed in joules

lambda = (600:200:3800)*1e-9;
freq = (1:10:1000)*1el2;

lambda fine = (10:10:5000)*1e-9;

% Theoretical Black body as a function of lambda

Slam = 8*pi*h*c./(lambda.”5.* (exp((h*c) ./ (lambda*kT))-1));

Slam fine = 8*pi*h*c./(lambda_fine."5.* (exp((h*c)./(lambda_fine*kT)) -
1))

% Thecoretical Black body as a function of frequency

Sfreq = 8*pi*h.*freq.”3./(c"3* (exp((h.*freq) ./kT)-1));

% Now lets convert lanmbda to freg
Lfreq = c./lambda;

lcorr = lambda.”2;

SLfreq = lcorr.*Slam;

figure(l);

subplot (1,3,1);

har (lambda*led, Slam./max(Slam),1,'w');

vwhist (lambda*le6, Slam./max{Slam));

hold on;

plot (lambda fine*le6,Slam fine./max(Slam_fine), 'r'};
xlabel ('Wavelength (um)');

ylabel ("N alized Intensity');

title ('Spectrometer');

axis([0 4 0 1]):

subplot(1,3,2);

vwhist (Lfreg*h/meV,Slam./max (Slam));
hold con;

plot (freg*h/meV, Sfreq./max (Sfreq), 'r'});
xlabel ('Energy (meV)'):;
title('Incorrect Method');

axis ([0 3000 0 11):

subplot(1,3,3);

vwhist (Lfreg*h/meV, SLfreq. /max (SLfreq));
hold c¢n;

plot (freg*h/meV, Sfreq./max (Sfreq), 'r'):
xlabel ('Energy (meV)');

title('Correct Method'):;

axis ([0 3000 0 11):

% For processing experimental data

clear all;
clf;
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colors = {'v'; "m'; Tg'; 'c'y 'b'; k'; r'; o'‘mt'; 'g'; o 'e'; ‘h': k'
YLA'; anl; 'CJ'; !C.V,. 'l,)l; lkl}’.

hbar = 1.055e~-34; % ‘s

c = 3.00e8; % m/a

meV = 1.60e-22; % meV expressed in joules
kB = 0.0863; %meV/K

For kaiser filtering to smooth data
N = 31;
Bet = 5;

% load all of
colorstring = ]
condstr = {'p'; 'a'};

"gdoth85'; 'gdoth ; Tgdoti4bt),

tempstr = {'300'; '260'; '230'; '200'; '170'; '140'; '120'; '100';
l80|; |60|; ISOI; '40'; I30l’. |20l'. '5'};
temp = [300 260 230 200 170 140 120 100 80 60 50 40 30 20 5];

Use this fcr all - second set of 605 data
lambdamax = [705.60 666.04 641.30 621.51 606.67];

lambdamin = [572.77 532.37 507.13 486.9%4 471.80];
Fm e e Efficiency Data for C

crecal.m o in t
of the total

lam = (400:25:700);

pts = [1500 1500 1650 1950 2300 2700 3050 3150 3350 3600 3900 4100
390071;

eff fit = polyfit(lam,pts,7);

% So, in corder Lo correctly calibrate data, need to divide by
polyval (ef f fit, lambda)

s And this needs Lo be done while in lambda, before converting to
energy

data processing
for I=1l:length{(colorstring),
% Note that the way that I calculate lambda 1s an approximation,
% in reality dlambda varles by 5% from beginning toe the end
dlambda (I) = (lambdamax(I) lambdamin(I))/1339;
lambda_dummy =(lambdamin(I):dlambda (I):lambdamax(I));
lambda (I, :) = lambda dummy (3:end); % because there is some funny
business with the first 4 points
energy(Il,:) = 2*pi*hbar*c./(meV*le-9*lambda(I,:)); % maV

there is a distortion when converting to energy since Jdl/dE 18 not
congtant
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Se, need to multiply signal by lcorr when converting to energy
lcorr = lambda(I,:)."2; % See blackbody program te verify this is

correct
for J=1:length{(condstr),

% Just take average value of dark, since it is flat
dummy = load([colorstring{I} '/d300.txt']));
dark = mean (dummy (5:end));

length{(colorstring)-I
for K=l:length (tempstr),
if (condstr{J}=='p'), % for PL

dummy = load([colorstring{I} '/' condstr{J} tempstr{K}
totxt'])
pl = dummy(5:end)-dark;

% This is a better place to do the convolution
pl = convolution (dummy (5:end)-dark, kaiser (N,Bet));

%1 convolve with a kalser windew to smooth data, and divide
by efficiency of system

ldat(I,K,J,:) = pl./polyval(eff fit,lambda(I,:));

lam emi = pl./polyval({eff fit,lambda(I,:));

edat(I,K,Jd,:) = lcorr.*pl./polyval(eff fit,lambdal(I,:));

ene_emi = lcorr.*pl./polyval (eff fit,lambda(I,:));

Full Width Half Max
dum = fwhm(lam emi, lambda(I,:));
pl lam center(I,K) = dum(2);
pl_lam width(I,K) = dum(l);

% Full Width Half Max

dum = fwhm(ene emi,energy(I,:)):
pl center(I,K) = dum(2);

pl width(I,K) = dum(l);

figure (I);
splot(energy(l,:),ene_emi/(max(ene_emi))—O.5*K,'g');
xlabel ('Eneragy (meV) ');

figure (99);
if temp (K)==300,
subplot (1,2, 2);
splot (energy (I, :),ene_emi/ (max (ene emi))-I,'g’);
xlabel ('Energy (meV)');
title ('T=300K");
axis ([1750 2650 -5.2 0.2]);
elself temp (K)==5,
subplot(1,2,1);
splot (energy(I,:),ene _emi/ (max(ene emi))-I,'qg');
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xlabel ('Energy (meV)'):
ylabel ('Luminscence & Abscrbance (au)');
title ("T=8K");
axis ([1750 2650 -5.2 0.21);
end

if ((temp(K) == 300) && (I == 5))
qdot545pl300 = ene_emi;
save ../../simulation/qdot?45pl300 gdot545p1300;
gdotb545enerqgy = energy(I,:):
save ../../simulation/gdotSd4senergy gdotidienerqy;
end

1f ((temp(K) == 5) && (I == 5))
qdot545pl5 = ene emi;
save ../../simulation/qdotB45pls qdet545pls;
qdot545energy = energy(I,:);
save ../../simulation/qdetB345energy gdot34bencray;
end

end
if (condstr{J}=='a"), % for absorption

tempstr{K}

ZNeed this for absorption data proces

dummy white = load{([colorstring{I} '/w3CC.txt']);

white = dummy white(5:end)-dark; % since first two numbers
don't mean anything

n<

dummy = load([colorstring{I} '/' condstr{J} tempstr{K}
tLtxt']);

abs = dummy (5:end)-dark;

% normalize abs te account for refletions

S
absorb = abs*mean (white (1300:end))/mean (abs(1300:end));

ab = -1*logl0{(absorb./white);
ldat(I,K,J,:) = -1*logl0(absorb./white);

% TO SUBTRACT SCATTERING BACKGROUND
if (1)
if (temp(K)>180),

scatl = mean(ab(1288:1338));

scat?2 = mean(ab(1108:1158));

scat_slope = (scat2-scatl)/180

ab = ab—(length(absorb):—1:1)*scat_slope;
else

scatl = mean(ab(1300:1338)});

scat?2 = mean (ab(950:988));

scat_slope = (scat2-scatl) /350

ab = ab-(length{absorb):-1:1)*scat _slope;
end

if (temp (K)==300),
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figure (50);
hold on;
plot (lambda (I, :),ab/max (ab)-0.5*I, 'b");
end

end

% fitting 2 gaussians....
OPTIONS =
optimset ('MaxFunEvals',led, 'MaxIter',2000, '"TolFun', le=-7);
OPTIONS =
optimset ('MaxFunkEvals',led, 'MaxIter',2000, '"TclFun’', le-6);

% Fits fer different coclors
if (colorstring{I} == 'gdottil5"),
if (temp(K)>110),
ptest = [0.5 0.5 2 25 40 100 2100 2220 2300];
else
ptest = [0.5 0.5 2 25 40 100 2150 2250 2350];
end
end

if {colorstring(I} ==
if (temp(K)>110),
ptest = [0.5 0.5 2 25 40 100 1950 2050 2200];

'qdot655"),

else
ptest = [0.5 0.5 2 25 40 100 2000 2100 22001;
end
end
if (colorstring{I} == 'gdotb43"'),
if (temp(K)>110),
ptest = [0.5 2 40 100 2400 27001];
else
ptest = [0.5 2 40 100 2450 2750};
end
end

Ut
(e8]

if (colorstring{I} ==
if (temp(K)>110),
ptest = [0.5 2 40 100 2250 2400];

else
ptest = [0.5 2 40 100 2300 24501];

end

'gdot585'),

end
if (colorstring{I} ==
if (temp(K)>110),
ptest = [0.5 2 40 100 2300 2500];

‘gqdotbhebh'),

else
ptest = [0.5 2 40 100 2350 2550];
end
end
pfit =

lsgcurvefit ('afun2',ptest,energy(I,:)"',ab',[], [],O0PTIONS)
abs_width(I,K)=pfit(length(ptest)/3+1)*2.3548; % to
from sigma te fwhm
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abs center (I,K)=pfit(length(ptest)*2/3+1);
abs center2(I,K)=pfit(length (ptest)*2/3+2);

figure(1):

hold on;

plot (energy (I, :),ab/max (ab)-0.5*K, 'b*);

plot (energy(I,:),afun2 (pfit,energy(I,:)"')/max(ab)-
0.5*K, '"r');

figure (99);
if temp (K)==300,
subplot (1,2,2);
splot (energy (I, :),ab/max (ab)-I, 'b");
splot (enexrgy (I, :),afun2 (pfit,energy(I,:) ") /max(ab)-

I,'r");
elseif temp (K)==5,
subplot (1,2,1);
splot (energy(I,:),ab/max(ab)-1,'b');
splot (energy (I, :),afun2 (pfit,energy(I,:)"')/max(ab)-
I,'r');
end
figure(98);
axis ([1750 2650 -5.2 0.2]);
if temp (K)==300,
splot (energy(I,:),ab/max (ab)-I,'b");
splot (energy (I, :),afun2 (pfit,energy (I, :)"')/max(ab)-
I,'v");
end
if (temp (K)==300)
figure (55);
hold on;
plot (energy (I, :),ab,colors{I1});
xlabel ('Energy {(mev)');
ylabel ("Optical Densiiy');
end
if ((temp(K) == 300) && (I == 5))
gqdot545abs300 = ab;
save ../../simulatlion/qdot545abe300 qdotB45abs300;
gdotb45energy = energy (I, :);
save ../../simulation/gdotS4benergy qdothdbenerqgy;
end
if ((temp(K) == 5) && (I == 5))
gdotb545absb = ab;
save ../../simulation/gdot543abss gdeothdbabsh;
gdotb545energy = energy(I,:);
save ../../simulation/qdotidSenergy gqdothdbenerygy;
end
end
end
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end
end

SAVING DATA

if (0)

data temp = temp;

save data temp data temp;
save

../../simulation/data_

save ;
save er;

save lambda lambda;

save ldat ldat; % data in lambda
save energy energy;

save edat edat;

save pl width pl width;

save pl center pl center;

save abs width abéwwidth;

save abs center abs center;

save abs centerZ abs centerl;

save /../simulation/pl width pl width;

save ../../simulaticon/pl center pl center;
/

save ../../simulation/abs width abs width;
save ../../simulation/abs center abs center;
end

if (0)
for I=1:9,
figure (50+1I);
plot (temp,pfit_save(l,:,I)});
end
end

$NEED to save data in simulation folder in order to compare
fwid temp = temp;
fwid = pl width;
for I=1l:length(colorstring),
stokes (I, :) = abs_center(I,:)-pl_center(I,:);
end

save ../../simulation/stokes stokes;
save ../ ... ulation/fwid temp fwid temp;
save ../../simulation/fwid fwid;

PLOTTING DATA

if (0)
figure(13);
for I=l:length(colorstring),
splot (temp,pl_width(I,:), [colors{I} 'c-"1);
end
xlabel ('Temperature (K)');
yvlabel ('Linewidth (meV)');
end

’
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if (0)
figure (23);
errorbar (temp, abs width(1,:),~1,1, "rx-");
xlabel (' Temperature (K)');
ylabel ('Linewidth (meV)');
end

end

function g = afun2 (params, x)
% called from data fit
foer some stupid reason need to lump everything in terms of params

num = length(params):;
N = (num)/3;

amp = params (1:N);
sig = params ((N+1):2*N);
cen = params{ (2*N+1) :3*N) ;

y = (ones(length(x),1l)*amp).*...
(1./ (ones(length(x),1)*sig).*sqrt(2*pi)).*...
exp (- ((x*ones (1, length (amp) ) -
ones {length(x),1) *cen) ./ ((ones(length(x),1) *sig).*sqgrt(2)))."2):

g = sum(y,2);

% Important - I don't compare nelghboring samples
% This will give erratic results 1f data is not smoothed

function fw = fwhm(y, Xx)
For caloulating Linewidih

left = 0;
right = 0;

foer I = 1:(length(y)-2),
if ((y(I)<max(y)/2) & (y(I+2)>=max(y)/2))
left = I+1;
elseif ((y(I)>max(y)/2) & (y(I+2)<=max(y)/2))
right = I+1;
end
end

fw(l)=x(left)-x(right); % fwhm
fw(2)=(x(right)+x (left))/2; % center

,,,,,

% For calculating the various contributions to d/dT feor CdSe and
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PhE NCs
clear all;

Fundamental Constants
h = 6.62e-34;
me = 9.le-31; %kg
kB = 0.0863; #meV/K

bulk coulomb energy = 15; umaV
I'll assume that this sc: like 1/R, and in bulk R=5.6nm
coulomb _energy = 15*%5.6./r; #meV

First get an estimate for the confinement energy
Ebulk300 = 1750; %meV at 300K - DOUBLE CHECK WITH CARDONA
energy = radius_ to energy(r); %meV
Econfinement = energy - Ebulk300 - coulomb energy;

Bulk Cdse
dEdT bulk = -0.36%*ones(1l,length(r)); %meV/K - according to Cardona
% Thermal Expansion

coeff thermal expansion = 5e-6; %/K

dEdT thermal expansion = -2*coeff thermal expansion*Econfinement;

Effecrive Mass - using k.p thecry (see nctebook 3727706 pZ8)
Should really use dmdT for 100-300K, which will be bigger
dmdT = -0.039/200; %/K
dEdT effective mass = -1*dmdT*Econfinement;

» Dielectric Change - from Nomura
epsilon300 = 9.64;

epsilonl00 = 9.17;
% energy goes like l/epsilon

dEdT_dielectric = (coulomb_energy-bulk coulomb_energy) .* (1-
(epsilon300/epsilonl00))./200;

Exciton~L0O phonon - see Coupalov, Citrin, Nanotechnology
n300 = 1/ (exp(26/ (kB*300))-1); % LO populaticn at 300K
nloo 1/ (exp (26/ (kB*100))-1);
dopt S5*r/7; %meV
Bopt = -l*dopt./sqrt (n300* (n300+1));
dEdT_exciton_LOphonon = Bopt* (n300-nl100)/200;

I

Total is just the sum

dEdT tot = dEdT bulk + dEdT thermal expansion + dEdT_effective mass +

dEdT dielectric + dEdT_exciton_LOphonon;

Plot results
figure(1l);
plot (r,dEdAT bulk, 'k-");
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hold on;

plot (r,dEdT_thermal expansion, 'b-');
plot (r,dEdT effective mass,'b:');
plot (r,dEdT_exciton LOphonon, 'b-.");
plot (r,dEdT dielectric, 'b-~");
JackKnife (r,dEAT_tot-dEdT effective mass/2,dEdT_effective mass/2);
plot(r,dEdT tot, 'k");

plot (r,dEdT bulk, 'b--');

xlabel ('Radius (nm)');

ylabel ('dE/AT (meV/K) ") ;

title('CdSe NCs');

s NEED TO ADD EXPERIMENTAL RESULTS
rlow = [3.5 2.2 1.7 1.5 1.35];
rhi = [4.3 2.6 2.2 2.0 1.8];

rave = 0.5* (rlow+rhi);
rdif = 0.5* (rhi-rlow);
dEAT CdSe = -1*[0.3591 0.3478 0.3448 0.3445 0.3530];

plot (rave,dEdT_CdSe, 'ro');

% To calculate the expected d¥Econf/dT for different materials
temp = 0:1:300;

L Data for PhS from Qlkhovetls

PbSdat = [ 1 494.591158 373.218673
2 558.112384 283.292383
3 648.576538 250.859951
4 783.826297 163.882064
5 812.494814 172.727273
6 878.736442 157.985258
7 825.870315 149.140049
8 633.918568 131.449631
9 786.390179 138.820639

10 1027.861776 128.501229
11 850.503530 115.233415
12 820.493893 107.862408
13 817.818821 §2.800983
14 919.843958 56.265356
15 1115.298215 78.378378
16 1014.522561 62.162162
17 988.361219 51.842752
18 648.576538 228.746929
19 1031.223895 23.832924
20 1048.200170 0.245700
21 1141.087029 -15.970516
22 1097.235244 -60.196560
23 1343.480449 -35.135135
24 1330.382721 3.194103
25 1352.283827 7.616708
26 1506.156700 -69.041769
27 1576.615098 -85.2578985
28 2047.320394 -79.361179
29 2157.137550 -60.196560
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30 2094.660167 -18.918919
31 3181.630815 -10.073710
32 4282.631270 -10.073710];

E PbS = PbSdat(:,2); % =m
dEdT_PbS = PbSdat (:,3); %xu

B e —— PhS == mm e m i m e —
Ebulk = 263 + sqrt (400 + 0.265*temp."2); %“meV
Ebulk0 263 + sqrt (400 + 0.265%0."°2);

I

andclt Bernstein

mnperp (10.6* (Ebulk0./Ebulk) + 1.9).7-1;
mnpara (5.8* (Ebulk0./Ebulk) + 3.7).7~1;
mpperp = (10.6* (Ebulk0./Ebulk) + 2.7).7-1;
mppara = (5.8* (Ebulk0O./Ebulk) + 3.7)."-1;

% From

i

I

% This is the mass that should be used for excilton confinement energy -

Ny

5 journal p 56 5/10/0%
% para and perp relative to major axis
mPbS = 1./((2./mnperp) + (1l./mnpara) + (2./mpperp) + (l./mppara));

for I=1:(length(temp) - 1),
% This 1s the percentage change in mPbhS per Kelvin
dmPbSdT (I) = (mPbS(I+1l) - mPbS(I))/((temp(I+l)-temp(I)) *
mPbS (I+1));
dEdT bulk PbS(I) = (Ebulk(I+l) - Ebulk(I))/(temp(I+l)-temp(I));
end

if (0)

figure(l);

plot (temp (2:end), dmPbSdT) ;

xlabel ('Temperature (K)');

yvlabel ('Percentage change in mass per K');
title ('Ph3'");

figure (11);
plot(temp(2:end),dEdT bulk PbSs);
xlabel ('Temperature (K)');
ylabel (*dE/dT (maV/K) ') ;

title ("Fb3');

dEdT_bulk_PbS (end)
end

% OGA&&&EGEEEE PDSe &&&&&EEEEEEEEEGLE&EEE
Ebulk = 125 + sqgrt (400 + 0.256*temp.”2); zmeV
Ebulk0 = 125 + sqgrt (400 + 0.256*0.72);

% From Landolt Bornstein

mnperp = (20.7* (Ebulk0./Ebulk) + 4.3).7-1;
mnpara = (11.4* (Ebulk0O./Ebulk) + 2.9).~-1;
mpperp = (20.7* (Ebulk0./Ebulk) + 8.7).7-1;
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mppara = (11.4* (EbulkO./Ebulk) + 3.3).%-1;

This is the mass that should be used for exciton confinement enerqgy -

Sea

Journal p 56 5710706

mPbSe = 1./ ((2./mnperp) + (l./mnpara) + (2./mpperp) + (1l./mppara)):;

for I=1:(length(temp) - 1),
% This is the percentage change in mPbS per Kelvin
dmPbSedT (I) = (mPbSe(I+l) - mPbSe(I))/((temp(I+l)-temp(I)} *
mPbSe (I+1));
dEAT_bulk PbSe(I) = (Ebulk(I+l) - Ebulk(I))/(temp(I+l)-temp(I));
end

if (0)

figure (2);

plot (temp (2:end), dmPbSedT) ;

xlabel ('Temperature (K)');

ylabel ('Percentage change in mass per K');
title ('PbsSc');

figure (12);

plot (temp (2:end) ,dEdAT_bulk PbsSe);
xlabel ('Temparature (K) ') ;

ylabel ("dE/dT (meV/K)');
title('PhSe');

dEdT bulk PbSe (end)
end

5 Wise's data for FbS and PbSe
glze <--» @nerygy Cconve oen for PhSe from APL 71 (1997) p340¢

e welrd energy dependence is from this paper.

E PbSe = [600 750 700 1000 1200]; % meV

R PbSe = [8 7 5.5 3.5 1.81/2; % nm

dEdT_PbSe = [140 115 50 -5 -55]; % ueV/K

dEdT PbSe bulk = 500; % uaV/K

dmdT PbSe300 = 1200e-6; /K

Ebulk PbSe300 = 278; umeV

Econf PbSe = E PbSe - Ebulk PbSe300;

dEdTcorrection PbSe = 1000*Econf PbSe.*dmdT PbSe300; % ueV/K

% use values from beginning of program

ZE PhS = [500 650 800 240 910 1020 1060 1100 21007; % meV
FdEAT _Pbh8 = [375 280 0 170 160 50 130 0 ~60 =701, % ueV/K
dEdT_PbS bulk = 510; % ueV/K

dmdT_ PbS300 = 850e-6; % /K

Ebulk PbS300 = 410; imeV

Econf PbS = E PbS - Ebulk PbS300;

dEdTcorrection PbS = 1000*Econf PbS.*dmdT PbS300; % ueV/K

¢

% My experiment -~ from data/qgdet/data plot
dEdT CdSe = [0.3591 0.3478 (0.3448 0.3445 0.3530];
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Econf_CdSe = [186.1261 317.7040 435.4482 515.6562 597.1329];
dEdT_CdSe bulk = 0.36;

it (0)

figure (6);
h = plot(Econf InAs,1,'k<");
hold «n;

set (h, "MarkerFaceColor', 'k
h = plot{(Econf InGaAs,1,'k>»
set (h, "MarkerFaceColcr', 'k’
h = plot (Econf GaAs,ones(
set (h, "MarkerFacelolor','

')I
')I

)I
1,3),'k"");
k')y:
h = plot{(Econf CdSe,dEdT CdSe./dEdT CdSe bulk, 'ko');
set (h, "MarkerFaceColor', 'k");

This is to make the legend work cut correctly
h = plot(E_PbS(1l)-Ebulk PbS300,dEdT PbS(l)/dEdT PbS bulk, 'ks');
set (h, '"MarkerFacaColor', 'k");
h = plot (E_PbS (1) -
Ebulk PbS300, (dEAT PbS (1) +dEdTcorrection PbS (1)) /dEdT_PbS bulk, 'ks');
set (h, "MarkerFaceColor', 'w');
h = plot(E_PbSe(l)-Ebulk PbSe300,dEdT PbSe(l)/dEdT PbSe bulk, 'kd');
set (h, '"MarkerFaceCclor', 'k'");
h = plot(E_PbSe(l)-
Ebulk PbSe300, (dEAT_ PbSe (1)+dEdTcorrection PbSe(1l))/dEdT PbSe bulk, 'kd'
)i
set (h, '"MarkerFaceColor', 'w');

for I = 1:length(E_Pbs),
if (E_PbS(I)<1200)
h = plot{(E_PbS(I)-Ebulk PbS300,dEdT PbS(I)/dEdT PbS bulk, 'ks');
set (h, 'MarkerFaceColor', 'k");
h = plot(E PbS(I)-
Ebulk PbS300, (dE4AT_PbS(I)+dEdTcorrection PbS(I))/dEdT PbS bulk, 'ks'});
set(h ‘MarkerFaceColoer', 'w');
end
end

for I = l:length(E_PbSe),
if (E_PbSe(I)<1000)
h = plot (E_PbSe(I)-Ebulk PbSe300,dEdT PbSe(I)/dEdT PbSe bulk, 'kd');
set(h,'MarkerFaceCclor‘,Tk'); N - B
h = plot (E_PbSe(I)-
Ebulk_PbSe300, (dEAT_PbSe (I)+dEdTcorrection PbSe(I))/dEAT_PbSe bulk, 'kd'
)i
set (h, 'MarkerFaceColor', 'w');
end
end

h = plot (Econf_CdSe,dEdJT_CdSe./dEdT CdSe bulk, 'ko');
set (h, '"MarkerFaceColor', 'k'");
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plot ((1:5000),0nes (1,5000));
xlabel ('Confinement Enerqgy (meV
ylabel (' (dE N C/dT)/{dE b u 1
axis ([0 1000 -0.5 2.51);
legend ('InaAs', 'InGads', 'GaAs ', '
PhS', "PhSe ', 'modi fied Phie

T

P

Y, Loce

LS, 'modified

ation', "NorthWest ') ;

D.2 Chapter 3 code

To calculate the Stokes shift for

clear all;

load pl center.mat;
load abs center.mat;

Fundamental Constants

k = 0.0863; smeV/K
colors = {

'f"; !,nl; 1(‘3‘1’ lk)!, I]<l; lt!’. 'IH ; l‘.:\‘l; 1
‘\‘J'; '(.:‘:'; 'k)l; IJ(!, },

nﬁm_replicas=10;

Gavegsian distribution

‘m';

Eo = 26; % meV

Se = 0.45;

Sa = 0.14;

temp = [5 20 30 40 50 60 80 100 120 140 170 200 230 260 3001]:
temp rev = [300 260 230 200 170 140 120 100 80 60 50 40 30 20 5];

Prom NC radius program

r [4.10 2.41 1.99 1.69 1.47];

% CALCULATION OF BROADENING/STOKES
REPLICAS
n

1./ (exp(Eo./(k.*temp))-1);

zeros (1, length (temp)
zeros {1, length (temp)

emi_replica shift
abs replica shift

)
)

% This will give the shift from the ZPL d
for I (-1*num_replicas) :num_replicas,
emi replica shift emi replica shift
.*pbesseli(I,2*Se*sqgrt(n.*{(n+l))).*exp(I*Eo
abs_replica_shift abs replica shift
.*besseli(I,2*Sa*sgrt(n.*(n+l))).*exp(I*Eo
end;

1))
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TO OPTICAL PHONON

.
’

’

8

ue to phonon replica
+ Eo*I*exp(-1*Se*(2*n +
./ (2*k*temp)) ;
+ Eo*I*exp(-1*Sa*(2*n +
./ (2*k*temp) ) ;



stokes_replica_shift = abs_replica shift + emi_replica shift;
for rad=1:length(r),

% CALCULATION OF BROADENING/STOKES SHIFT DUE TO ENERCY SUBLEVEL
d = levelO(r(rad)):
010=d (1) ;
el0=d(2);

d = levellu(r(rad));
ollu=d(1l);
ellu=d(2);

d = levelll(r(rad));
0lll=d(1l);
elll=d(2);

d = level2Z (r(rad)):;
0l2=d (1) ;

el2=d(2);

&

dark
d = levelu Z2lev(r(rad));
ou 2lev = d(1);
eu 2lev = d{(2);
d = levell 2lev(r(rad));
ol 2lev = d{(1);
el 2lev d(2);

in order to compare to my 2level fits, 1 combine levels and drop

I

23

For presentation plot - This is made up
edark_3lev = -3;
odark_3lev = 0.005;

Calculate the probability of energy level occupation
Ptot = exp(-el0./(k.*temp)) + exp(-ellu./(k.*temp)) + exp(-
elll./(k.*temp)) + exp(-el2./(k.*temp)):;
P10 = exp(-el0./(k.*temp))./Ptot;
P111 exp (-elll./(k.*temp)) ./Ptot;
Pllu exp (-ellu./ (k.*temp)) ./Ptot;
P12 = exp(-el2./(k.*temp))./Ptot;

I

Ptot Zlev = exp(-el_Zlev./(k.*temp)) + exp(-eu 2lev./(k.*temp));
Pl 2lev = exp(-el 2lev./(k.*temp))./Ptot 2lev;
Pu_2lev = exp(~-eu_ “2lev./(k.*temp)) /Ptot_21ev,

Probabilities of emi ion from sublevels states
% equals prehability of cccupation times oscillator
Petot = 0l0*P10 + olll*Plll + 0llu*Pllu + 0l2*P1l2;
Pel0 = 0l0*P10./Petot;
Pellu = ollu*Pllu./Petot;
Pelll = o0l11*Plll./Petot;
Pel2 = 0l2*P12./Petot;

n
r'r

rength

Petot_Z2lev = ol_Z2lev*Pl 2lev + ou 2lev*Pu 2lev;
Pel 2lev = ol Zlev*Pl 2lev /Petot _2lev;
Peu 2lev = ou_ Zlev*Pu 2lev./Petot _2lev;
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Relative oscillator strength
otot = 010 + ollu + olll + 0l1l2;
rol0 = o0l0/otot;
rollu = ollu/otot;
rolll = olll/otot;
rol2 = ol2/otot;

otot Z2lev = ou 2lev + ol 2lev;
rol 2lev = ol 2lev/otot 2lev;
rou 2lev = ou 2lev/otot 2lev;

plcenter = PelO*el( 4+ Pellu*ellu + Pelll*elll + PelZ2*elZ;
abscenter = el0*rol0 + ellu*rollu + elll*rolll + el2*rol2;
stoke = abscenter - plcenter + stokes_replica_shift;
Stokes levels = abscenter - plcenter;

plvar = Pel0O.*(plcenter-el0).”2 + Pellu.*{(plcenter-ellu).”2
Pelll.* (plcenter-elll) ."2 + Pel2.* (plcenter-el2)."2;
plwidth = sgrt(plvar);

stoke300 (rad) = stoke({end);
stokelO (rad) = stoke(l);

Stokes levels300(rad) = Stokes_levels(end):;

if (0)
Stokes levels rad =
save Stokes levelsi00 ¢

nr

levels300;

@
o
53}
9]
ot
C
~
[ RO
(G
@
<
[}
o
Y
~

save Stokes levels

end
if (1)

figure(l);

plot (temp, plcenter, [colors{rad} '--'1);

hold on;

plot (temp,plwidth,colors{rad});
xlabel (' Temperature (K)');

ylabel ('PL center / Width (meV)');

figure(2);

hold on;

plot (temp, sqrt (30" 2+plwidth."2),colors{rad});
xlabel (' Tenperature (K)');

ylabel ('Linewidth (meV)');

figure (9);

subplot (1,3,3);

plot (temp,plcenter, "k--1");

hold on;

plot (temp, abscenter*ones (1, length(temp)), 'k:");
plot (300, €10, 'b>');
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plot (300, ellu, 'g>»');

plot (300, elll, 'r>');

plot (300, el2, 'k>');

xlabel ('Temperature (K)');
ylabel ("Emission Energy (meV)');
axis ([0 300 -15 20]):

subplot(1,3,1);

plot (temp, P10, 'b');

hold on;

plot (temp, Pl1lu, 'g'");

plot (temp, P111,'x");

plot (temp, P12, 'k');

xlabel ('Temperature (K) '),

ylabel (*Probability of Occupation');
axis ([0 300 0 17]);

subplot(1,3,2);

plot (temp, Pell, 'b');

hold on;

plot (temp, Pellu, 'g')

plot (temp, Pelll, 'x");

plot (temp, Pel2, 'k');

plot (300, rolQ, ‘'bx>'}):;
plot (300, rollu, 'g>'):
plot (300, rolll, 'zr>'):
plot (300, rol2, 'k»');
xlabel ('Temnperature (K)');
ylabel ('Probability of Emissicn'):
axis ({0 300 0 11):

if (1)

figure (11);

plot (temp, Stokes levels, [colors{rad} '--'1);

hold on;

stokes_expt_blue = abs_center(5,:})-pl_center(5,:);
plot (temp_rev, stokes_expt blue);
xlabel ('Temperature (K)');

ylabel ('2absclute Stokes Shift (meV)');

title('Cnly Fine Structure');

end

figure(12);

plot (temp, stoke, colors{rad});

hold on;

plot (temp rev, stokes expt blue, 'o-');
xlabel ('Temperature (R)‘);_
ylabel ('Stokes Shift with Offset (meV) '),
title ('Qdotz45");

figure(13)

subplot (1,3,1);

plot (temp, stoke_2lev, [colors{rad}], 'LineWidth',1.5);
hold on;

xlabel ('Temperature (K)');

ylabel ('Stokes Shift (mev)');

133



title('Fine Structure Theory'):
axis ([0 300 0 100]):

subplot (1, 3,2):;
load pl center;

load abs center;

plot (temp_rev,abs center(rad, :)-pl_center(rad, :), [colors{rad}
shapes{rad} '~-'],'LineWidth',1.5);

hold on;

xlabel ('Temperature (K)');

title ('Experiment');

axis ([0 300 0 100]):

sae stoke
osc_2level

2level - These valuss are using a lesgourvefit
1 - [0.4104
0.2055
0.5331
0.7217
0.7484]"';
[53.7167
58.4974
83.6353
89.5679
96.47191"';
stokes other = 15;
subplot (1,3,1);
for I = 1:5,
hold on;
% Calculate
Ptot = exp(0
ProbL exp (
ProbU = exp(

ene 2level

the probability of energy level occcupation
) + exp(-ene 2level(I)./(k.*temp));

0) ./Ptot;

-ene 2level(I)./(k.*temp))./Ptot;

Relative oscillator strength
roscL = osc_2level(I);
roscU = 1 - osc_2level(I);

at.es

equals prcebability of cccoup n
Petot = roscL*ProblL + roscU*ProbU;
PemisL = roscL*Probl./Petot;

PemisU = roscU*ProbU./Petot;

ascillator strength

plcenter = PemisU*ene Z2level (I);
abscenter = ene Z2level(I)*roscU;
Stokes_Z2level = abscenter - plcenter;

plot (temp, stokes other + Stokes Z2level, [colors(I} '--
‘1, "LineWidth',1.5);
end

subplot (1,3, 3);

% see simulation\citrin for how I got these

Stokes _ac = [157.6014 64.7394 28.1293 13.9391 7.5704
3.4880 1.8942 0.9665];
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15 20 25 30 40
Stokes_citrin interpl (r_citrin,Stokes_ac,r);
for I l:length(r),

plot (temp, stokes_other +

r citrin [11 50

60]1/10;

Stokes citrin(I)*ones(l,length(temp)),colors{I}, 'LineWidth',1.5);

hold
end
xlabel ('Temperature (K)');
sylabel ("Stokes Shift (meV)');
title('Acoustic Phenon Scattering');
axis ([0 300 0 1001);

ony

figure (14);
subplot(1,3,1);

: results from stokes Zlevel using lsgcurvefit
fw = [62.1000 62.1000 62.2000 62.4000 62.9000 63.8000
64.7000
78.1000 78.1000 78.1000 78.2000 78.5000 78.8000 79.2000
91.1000 91.1000 91.1000 91.2000 91.5000 92.1000 92.8000
89.1000 89.1000 89.1000 89.2000 89.6000 90.4000 91.7000
89.7000 89.7000 89.7000 89.7000 90.0000 90.5000
91.50001;
fw_temp = [5 50 100 150 200 250 300)];
plot (fw_temp, fw(l,:), 'r', 'LineWidth',1.5);
hold on;
plot (fw_temp, fw(2,:),'m', 'LineWidth',1.5);
plot (fw_temp,fw(3,:),'g', 'LineWidth',1.5);
plot (fw_temp,fw(4,:),'b', "LineWidth',1.5);
plot (fw_temp, fw(5,:),'k', ’LineWidth',1.5);
xlabel (' Temperature (K)');
ylabel ('Linewidth FWHM (maV)"')
title('Fine Structure');
axis ([0 300 60 120]);
subplot(1,3,2):
load pl width;
for rad = l:length(r),
plot (temp_rev,pl width(rad,:), [colors{rad} shapes{rad} '-
"1, 'LineWidth',1.5);
hold on;
end
xlabel ('Temparature (K) ')
fylabel ("Linewidth FWHM (meV) ')
title('Experiment');
axis ([0 300 60 1201);
subplot(1,3,3);
% these pavameters are from simulation\citrin
A = [25.3209 13.6170 7.6596 4.9021 3.4043 1.9149
1.2255 0.85111];
hw = [8.1363 5.7283 4.1714 3.4480 3.0616 2.1025
1.5858 1.4989];
r citrin = [11 15 20 25 30 40 50 60]1/10;
inhomo = [61 76 90 85 83]/2.35;
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for num = l:length(r),
Ao = interpl(r_citrin,A,r(num));
hwo = interpl(r citrin,hw,r (num));
plot (temp, 2.35*sgrt ( (Ao*sgrt (coth (hwo./ (2*k*temp))))."2 +

inhomo (num) ~2) ,colors{num}, 'LinaWidth',1.5);

hold on;

end;

xlabel ('Temperature (K)}');

“ylabel ('Linewidrh FWHM (meV) ');

title('Acocusitic Phonen');

axis ([0 300 60 1207);

end
end

figure (30)

plot (r,stoke300, 'r');

hold on;

plot(r,stokell, 'b');

xlabel ('Radius (nm)');

ylabel ('Stokes Shift (meV)');
title (At T=10, 300K");

data_plot.m

clear all;

clf;

colors = {'r'; 'm'; 'g'; 'b'; 'kK'; Tr'; 'm'; ‘g'; ‘c¢'; 'b'; 'R'; v’y
anl; 'g‘; 1(31; |k\l; lk!};

ShapeS = {'(\1; ‘xl; l+|; 'A'l; 'f:.'};

colorstring = {'gdet655'; 'gdotb05'; 'gdet385'; 'gdeotdab'; Tgdotddbh'};
tempstr = {'300'; '260%; '230'; '200'; '170'; '140'; '120%'; 1007
'80T; 60T, B0t 40, TR0y 'IZOY; 'HYY);

condstr = {'p'; ‘'a'};

LOADING DATA

load data temp data temp;
temp = data temp;
temp = [300 260 230 200 170 140 120 100 80 60 50 40 30 20 5];

load v
load pl lam center pl lam center;

load lambda lambda;
load ldat ldat; % data in lambda

load energy enerqy;
load edat edat;

load pl width pl width;

load pl center pl center;
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locad abs
load abs
load abs_

if (0)

center abs center;
center? absﬁcenzer?;

PLOTTING DATA

for I=l:length(colorstring),
for J=1:length(condstr),
for K=1l:length(tempstr),
if (condstr{Ji=='p'),
figure(I):

splot (energy (I, :),ene emi/ (max(ene_emi))-0.5*K, 'g');

xlabel ('Energy {(meV)');

end

if (condstr{J}=='a'),

figure(I);
hold cn;

plot (energy (I,
plot (energy (I,

end

end

end
end
end

if (1)

figure (13);
for I=l:length(colorstring),

splot (temp, abs width (I, 1), [celers({T})
splot (temp,pl width(I,:), [colors{I} '

end
xlabel ('Temperature (K)');
ylabel ('Linewidth (meV)');
end
if (1)

figure (53);
for I=1:length(colorstring),
splot (temp, abs width(IL, ), [colors{I}

‘1)
end

splot (temp,-pl lam width(I,:)+pl lam width(I,1), [colors{I}

xlabel ('Temperature (K)');
ylabel ('Linewidth FWHM (nm)');

end

if (1)

figure (63);
for I=1l:length(colorstring),

splo

t(temp,abs width(T,:), [colors{T}
splot (temp, -pl_lam width(I,:), [colors{I} shapes{I}

"I, 'LineWidth',1.5);

end

xlabel ('Temperature (K)');
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ylabel ("Linewidth FWHM (nm) ');

end
if (1)
figure (73);
for I=l:length(colorstring),
aplot (temp, abs width (T, :), [colers{l} 's-'1)
splot (temp, pl lam center( :)-pl_lam center(I 1), [colors{1}
shapes{I} '~'], "LineWidth',1.5);

end
xlabel (' Tenperature (K)');
ylabel ('Emission Wavliength (nm)');

end
if (0)
figqure(23);
errorbar (temp, abs w1dth(l, 1,1, vex-t);
xlabel ('Tenperature y');
ylabel ('Linewidth ncv Y 'y
end

frem “"Propert of Wide Randgap II-VI Semicoenductors p 33-36
Eo=1849; %meV CdSe (cubic) at T=0K
hw=25.4; %meV
S5=2.94;
kB=8.617e-2; %meV/K
Eg=Eo-S*hw* (coth (hw./ (temp.*2*kB))-1); %meV

3

if (1)
figure(14);
for I=l:length(colorstring),
splot (temp,abs center(I,:), [colors{I} 'x~-"1);
splot (temp,pl center(I,:), [colors{I} 'o-']);
end
splot (temp, By, "kx-");
xlabel ('Temperature (K)'):;
ylabel ('Center (meV)');
end

if (1)

figure (15);

subplot(1,3,1);

for I=1:length(colorstring),

splot (temp, abs_center (I, :)-pl_center(I,:), [colors{I} shapes{I}

-], "LineWidth',1.5) ;

end

xlabel ('Temperature (K)'):

ylabel ("Stokes Shift (meV)'):

axis ([0 300 O 100])

subplot (1, 3,2);
for I=1: length(colorstring)
splot(temp,pl width ( :), [colors(I} shapes{I} '~
'], "LineWidth',1.5);
end
xlabel ('Temperature (K)');
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ylabel ("Linewidth FWHM (meV)');
axis ([0 300 60 1201);

subplot (1, 3,3);
for I=1l:length(colorstring),
splot (temp,pl_center (I, :)-pl center(I,1), [colors{I} shapes{I}

=], '"LineWidth',1.5);

end

xXlabel (' Temperature (K)');

vlabel ('PL center (meV)');

axis ([0 80 66 82]1);

figure (35);
for I=1l:length(colorstring),
splot (temp, abs_center(I,:)-pl_center(I,:)-(abs_center(I,end)-

pl _center(I,end)), [colors{I} shapes{I} '-'],'LineWidth',1.5);

end

xlabel ('Temperature (K)');

ylabel ('Stokes Shift (meV)');

axis ([0 300 -20 01]);

end

if (1)

figure (25);

subplot(1,3,2);

for I=1l:length(colorstring),

splot (temp, abs_center (I, :)-pl center(I,:), [colors{I} shapes{I}

'], 'LineWidth',1.5);

end

xlabel ('Temperature (K)');

ylabel ('Stokes Shift (mev)');

axis ([0 300 0 1001);:

subplot (1,3,1);

splot (temp, 0.5* (abs_center (1, :)-abs_center(1,1) + abs center2(l,:)-
abs center2(1,1)), [colors{l} shapes{l} '-'], 'LineWidth',1.5);

for I=2:5,

splot(temp,abs_center(l,:)—abs_center(I,l),[colors{I} shapes{1}

'~'1, "LineWidth',1.5);

end

xlabel ('Temperature (K)');

ylabel ("Absorption Center (meV)');

axis ([0 300 0 901);

subplot (1,3, 3);
for I=1:length(colorstring),
splot (temp,pl_center(I,:)-pl center(I,1), [colors{I} shapes{I}

'-'],"LineWidth',1.5);

end

xlabel ('Tempaerature (K)');

ylabel ('PL center (meV)');

axis ([0 80 66 82}1);

end
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if (1)

end

if

end

if

end

if

end

if

figure (16);
for I=1:length(colorstring),
splot (temp, abs center (I, :)-abs _center(I,1l),[colors{I}
end N
splet (temp, BEg-Eg (1), "kx-");
xlabel ('Temperature (K)');
ylabel ('Abs Center (meV)');

(1)
figure (26);
for I=l:length{colorstring),

'x-t1)

splot (temp,pl center(I,:)-pl_center(I,1l), [colors{I} 'o-'1);

end

splot (temp, Eg-Eg (1), "kx-"});
xlabel ('Tenperature (K)'");
ylabel ('PL Centenr (meV)');

(0)
figure(17):
for I=1l:length(colorstring),
splot(temp,pl_3qcenter(1,:)—pl_qcenter(I,:),[colors{I}
end
xlabel (' Tempe
ylabel ('Skewr

~ature (K) ') ;
s (meV)');

(0)
figure(18);
for I=1:length(colorstring),
splot (temp,pl 1ltwidth(I,:), [colors{I} 'c-"1);
end
xlabel ('Temperature (K)'):
ylabel ("Full Width 1/10 Max (meV)');

(0)

figure(3);

plot (temp,2.355*pfit save(l,:,3),'go-");
hold on;

plot (temp,2.355*pfit_save(2,:,3), 'bo-");
xlabel ('Temperature (K} ');

ylabel ('FWHM (meV) ') :;

end

% For PL and abscrption

if
for

(0)

I=1:length(colorstr),
figure (60);
subplot(2,2,1);

for J=1:length(tempstr),
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splot {(energy (I, :),convertdat(I,J,2,edat));
end

xlabel ('Energy (meV)');

ylabel( Nermalized Absorption');

axis ([1750 2200 -0.2 1.21);
subplot(2,2,2);
for J=1l:1length (tempstr),

splot (energy (I, :),convertdat(I,J,1,edat)/max(convertdat(I,J,1,edat)));
end
xlabel ("Energy (meV)');
ylabel ('Noermalized PL');
axis([1750 2200 -0.2 1.2]):
subplot(2,2,3):
splot (temp, fw pl(I,:), 'b~");
splot (temp, fw abs (I, :), "w'),
xlabel ('Temperature (K) ')
ylabel ('FWHM Linewidth (meV)');
subplot(2,2,4);
splot(temp,cen Pl(I, ), "b-")
splot (temp, cen abs(L,:},'g-');
xlabel (' T”Wpé’ltulé K)'),
ylabel ('Peak Center {(meV)');

end
end

if (0)
for I=1l:length(colorstr),
figure(I);
subplot(2,2,1);
xXlabel ('Enerqgy (meVy)');
ylabel ('ARbsorpticon {au)');
subplot (2,2,2);
for J=1l:1length(tempstr),

splot (energy (I, :),convertdat (I, J,1l,edat)/max(convertdat(I,J,1l,edat)));
end
xlabel {'Energy (meV)');
ylabel ('PL (au) '):;
subplot (2,2, 3);
splot (temp, fw_pl(I,:), 'b-");
% splot (temp, fw_abs (T,:),'g-");
xlabel ('Temperature (K)');
yvlabel ("FWHM Linewidth (meV)');
subplot (2,2,4);
splot (temp,cen pl(I,:), 'b~ )
% splet (temp, cen ah%(T L tg=") g
xlabel('TemperaLuro )Y
ylabel (' Peak C@nt@r ( meV)');

end

end

if (1)
figure (36);
for I=2:5,

splot (temp, abs center(I,:)-abs center(I,1l), [colors{I} 'x-']);
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end

splot (temp, 0.5* (abs_center(1l, :)-abs_center(1,1) +abs_center2(l,:)-
abs_center2(1,1)), "kx-");

xlabel ('Temparatura (K)');

ylabel ("&bs Center (meV)');
end

This is a simulation of the Stokes shift given a 2 level model
clear all;
colors = {'r' 'm' 'g' 'b' 'k'};

% The Stckes

smallest NC sample is 88meV at T=40X.
out, 20 meV ¢ :

expected to be from cptical phonons (15 meV)

(5 maV), so need to explain b8meV.

Assuming only 2 levelas, try to find the energy level spacing and

cscilllator strength that maximize the Stokes shift at RT

Sro= [1.47 1.9 1.99 2,41 4,10},
r = [4.10 2.41 1.99 1.69 1.47);
Stokes_300 = [ 32.5842

25.6220

55.4230

73.9551

81.6467]"'; HmeV

Stokes 40 = [ 36.9699
28.3386
59.9279
80.5875
87.8841]1"';

Stokes change = Stokes_40 - Stokes_300;
s5tokes change = 6*ones(l,5): SmeV from T=40K -> T=300K

Stokes_other = 15; %meV due to inhomo and optical phonons, etc
Stokes fined40 = Stokes 40 - Stokes_other;

% Fundamental Constants
k = 0.0863; zmeV/K

temp = 10:10:300;

if (0)

for K=1l:length(r),
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zeros (1, length (temp)) ;
0:

Stokes best
Energy best
Osc_best = 0;

for I=5:1:150,
for J=0.01:0.01:0.8,

% ENERGY SUBLEVELS

% lower
energyL = 0;
oscL = J;
uppper
energyU I; %meV

oscU = (1-J);

% Calculate the probabllity of energy level cccoupaticon
Ptot = exp(-energyL./(k.*temp)) + exp(-energyU./ (k.*temp));
ProblL = exp(-energyL./(k.*temp))./Ptot;

ProbU exp (-energyU./ (k. *temp) ) ./Ptot;

I

Relative oscillator strength
otot = osclL + oscU;
roscl = oscL/otot;
roscU = oscU/otot;

Probabilities of emission fron sublevels states
% equals probabilivy of cccupaticon times oscillator
strength

Petot = roscL*ProblL + roscU*ProbU;

PemisL = roscL*ProbL./Petot;

PemisU = roscU*ProbU./Petot;

plcenter = PemisL*energylL + PemisU*energyU;
abscenter = energylL*roscL + energyU*roscU;
Stokes_levels = abscenter - plcenter;

if ((Stokes levels(4) < Stokes finedO(K)+0.5) &&
(stokes_levels(4) > Stokes fine40(K)-0.5))
if ((Stokes levels(l)-Stokes_ levels(end) >
Stokes_change (K)-0.5) && (Stokes levels(l)-Stokes levels(end) <
Stokes change (K)+0.5))
Stokes_best = Stokes_levels;
Energy best I;
Osc_best = J;
end

end

end
end

energy (K) = Energy best
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osc(K) = Osc_best

if (1)

figure (20)

hold on;

plot (temp, Stokes best + Stokes other);
xlabel ('Temparature (K) ') ;

ylabel ('Stokes shift due to levels {(meV)');
end

end

figure (1)

subplot(1,2,1)

plot (r,energy, 'bo-', 'LineWidth', 1.5);
xlabel ('Radius (nm) ');

ylabel ('Energy (meV)');

subplot (1,2,2)

plot(r,osc, 'ro-"', 'LineWidth', 1.5);
hold on;

plot(r,l-osc, 'bo~', 'LineWidth', 1.5);
xlabel ('Radius (nm) ") ;

vlabel ("Oscillator Strength');

end

Firet plot the theoretical predictions
r = (12:50)/10; % NC radius in angstroms
for I=1l:1length(r),

d = levelu 2lev(xr(I));
ou 2lev(I) = d(1);

eu 2lev(I) = d(2);:
d = levell 2lev(r(I));
0l 2lev(I) = d(1);
el 2lev(I) = d(2);

end
otot = ol 2lev + ou_Z2lev;

if (0)

figure (1) ;

subplot(1,2,2);

hold on;

splot {r,0l 2lev./otot,'r', 'LineWidth', 1.5);
splot(r,ou 2lev./otot, 'b', 'LineWidth', 1.5);
xlabel ('Radius (nm) ') ;

ylabel ('Oscillator Strength');
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subplot(1,2,1);

hold on;

splot(r,el 2lev,'r', 'LineWidth', 1.5);
splot(r,eu 2lev, 'b', 'LineWidth', 1.5);
xlabel ('Radius (nm) ") ;
ylabel ("Energy (meV)'
axis([1 5 =10 1101);

end;

}i

i1f (0)
% Try te figure cut what the linewidth brecadening is

dE = 0.1;
ene = -150:dE:150; %meV
width = [62 78 91 89 89.5];

temp = [5 50 100 150 200 250 300];

for I=1:5,
for J = l:length(temp),
ENERGY SUBLEVELS
lower
energyL = 0;
osclL = osc(I);
% uppper
energyU = energy(I); %*meV
oscU = l-osc(I);

Calculate the probability of energy level ccocupation
Ptot = exp(-energyL./(k.*temp(J))) + exp(-
energyU./ (k.*temp(J)));
ProbL = exp(-energyL./(k.*temp(J)))./Ptot;
ProbU = exp(-energyU./(k.*temp(J)))./Ptot;

Relative osclllator strength
otot = osclL + oscU;
roscL = oscL/otot;
roscU = oscU/otot;

Probabilities of emission from sublevels states

% equals prebability of occupation times oscillator strength
Petot = roscL*ProblL + roscU*ProbU;

PemisL = roscL*Probl./Petot;

PemisU = roscU*ProbU./Petot;

pl = gauss (PemisL(end),ene',width(I)/2.35,energyL) +
gauss (PemisU (end) ,ene',width(I)/2.35, energyl);

if (temp(J) ==
pl300(1, :)
end

300)
= pl;
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if (temp(J) == 5)
pl5(I,:) = pl;
end

if (0)

figure (11);
splot{(ene,pl):

xlabel ('Energy (meV)');
ylabel ("Emission’');
title ("T=300K");

end

dum=fwhm(pl);
fw(I,J) = dum(l)*dE;

i1f (J==length(temp))
figure (22);
splot (ene,pl, [colors{I}], '"Linewidth',1.5);
xlabel ('Energy (meV)');
ylabel ("Emission');
title ('T=300K");
end

end

end

fwhm (gauss (1,ene',width(1)/2.35,0))
end

if (0)

figure(l2):

plot (temp, fw(l,:), 'r', 'Linewidth',1.5);
hold <on;

plot (temp,fw(2,:), 'm', 'Linewidth',1.5);
plot (temp, fw(3,:),'g', 'Linewidth',1.5);
plot (temp, fw(4,:), 'b', 'Linewidth',1.5);
plot(temp, fw(5,:), "k', "Linewidth',1.5);

xlabel ('Temperature (K)');
ylabel (' linewidth FWHM (meV)"')

title ("Broadening due te Fine Structure');
axis ([0 300 60 12071);

B

% Try to figure cut what the absorption would look like
ene = -200:1:200; #meV

figure (15);
hold on;
for I=1:5,
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abs = gauss (osc(I),ene',width(I)/2.35,0) + gauss((1l-
osc(I)),ene',width(I)/2.35,energy(I));

plot (ene, abs, [colors{I}], 'Linewidth',1.5);

dum = fwhm(abs):;

fw_abs = dum(l) *dE;
end
xlabel ('Energy (mev)');
ylabel ("Absorption');
title('Absorption assuming conly fine structure');
axis([-100 200 0 0.012]);

figure(16);

lecad qgdot545abs300;

load gdots45pl300;

load gdectidbenergy:

plot (gdot545energy, 1.25*qdot545abs300. /max (gdot545abs300), 'b', "Linewidt
nt, 1)

hold on:

plot (gdot545energy, gqdot545p1300. /max (gqdot545p1300), 'g', "Linewidth',1.5)

I =5;

abs = gauss(osc(I),ene',width(I)/2.35,0) + gauss((1l-
osc(I)),ene',width(I)/2.35,energy(I));

plot (2261+ene, abs./max (abs), 'vr--', 'Linewidth',1.5);

plot (2261 + (-150:dE:150),pl300(I,:)./max(pl300(I,:)), 'k~~
', ' Linewidtht',1.5);

xlabel ("Energy (meV)');

ylabel {('Abscrption & Emissicon');

title ('T=300K');

axis ([2100 2600 -0.2 1.2]):

figure(17);

load gdotb542absh;

load gdetb45pls;

load gdoetbdbenerqgy;

plot (gdot545energy, 1.2*gdot545abs5. /max (qdot545abs5), 'h', 'Linewidth', 1)

hold on;

plot (gqdot545energy, gdot545pl5. /max (qdot545p15), 'g', 'Linewidth',1.5);
I =5;

abs = gauss(osc(I),ene',width(I)/2.35,0) + gauss((1l-
osc(I)),ene',width(I)/2.35,energy(I));

plot (2341 + ene,abs./max(abs), 'r--', 'Linewidth',1.5);
plot (2341 + (-150:dE:150),pl5(I,:)./max(pl5(I,:)), "'k--
', "Linewidth',1.5);

xlabel ('Energy (meV)');

ylabel ("Absorption & Emission');

title ('T=5K");

axis{([2100 2600 -0.2 1.21);

figure(18);
subplot (1,2,1);
plot (gdot545energy, 1l.2*gdot545abs5. /max (qdot545abs5), 'b', 'Linewidth', 1)

hold on;
plot (qdot545energy, gdot545pl5. /max (qdot545pl5), 'g', 'Linewidth',1.5);
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I = 5;

abs = gauss (osc(I),ene',width(I)/2.35,0) + gauss((1l-
osc(I)),ene’,width(I)/2.35,energy(I));

plot (2341 + ene,abs./max(abs), 'r--', "Linewidth',1.5);
plot (2341 + (-150:dE:150),pl5(I,:)./max(pl5(I,:)), "k=~
'y, Lhinewidth',1.5);

xlabel ("Energy (meV)');

ylabel ('Absorption & Emission');

title ("T=5K");

axis ([2100 2600 =-0.2 1.21):

subplot (1,2,2);

plot (gdot545energy, 1.25*qdot545abs300. /max (qdot545abs300), 'b', 'Linewidt
h',1);

hold on;

plot (gqdot545energy, gdot545p1300. /max (qdot545pl300), 'g', 'Linewidth',1.5)
I =5;

abs = gauss(osc(I),ene',width(I)/2.35,0) + gauss((1l-
osc(I)),ene',width(I)/2.35,energy(I));
plot(226l+ene, abs./max (abs), 'r--', 'Linewidth’,1.5);

plot (2261 + (-150:dE:150),pl300(I,:)./max(pl300(I,:)), k-~

Y, 'Linewidth',1.5);

xlabel ("Energy (maV)');

ylabel ('Abscorption & Emission');

title ("T=3C0K");

axis ([2100 2600 -0.2 1.2]);

figure (19);

plot (gdot545energy, 1.2 +
1.2*qgdot545abs5. /max (gqdot545abs5), "b', "Lincwidth', 1),

hold on;

plot (gdot545enerqgy, 1.2 +

gqdot545pl15./max (qdot545pl5), 'g', 'Linewidth’,1.5);

I =5;

abs = gauss(osc(I),ene',width(I)/2.35,0) + gauss((1l-
osc(I)),ene',width(I)/2.35,energy(I));

plot (2340 + ene, 1.2 + abs./max(abs),'r--','Linewidth',1.5);
plot (2340 + (-150:dE:150), 1.2 + pl5(I,:)./max(pl5(I,:)), k-~
', 'Linewidth',1.5);

plot (qdot545energy, 1.25*qdot545abs300. /max (qdot545abs300), ‘', "Linewidt
h',1):;

hold on;

plot (gdot545energy, gqdot545p1300. /max (gdot545p1300), 'g', 'Linewidth',1.5)
I =25;

abs = gauss(osc(I),ene',width(I)/2.35,0) + gauss((1l-
osc(I)),ene’',width(I)/2.35,energy(I1));
plot(2263+ene, abs./max (abs), 'r--', 'Linewidth',1.5);

plot (2263 + (-150:dE:150),pl300(I,:)./max(pl300(I,:)), 'k~-~

Yy ' Linewidth',1.5);

xlabel ('Energy (meV)');

ylabel ('Abscrption & Emission'):

axis([2100 2600 -0.2 2.41);
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title ('R=1.5nm');

end

if (1)
% LEAST SQUARES CURVE FIT

OPTIONS = optimset ('MaxFunEvals',led, 'MaxIter',2000, 'TolFun’',le-7);
Stokes_offset = 15;

temp = [300 260 230 200 170 140 120 100 80 60 50 40 30 20 5];

rad = [4.10 2.41 1.99 1.69 1.47]; %nm

load ../data/gdot/pl center pl center;

load ../data/gdot/abs_center abs center;

stokes_data = abs_center - pl center;
stokes_40to300 = stokes data(:,l:end-3) - Stokes_offset;
temp 40to300 = temp(l:end-3);

pguess = [80 0.41];

for I=1:5,

pfit(I,:) =
lsgcurvefit ('stecke2lev',pguess, temp 40to300,stokes_40to300(I,:),[]1,[],0
PTIONS) ;

energyU_fit (I) = pfit(I,1);

oscU_fit(I) = pfit(I,2);

energyL fit (I) = 0;

oscL fit(I) = 1-pfit(I,2);

end

figure (15);

hold on;

for I=1:5,
plot (temp_40to300, stokes_40to300(I,:) + Stokes_offset,’'c’);
plot (temp, stokeZlev (pfit (I, :),temp) + Stokes offset,’'-');

end

xlabel ('Temperature (K)');

ylabel ('Stokes Shift (mevVv)');

axis ([0 300 0 100]);

figure (16);

subplot (1,2,2);

hold on;

splot(rad, oscL_fit, 'ro-', 'LineWidth', 1.5);
splot (rad,oscU_fit, 'be-', 'LineWidth', 1.5);
splot(r,0l 2lev./otot,'r’, 'LineWidth', 1.5);
splot(r,ou_2lev./otot,'b’, 'LineWidth', 1.5);
xlabel ('Radius (nm)');

ylabel ('Oscillater Strength');
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subplot(1,2,1);

hold on;

wsplot (rad, energylL f£it, 'v-",
splot(rad,energyU*fit,'b~~'
splot(r,el 2lev,'r',
splot(r,eu 2lev,'b’,
xlabel ("Radius (nm)'
ylabel ('Energy (meV)
axis([1 5 =10 110)):

figure (17);

subplot(l1,2,2);

hold c¢n;

splot([rad(1l) rad(3:5)1,[oscL fit(l) oscL fit(3:5)}, 'rc~', 'LineWidth’,
1.5);

splot ([rad(1l) rad(3:5)], [oscU fit(l) oscU _£fit(3:5)], 'ho-', 'LineWidth',
1.5);

Zsplot (rad(2),cscl fit
splot (rad(2),oscl :
splot(r,o0l 2lev. /otot,
splot (r, ou_Zlev /otot, 'b!'
xlabel ('Radius (nm)');
ylabel ("Oscillator Strength');

LineWidtht', 1.5);
sWidth', 1.5);
ineWidth', 1.5);
ineWidth', 1.5);

»_;_,
—~ =

subplot(1,2,1);

hold on;

splot ([rad(l) rad(3:5)], [energyL fit(l) energyL fit(3:5)],'r-',
'TdnewWidth', 1.5);

splot([rad(l) rad(3:5)], [energyU fit(l) energyU fit(3:5)], 'bo-",
'LineWidth', 1.5);

ssplot(rad(2) ,energyl it (2), 'bo', 'LineWidth', 1.9);

splot(r,el 2lev,'r', 'LineaWidth', 1.5);

splot(r,eu_2lev,'b' 'LineWidth', 1.5);

xlabel ('Radius (nm) ") ;
ylabel ('Energy (meVv) '
axis([1 5 -10 1101);
figure (17);

)I

LINEWIDTH TEMPERATURE DEPENDENCE OF FINE STRUCTURE THEORY

d o= le

% ou 2lev(I) = d(l):
% eu 2lev(I) a2y :
% d = levell 21ov(r
)i

2):

21 7Jov(‘(I));

I3

I( _[.

r

% ol 2lev(T) == d(l
% ol “lov(I) s

I

if (1)
% Try to figure cut what the linewidth broadening is

colors = {'r' 'm' 'g' 'b' 'k'};
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dE = 0.1;
ene = -100:dE:100; #meV
rad = [4.10 2.41 1.99 1.69 1.47); %nm

temp = [5 50 100 150 200 250 300];
width = [62 78 91 89 89.5];

for I=1:5,
for J = l:length(temp),

lower

energylL = energylL fit(I);

oscL = oscL_fit(I);

% uppper

energyU = energyU fit(I);

oscU = oscU_fit(I);

% Calculate the probability of energy level cccupation
Ptot = exp(-energyL./(k.*temp(J))) + exp(-

energyU./ (k.*temp (J))):
ProbL = exp(-energyL./ (k.*temp(J)))./Ptot;
ProbU = exp (-energyU./ (k.*temp(J)))./Ptot;

% Relative cscillator strength
otot = osclL + oscU;
rosclL = osclL/otot;
roscU = oscU/otot;

% Probabilities of emigsion from sublevels stabtes

% equals prebability of occcupation times oscillator strength
Petot = roscL*Probl + roscU*ProbU;

PemisL = roscL*Probl./Petot;

PemisU roscU*ProbU. /Petot;

pl =
gauss (PemisL(end) ,ene',width(I)/2.35,energyl) +gauss (PemisU(end),ene',wi
dth(I)/2.35,energyl);

if (temp(J) == 300)
pl300 fit(I,:) = pl;

end

if (temp(J) == 5)
pl5_fit(I,:) = pl;

end

figqure(11):;

hold on;

plot (ene,pl,colors{I});
xlabel ("Energy (mevV)'");
ylabel ('Emission');
dum=fwhm (pl) ;

fw fit(I,J) = dum(1l)*dE;
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end
end
end

figure (72);

for I=1:5,
plot (temp, fw fit(I,:), [colors{I}], 'Linewidth',1.5);
hold on;

end

xlabel (' Temperature (K)');

ylabel ('linewidth TWHM (meV)")

title ('Broadening due to ine Structurae');

axis ([0 300 60 120]);

dE = 1;
ene = -200:dE:200; %meV

figure (15);
hold on;
for I=1:5,
abs fit = gauss(oscL fit(I),ene’',width(I)/2.35,energyL fit(I)) +
gauss(och_fit(I),ene',width(I)/2.35,energyU_fit(I));
plot(ene,abs_fit, [colors{I}], 'Linewidth',1.5);
dum = fwhm(abs_fit);
fw_abs = dum(1l)*dE;
end
xlabel ('Energy (meV)');
ylabel ("Abscrpticn');
title ("Absorption assuming only fine structure'):;
axis([-100 200 0 0.012]):

figure (96);

load gdotb545abs300;
load gdotb545p1300;

load gdotb4benerqy;

plot (gdot545energy, 1.25*qdot545abs300. /max (qdot545abs300), 'b', 'Linewlidy
h',1):

hold on;

plot (gqdot545energy, qdot545p1300. /max (qdot545pl300), 'g', 'Linawidth',1.5)

abs fit = gauss(osclL fit(5),ene',width(5)/2.35,energyl fit(5)) +
gauss (oscU_fit (5),ene',width(5)/2.35,energyU fit (5));

plot (2261 + ene,abs fit./max(abs fit), 'r--', 'Linewidth',1.5);

plot (2261 + (-100:0.1:100),pl300 fit(5,:)./max(pl300 fit(5,:)), 'k--
Yy ' hiinewidth',1.5);

xlabel ('Energy (meV)');

ylabel ('Absorption & Emission');

title ("T=300K");

axis ([2100 2600 -0.2 1.21);

figure (97);
load gdotbdbahss;
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load gdot545pl5;
load gdcotidSenergy;
plot (gdot545energy,1.2*gdot545abs5. /max (qdot545abs5), 'b’, 'Linewidth', 1)

hold on;

plot (gdot545energy, gqdot545pl5. /max (qdot545pl5), 'g', 'Linewidth',1.5);
plot (2341 + ene,abs fit./max(abs fit), 'r--', 'Linewidth',1.5);

plot (2341 + (-100:0.1:100),pl5 fit(5,:)./max(pl5 fit(5,:)), "k--

', ' hinewidtht,1.5);

xlabel ('Energy (meV)');

ylabel ("2bsorption & Emission');

title ('T=5K");

axis ([2100 2600 -0.2 1.2]);

figure(98);

plot (gdot545energy, 1.2 +
1.2*gdot545abs5. /max (qdot545abs5), 'b', 'Linewidth',1);

hold on;

plot (gdotS545energy, 1.2 +

gdot545pl5. /max (gdot545pl5), 'g', "Linewidth',1.5);

plot (2340 + ene, 1.2 + abs fit./max(abs_fit), 'r--', 'Linewidth',1.5);
plot (2340 + (-100:0.1:100), 1.2 + pl5 fit(5,:)./max(plb fit(5,:)), "k—-
'y ' Linewidtht,1.5);
xlabel ('Energy (maV) ');
ylabel ('Absorption & Emission');

axis ([2100 2600 -0.2 2.4));

plot (gdot545energy,1.25%*gdot545abs300. /max (gdot545abs300), 'k', 'Linewidt
h',1);

hold on;

plot (gdot545energy, gdot545p1300. /max (qdot545p1300), '¢', "Linewidth’,1.5)

abs fit = gauss(oscL fit(5),ene',width(5)/2.35,energyL fit (5)) +
gauss{oscU_fit (5),ene',width(5)/2.35,energyU fit (5));

plot (2264 + ene,abs_fit./max(abs_fit),'r——','Ljnewidth',l.S);

plot (2264 + (-100:0.1:100),pl300_fit(5,:)./max(pl300 fit(5,:)), "k-~-
', 'Linewidth',1.5);

end

citrin.m

3 To come up with an estimate of the expected linewidth and Stoke's
shfit

L trom the plots in Citrin/Goupalov paper - Nanotechnolcecgy 12 (2001)
p518

clear all;

kB = 0.0862; %meV/K

Data peints for CdSe NC in Si02 matrix
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% The T=0 linewldih scales like 1/RZ as Takagahara points out
fwhm dac rll TO = 64;
fwhm dac_r60 TO = 2; wmaV

fwhm dac_rll TO GeO2 26.5; EmeV
fwhm dac r60 TO GeO2 = 0.94; %meV

meV

The T=300K linewidths
r = [11 15 20 25 30 40 50 60]; % Angstroms
dac T300 = [(75/1.17) 41 27 19 14 9.5 7 5]; % meV
dac T300 Ge02 = [(33/1.17) 18 11 8 6.4 4.2 2.6 1.9}; % meV
fwhm_dac_T300 = 2.35*dac_T300; % since Gaussian 1s assumed
fwhm dac_T300 GeO2z = 2.35*dac_T300_Ge02; % since Gaussian is assumed

Choosing something that fits the plots
fwhm dac TO = 7200*r.”-2; #%meV
fwhm dac TO Ge02 = 3400*r."-2; %meV

5 expression
~ Sum(ALNIHrceth (BL/2)Y) . 1 can use data points at T=0 and

[ 9]

and assume only 1 mode i1s relevant. So it to dac™Z =

AZ2*coth(hw/2kT) .

s At T=C, coth(B)=1 so I can solve for A
A fwhm dac T0/2.35;
A GeO2 = fwhm dac TO Ge02/2.35;

T

i

% AL non-zero T, hw = 2kT*accth (dac (T)/A)
hw = 2*kB*300*acoth (fwhm dac T300.72./fwhm dac_T0."2);
hw _Ge02 = 2*kB*300*acoth(fwhm dac T300 Ge02.72./fwhm dac T0 Ge02."2);

Stokes ac = 2*A."2./hw; %meV
Stokes ac _GeQO2 = 2*A Ge02.72./hw _GeQ2; fimeV

Aok Kk kR ok k ok Kk ok ok ok R kok ok ok T TS DIATA KR KRR R R Rk kK R R R Ok R R R R R R
Estimates from Norrzis PRB 53 (199%6) ple3d7

rdat = [3.6 2.6 2.2 2.0 1.8];

.

See slLokes figures for 23 papers used to calculate radius
%5 Thes are Lhe upper and lower numbers from Lhose papers
rlow = (3.5 2.2 1.7 1.5 1.35];

rhi = [4.3 2.6 2.2 2.0 1.8];

rave = 0.5* (rlow+rhi);

rdif = 0.5*(rhi-rlow):;

load
load | .
load gfit cen.mat;
load 1fit cen.mat;

load abs «
load pl ce

I

Rguyot
Wguyot
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R R R R R R A R e

temp = 1:1:300;

if (1)
5 OTHER STOKES SHIFT CONTRIBUTIONS —=-m—m-m————— e

Stokes opt = 15*ones(l,length(r}); %meV - see stokes for
calculation
% Output from stokes theory - contribution due to fine structure

load Stokes levels .mat;
load Stokes levels300.mat;

“ Output from stokes
load Stckes inhomo r
load Stokes inhomo.mat;

inhomo - due to inhomogeneous broadening

Stokes_tot300 = Stokes_ac + Stokes opt + Stokes levels300 +
Stokes_inhomo;

figure (14);

plot (x/10,Stokes ac, 'r--");

hold ¢on;
plot(r/10,Stokes opt, 'r:');

plot (r/10,Stokes_levels300, 'r-,");
plot (xr/10, Stokes inhomo, 'r-');
plot (r/10, Stokes tot300, 'k-");
xlabel ('Radius (nm)');

ylabel ('Stokes Shift (meV)');

axis ({1 5 0 1001);

end

1£(0)
T EREEEEELELELELE PLOT sSpectra &EGEEEEEEEEESEEEELEGLELEES
for I = l:length(r),
wid = A(T)*sqgrt(coth(hw(I)./ (2*kB*temp)));

figure(I);
plot (temp,wid*1.17);
xlabel (' Temperature (K)');
ylabel ('dac HWHM (meV)'"):
end
CEE R PR R R R T T R ERE R RRRRE G R E R R R G AR R R R
end

if (1)
rx o= [15 19 21 24 27 33 44 50];

fwhm_dac_T0x = interpl(r, fwhm dac TO,rx);
Stokes_acx = interpl(r,Stokes ac,rx);
fwhm_dac_T300x = interpl(r, fwhm dac T300,rx);
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for num = (l:length(rx)),

en = -200:1:200;

sig ped = fwhm dac TOx(num)/2.35;

ZPLcen = -0.5*Stokes_acx (num);

ZPLsig = 1.2;

ped = (1/(sig ped*sqrt(2*pi))) *exp(-
((en+zPLcen) ./ (sig_ped*sqrt(2)))."2);

ZPL = (1/(ZPLsig*sqrt(2*pi))) *exp(-(en./ (ZPLsig*sqrt(2)))."2);

pruss = 0.9*ped + 0.1*ZPL;

prussian abs = pruss./max(pruss);

sig = 100/2.35; %maV

inhom = gauss(l,en',siqg,0);

inhomo = inhom./sum(inhom) ;

prussian_c = convolution(prussian_abs,inhomo) ;
prussian_conv = prussian c/max(prussian c);

sig ped300 = fwhm dac T300x (num)/2.35;

ped300 = (1/(sig ped300*sqrt(2*pi))) *exp(-
((en+ZPLcen) ./ (sig ped300*sqgrt(2)))."2);
prussian c = convolution (prussian_abs, inhomo);

prussian conv = prussian c/max{prussian c);

if (0)

figure (10*num + 1);

plot (temp, 2.35*A (num) *sqrt (coth (hw (num) ./ (2*kB*temp))));
xlabel ('Temperature (K)');

ylabel ('Linewidth FWHM (meV)'):;

axis ([0 300 O 701);:

end

figure (12);

subplot (1,2,1);

axis ([-150 150 1 (l+length(rx))]);
plot(en,0.7*prussian_abs + num);
hold on;
plot(en,0.9*prussian_conv + num);

plot(-en,0.7*prussian_abs + num,'--');

plot(-en,0.9*prussian_conv + num, '--");
xlabel ("Eneargy (meV) ');

ylabel ('PL Intensity/Absorption (au)');
title ("T=0K");

% AT T=300K
subplot(1,2,2);
axis([-150 150 1 (l+length(rx))]):;

figure(12);
plot(en,0.7*prussian_abs + num);
hold on;
plot(en,0.9*prussian_conv + num);
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plot(~en,0.7*prussian_abs + num, '--');
plot(-en,0.%*prussian _conv + num,’'--');
xlabel ('Energy (meV)');

title ('T=300K");

figure (13);

if rx(num)<25,
subplot(1,2,1);
axis([-35 150 0.9 (2+length(rx))/2]):
plot(en,0.9*prussian_abs - num + 5);
hold on;
xlabel ("Energy (meV) ');
yvlabel ('Single Dot Absorption');

else
subplot(1,2,2);
axis([-17.5 75 0.9 (2+length(rx))/2]);
plot(en,0.9*prussian _abs - num + 9);
hold on;
xlabel ('Energy (meV)');

end

figure (16);
dum = prussian_abs(end:-1:1).*(l:length(prussian_abs));
plot (dum) ;

figure (17);
plot (conv(dum,prussian_abs));

figure (18);
plot(conv(dum,prussian_abs)./(l:length(conv(dum,prussian_abs))));

end
end

if (0)
Since I ¢only measure the temperature dependence of dac, and not the
temperdture constant part

figure(17);

plot (r/10, sqrt (fwhm dac_T300."2-fwhm dac_T0."2), 'x--");

xlabel ('Radius (nm) '),

ylabel ("'Deconvelution Linewidth FWHM (meV) ') ;

title('Reom Temperature Implied Deconveluticen Linewidth');

AANANNNNAANNA AT (T AT LINEWIDTH AN ANANAAAAAAAAA

figure (18);

plot(r/10, sqrt (fwhm_dac T300 GeO2."2-fwhm dac_T0 Ge02."2),'r--");
xlabel ("Radius (nm)'); -

yvlabel ('Deconvolution Linewidth FWHM (meV)');

title('Room Temperature Implied Deconveluticn Linewidth - GeQ2');

Now for opt
hw_opt = 26;

ical pheonen contribution - dopt = Brsqgrt(n{n+l)), R=Rcpt*r
EmeV

. optical phonon cccupation at T=300K
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n300 = 1/ (exp(hw_opt/ (kB*300))-1);

% From figure 1 plot
Bopt = 4.2/ (60*sgrt (n300* (n300+1))); %maV/ang

B = Bopt*r;
fwhm_B300 = B*sqrt(n300* (n300+1))*2.35;
fwhm temp_tot = sgrt(fwhm B300.”2+fwhm dac T300."2-fwhm dac T0."2);

figure(17);

hold on;

plot (r/10, fwhm temp tot, 'k-');
plot(r/10, fwhm B300, "r:");

if (0)
herrorbar (rave,gfit wid(:,1)*2.35,rdif, rdif, 'hx");
herrorbar(rave,1fit wid(:,1),rdif, rdif, 'gc');
axis([1 5 0 1001);
% Rulk point
plot (5,31, 'k"~");
plot (Rguyoet, Wguyot, "ks ') ;
end

AANAAANANANAANAANAAANAAANPNAANANANDNNSNAANNANAAANANNANANAANANANNANNNAANNLANNA

end

% PLOT THE CONTRIBUTIONS TO LINEWIDTH AT RT
if (0)
figure(27);
plot (r/10,sgrt (fwhm B300."2+fwhm dac T300.72));
xlabel ('Radius (nm) ')
ylabel ('Linewidth FWHM (meV)');
title('Contributions to Room Temperature Linewidih');
end

To get a measure of dE/AT from Cardona paper
See FPRB 34, 2458 (1986)

clear all;

)

eond Ls B

o

% first index is A exciton,

Eo(l) = 1.834;
Eo(2) = 1.860;

alphaf (1)
alphaf (2)

4.24e-4;
4.17e-4;

betaf (1) = 118;
betaf (2) = 93;

temp = [77 200 300];
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for I=1:2,
Energy(I,:) = Eo(I) + alphaf(I)*temp.”2./(temp + betaf(I));
dEdT = (Energy{(I,1)-Energy(I,3))*1000/223;

end

% This part 1s to calculate the FWHM of the absocorption given the

lectric
% constant that CZardeona measures and

Gamma = 1;
Amp = 0.7;
el = 8;

freq0 = 100;
freq = (1:0.1:200);

e2 = e0*Amp* (Gamma/2)"2./((Gamma/2)"2 + (freq - freqg0).”2);
el = e0* (1 + Amp* (Gamma/2)* (freqg-freq0) ./ ((Gamma/2) "2 + (freq -
freqQ) .”2));

k = imag(sqgrt (complex(el,e2)));

figure (1) ;

plot (freqg,e2);
hold on;
plot(freq,el, '--")
plot (freq, 6%k, "k');
xlabel ('Freguency')
ylabel ('Amplitude');
axis ([80 120 =2 15]):

I

’

D.3 Chapter 4 code
Bubble plot PAM.m

s This is to create a bubble plot for 3 colers
clear all;

colors = {'b'; 'g'; 'r'; 'c¢'; 'm'; 'yv'; 'k'};
num_colors = 3;

load (['codes\PAM :
Random_codes = PAM

8'1):
odes;

% NC/noise/micrcbead characteristics

0
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small lambda = 530;
big lambda = 650;

linewidth = 13; % stdev in nm

cen_sig = 2; % nm

wid sig = 0.5; % nm

amplitude error slope = 0.05; % this ls the percentage uncertainty 100
nm away

white noise amp = 0.001; % this is the amplitude in a given dlambda bin

2

% spectrometer characteristics
min_lambda = 450;

max_lambda 700;

dlambda = 5;

lambda = min lambda:dlambda:max lambda;
iter = 30;

L expecte d center wavelen ot hs

cen = (small_lambda:(big_lambda—small_lambda)/(num_colors—
1) :big_lambda) ';
wid = linewidth*ones (num_colors,1);

options = optimset ('Display’, 'off");

for I=1:length(Random codes),
code = Random_codes({I, :)

for J = l:iter,
% make white noise

white noise = white noise_amp*randn(l,length(lambda))"';

amplitude error
amp_error slope = amplitude error slope*randn;
percent amp error = l+(amp_error slope* (cen-small lambda)/100);
amp_error = code'.*percent amp error;

cen_error = cen_sig* (randn(length(cen),1));

wid error wid sig* (randn(length(cen),1));
s make ncisy photeluminescence
pl nn_error =
gauss (amp_error',lambda', (wid+wid error)', (cen+cen error)');
pl error = pl nn error./sum(pl nn error);
pl = white noise + pl _error;

amp_guess = ones (num_colors,1);

amp_ fit =
lsqgcurvefit ('gauss',amp guess',lambda',pl./sum(pl),0,1le9,options,wid’,c
en');

normalized amp = amp_ fit/sum(amp fit);

if (1)

figure (11);

hold on;

x = (sqrt(3)/2)*(-normalized amp(l) + normalized amp(3));
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y = normalized amp(2) - 0.5*normalized amp(l) -
0.5*normalized amp(3);

plot(x,y,['.' colors{l+mod(I,length(colors))}l]);

end

if (0)
figure (10);
hold on;
plot (normalized amp(2),normalized amp(3),['c’
colors{l+mod (I, length(colors))}l1);
end
end
end

barcode 2level b.m

This is specifically designed to simulate 2 cclers and number of
ratios
% that can be distinguiched for a given errcr rate.

clear all;

% NC/nolse/microbead characteristics

small lambda = 510;

big_lambda = 580; % NOTE THIS DIFFERENCE!!!
linewidth = 13; % stdev in nm

cen sig = 0; % nm DRIFFERENT

wid sig = 0; % nm DIFFERENT

amplitude error slope = 0.05; % this is the percentage uncertainty 100
nm away

white noise amp = 0.001; % this is the amplitude in a given dlambda bin

o,

spectrometer characteristics

min lambda = 400;

max_lambda = 750;

dlambda = 5;

lambda = min lambda:dlambda:max lambda;

number cof reps per particular barccde
N = 1000;

options = optimset ('Display’','off');
num colors = 2;

expected center wavelengths
cen = (small lambda: (big lambda-small lambda)/ (num_colors-
1) :big lambda) ';

wid = linewidth*ones (num colors,1);

level (1) = 2.5;
level index = 1;

total amp = dlambda;
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while (level(level index) > 0),

for I=1:N,
% generate code
code = [level(level index) (total amp - level(level index))]';

S

% make white no

white noise = white noise amp*randn(l,length(lambda)})’';
& amplitude error

amp_error_slope = amplitude error slope*randn;
percent amp error = l+{amp_error_ slope* (cen-small lambda)/100);
amp_error = code.*percent amp error;

cen_error cen_sig* (randn(length(cen},1));
wid error = wid sig*(randn(length(cen),1));

make photolumir aence
pl nn = gauss(code',lambda',wid’',cen');
pl no noise = pl nn./sum(pl nn);
pl_nn_error =
gauss (amp_error',lambda', (wid+wid error)', (cen+cen_error)');

pl_error = pl nn_error./sum(pl_nn_error);
pl = white noise + pl error;
noise = pl-pl no _noise;

DECODING BARCODE

amp guess = ones{num_colors,1);

amp fit = lsqgcurvefit ('gauss',amp guess',lambda',pl./sum(pl),-
1e9,1e9,0ptions,wid',cen');

normalized amp = (total amp/sum(amp fit))*amp fit;

% Need to decode
lev_fit(I) = normalized amp(1l);
end

% make next level

lev_sort = sort(lev_fit});

level index = level index + 1

level (level index) = level(level index - 1) + 2*(lev_sort(3) -
level (level index - 1))

[pp,pp_cen] = hist(lev_sort);

figure(2);

plot (pp_cen./ (5-pp_cen),pp./max (pp));
hold on;

xlabel ('Ratio');
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ylabel ('Normalized Probability');
axis([(0 1.2 0 11);

std(lev_sort)/mean(lev sort)
end

total levels = 2*(level index - 1) -1

channel capacity.m
% To estimate the channel capacity ¢f microbead barcodes
clear all;

% NC/noilse/microbead chars
small lambda = 530;

big lambda = 650;
linewidth = 13; % stdev in nm

cen_sig = 2; % nm

wid sig = 0.5; % nm

amplitude error_slope = 0.05; % this is the percentage uncertainty 100
nm away

white noise amp = 0.001;

o,

this is the amplitude in a given dlambda bin

spectrometer characteristiocs
min lambda = 350;
max_lambda = 700;
dlambda = 5;
lambda = min_ lambda:dlambda:max lambda;

number of reps per particular barcode
N = 1000;
num_colors = 3;

options = optimset ('Display’, 'off');

initialize variables

failed = 0;
success = 0;
no_code = 0;

total mse 0;

rejected = 0;

error_location(num colors,:) = zeros (1,num_colors);
fft code = zeros(length(lambda),l);

fft noise = zeros(length(lambda),1);

expected center wavelengths

cen = (small_lambda:(big_lambda—small_lambda)/(num_colors—
1) :big lambda)';
wid = linewidth*ones (num colors,1);

psd noise = zeros(l,length(lambda))’;
psd_amp = zeros(l,length(lambda))';

163



psd_wid zeros (1, length(lambda)) ';
psd_cen = zeros(l,length(lambda))';
psd_signal = zeros(l,length(lambda))';
psd_wn = zeros{l,length(lambda))';
psd pl = zeros(l,length(lambda))';

for I=1:N,

if (mod(I,1000) == 0)
I
end

Logenerate code

code = [1 0 0]"';

G e GENERATE PL = o o o o o o o o e
% make white nolse

white noise = white noise amp*randn(l,length(lambda))';
psd_wn = psd wn + abs(fft(white_ noise))."2;

;o amplitude error

amp error slope = amplitude error_slope*randn;
percent amp error = l+(amp _error_ slope* (cen-small_lambda)/100);
amp_error = code.*percent_amp error;

cen_error
wid error

cen_sig* (randn(length{cen),1l));
wid sig* (randn(length(cen),1));

I

% make phoetoluminescence

pl_nn = gauss (code',lambda’',wid',cen');

pl no noise = pl nn./sum(pl nn);

psd _signal = psd_signal + abs(fft(pl_no_noise))."2;

pl nn _error =
gauss (amp_error',lambda', (wid+wid_error)', (cen+tcen_error) ');

pl error = pl nn error./sum(pl_nn_error);
pl = white noise + pl error;

psd pl = psd pl + abs(fft(pl))."2;

noise = pl-pl no noise;

psd noise = psd noise + abs(fft(noise))."2;

pl nn_amp = gauss(amp_error',lambda',wid',cen');
pl amp = pl nn_amp./sum{pl_nn_amp);

noise amp = pl amp - pl no noise;

psd amp = psd_amp + abs(fft(noise_amp))."2;

pl nn_cen = gauss(code',lambda',wid‘,(cen+cen_error)');
pl cen = pl nn cen./sum(pl_nn_cen);

noise cen = pl cen - pl no noise;

psd _cen = psd_cen + abs (fft (noise_cen)) ."2;

pl nn wid = gauss{code',lambda’, (wid+wid_error)',cen’);
pl wid = pl nn wid./sum(pl_nn_wid);
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noise_wid = pl wid - pl_no noise;
psd wid = psd wid + abs(fft(nocise wid))."2;

end

figure (2)

freqg = (0:0.04:1);

oscil = (0:25);

semilogy (oscil (2:26),psd _signal(2:26) /N, 'b.~");
hold on;

>>emllcgy( 26),p%d pl{l:26)/N, 'b:");

% “Wllc y :26) ,psd neise(2: 26)' s k-1
126), psd amp (2: /b)/N ")
2:26) ,psd_cen(2:26) U
2:26) ")

¥

rpsd wid(2: 26) N,

C
), sd_wn(2 26) /N, 'c.~ )

semllogy(0301l( 26
axlis ([0 25 le-6 1])
xlabel ('Fregquency (os 111AL1‘ns/spectroneLer range)');
ylabel ('Average Power Spectrum');

’

% Calculate channel capacity - the first facter is because T only
L ansmit
: cr a fracticn of the time.

blg lambda-small lambda)/ (max_ lambda-

capacity = ((
) *sum (1log2 (1+ (psd_ signal(2:26). /psd_n01se(2:26))))

min lambda)

wn_capacity = ({big_lambda-small lambda)/ (max_ lambda-
min_lambda)) *sum(log2 (1+(psd signal(2:26)./psd wn(2:26))))

This is the matlab code to generate the regular PAM codes. The only trick is to make sure that all
of the codewords are linearly independent, ie not a multiple of any other code.

Create PAMnn files.m
% This program is to create the PAM code files for later access

max_num_colors = 16;
max_ codes = 5e5;
max_prod = 100;

for colors=12:max num_colors,
max_level = 1;
while (((max_level)“colors < max codes) && (max_level*colors <
max_prod)),
[colors, max level]

PAMnn_codes = create PAMnn(colors,max level);
length (PAMnn codes(:,1))
code name = ['coﬂ*o\JAan ' int2str(colors) ' '

int2str(max_level)];
save (code_name, 'PAMnn_ coc
max level = max level + 1;
end
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end

function ¢ = create PAMnn(colors, max_level)

clear PAM MATRIX;
clear PAM INDEX;

global PAM MATRIX;
global PAM INDEX;

PAM MATRIX = zeros((max level+l)“colors,colors);

PAM INDEX = 1;
make PAMnn(colors, max_level);

for I=1:(max level+l)“colors,
if (sum(PAM MATRIX(I,:)) ~= 0)
last nonzero = I;
end
end

¢ = PAM MATRIX(l:last_nonzero,:);

function g = make_ PAMnn(colors, max level)

% makse PAM with ne normalization, so¢ eliminate entries with greates

comnon
% factor nol egqual Lo one

global PAM MATRIX;
global PAM INDEX;

if (colors == 1)
for J=max level:-1:0,
PAM MATRIX (PAM INDEX,end) = [J];
% 1f the biggest common factor i
retect

if (bcf (PAM MATRIX(PAM INDEX,l:end)) <

PAM INDEX = PAM INDEX + 1;
end
end
else
for I = max level:-1:0,

PAM MATRIX((PAM INDEX:end), (end + 1 - colors))

make PAMnn{(colors-1, max_level);
end
end

then keep

r.
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function g = bcf (vec)

Tinds the least biggest common factor of a vecter of pesitive

integers

% just to take care of the zero vector
if (sum(abs(vec)) == 0

g = 0;

return
end

sort_vec = sort(vec);

low _ind = 1;
for I=1l:1length(vec),
if (sort_vec(I) == 0)
low ind = I+1;
end
end

low = sort vec(low_ind);
low_factors = sort(factors(low), 'ascend');

£ =11

bcf _sofar = 1;
for I = l:length(low_factors),
if (sum(mod(vec,low_factors(I))) == 0)
bcf sofar = low_factors(I);
end
end;

g = bcf sofar;

This is the matlab code that generates the codes that have the equal weight and return to 2 zeros
constraint. The key point is that I am NOT just inserting 2 zeros between the PAM symbols. |
recursively generate all PAM codes that have equal weight AND have at least 2 zeros between
non-zero symbols. There is a big difference. The other cases that | presented are easier than this.

create PAMZ2rtz files.m

% To create a range of PAMZ2rtz codes
global PAM MATRIX;

max_num_colors = 24;

max_codes = 15000;

max_prod = 200;

for colors=1l4:max_num _colors,
counts = 1;
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while ((counts*colors < max _prod) && (count PAM2rtz(colors,counts) <
max_codes)),
PAM2rtz codes = create PAM2rtz (colors,counts);
code name = ['codes\PAM2rtz ' int2str(colors) '
int2str (counts)];
save (code_name, 'PAMZrtz codes');
counts = counts + 1;

end
end

o

to recursively calculate the size of a PAMZrtz code

function g = count PAMZ2rtz(colors, counts)

if (colers == 1)
num codes = 1;
elself (colors == 2)
if (counts == ()
num_codes = 1;
else
num_codes = 2;
end
elseif (colors == 3)
if (counts == 0)
num codes = 1;
else
num_codes = 3;
end
else
num_codes = 0;
for I = counts:-1:0,
if (I ~= 0)
num_codes = num _codes + count PAM2rtz(colors-3, counts-I);
else
num_codes = num codes + count PAMZ2rtz(colors-1, counts);
end
end

end

g = num_codes;

function ¢ = create PAMZrtz (colors, counts)

clear PAM MATRIX;
clear PAM INDEX;

global PAM MATRIX;
global PAM INDEX:;

count PAM2rtz (colors, counts)

PAM MATRIX = zeros (count PAM2rtz (colors,counts),colors);
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PAM INDEX = 1;

make PAMZrtz (colors, counts);

Cc =

PAM MATRIX:

function g = make PAM2rtz(colors, counts)

global PAM MATRIX;
global PAM INDEX;

if (colors == 1)
PAM MATRIX (PAM_INDEX,end) = [counts];
PAM INDEX = PAM INDEX + 1;
elseif (colors == 2)
if (counts == ()
PAM MATRIX (PAM_INDEX, (end-l:end)) = [0 0];
PAM INDEX = PAM INDEX + 1;
else
PAM MATRIX(PAM INDEX, (end-l:end)) = [counts 0];
PAM INDEX = PAM INDEX + 1;
PAM MATRIX(PAM INDEX, (end-l:end)) = [0 counts];
PAM INDEX = PAM INDEX + 1;
end
elseif {(colors == 3)
if {(counts == 0)
PAM MATRIX (PAM_INDEX, (end-2:end)) = [0 O 0];
PAM_INDEX = PAM_INDEX + 1;
else
PAM MATRIX(PAM INDEX, (end-Z:end)) = [counts 0 0];
PAM INDEX = PAM INDEX + 1;
PAM MATRIX (PAM INDEX, (end-2:end)) = [0 counts 0];
PAM INDEX = PAM_INDEX + 1;
PAM MATRIX (PAM INDEX, (end-2:end)) = [0 0 counts]:
PAM INDEX = PAM INDEX + 1;
end
else
for I = counts:-1:0,
if (I ~= 0)
PAM MATRIX((PAM INDEX:end), (end + 1 - colors))
PAM MATRIX((PAM INDEX:end), (end + 2 - colors))
PAM MATRIX((PAM INDEX:end), (end + 3 - colocrs))
make PAMZrtz (colors-3, (counts-I));
else
PAM MATRIX((PAM INDEX:end), (end + 1 - colors))
make PAMZ2rtz(colors-1, (counts-I));
end
end
end
g=1;
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This is the Monte Carlo code generation program.
random_systematic.m
This simulation

and
wid noise and attempts to estimate the number of posgsible

a variety of noises - white noise

clear all;
% NC/noise/micrebead characteristics

small lambda = 530;

big lambda = 650;

linewidth = 13; % stdev in nm

cen_sig = 2; % nm

wid sig = 0.5; % nm

amplitude error slope = 0.05; % this ig the percentage unce
nm away

white noise amp = 0.001; % this is the amplitude in a given

spectrometer characteristics
min lambda = 450;
max_lambda = 700;
dlambda = 5;
lambda = min_lambda:dlambda:max_ lambda;

num_colors = 50;
num_levels = 100;
num_failures = 10000;
mod num = 7;

iter = 100;

code name = ['codes\Random ' int2str(small lambda) 'to'

, amp, coen,

coaes

adlanbda

bi

I

int2str(big_lambda) '_iterT int2str(iter) ' colors' intZstr(num _colors)
' levels' int2str(num levels) ' failures' int2str(num_failures)];

expected center wavelengths
cen = (small lambda: (big lambda-small_ lambda)/(num_colors-
1) :big lambda) ';
wid = linewidth*cnes (num colors,1);

number failures = 0;
max number codes = led;
max_number attempts = led;

code matrix = zeros(max number codes,num_colors);
pl matrix = zeros(max_number codes,length(lambda});
noisy instances = zeros(iter,length (lambda));
code_index = 1;

failure tally = zeros(num_failures,1);
attempts_power = ones(mod num,1l);
success_power = ones(mod _num,l);

mse = zeros(iter,1);
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these are for recording the history of the success rates
hitrate power = zeros(max_number attempts,mod num);
trys_power = zeros(max number attempts,mod num);
index power = 1;

while (number failures < num failures),

save as I go
if (mod{code index,100) == 0)
Random codes = code matrix(l:code_index-1,:);
hsuc_power = hsuccess_power (l:index power-1,:);
hatt power = hattempts power (l:index power-1,:);
save (code name, 'Random codes', 'hsuc power', 'hatt power');
end

% record strategy success rates as I go.

if (mod(sum(attempts_ power),100) == 0)
hsuccess power (index power,:) = sSuccess_power;
hattempts power (index power,:) = attempts_power;

index power = index power + 1;

figure (6):

plot (hattempts peower (1:index power-

1, 1), hsuccess power (1:index power-1,:),'.-");
plot (hattempts power (l:index power-

1,4) ,hsuccess_power (l:index_power-1,4),'.-");
xlabel ('Attempts');

title('All strategies');

figure(7);

1,:),2),sum(hsuccess power (l:index power-1,:),2),'.~");
plot (sum(hattempts power (l:index power-
1,4),2),sum(hsuccess_power (l:index power-1,4},2),'.~-"');
xlabel ('Attempts');
ylabel ('Successes');
title('Sum of All strategies');
end

% generate code - slightly mcre complicated, but better way
nnprob_power = success_power./attemptswpower;

this is the real probability that I use to choose power
prob_power = nnprob power./sum(nnprob power);
dum = rand;

power = 1;
for I = 1l:mod_num,
if (dum > sum(prob_power(1l:I)))
power = I+1;
end
end

code = floor (num levels*rand(l,num_colors).” (2" (power-1)));
while (sum{code) == 0)
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code = floor (num_ levels*rand(l,num colors).” (2" (power-1)));

end

i mm GENERATE Pl = e e
make no neise pl

pl _nn = gauss(code,lambda',wid',cen');

pl no noise = pl nn./sum(pl nn);

for I=l:iter,

5 make white noise
white noise = white noise amp*randn{(l,length(lambda))’';

% amplitude error
amp _error slope = amplitude error slope*randn;

percent amp error = l+(amp error slope*(cen-small lambda)/100);

amp_error = code'.*percent amp error;

cen_error cen_sig* (randn(length(cen),1));
wid error = wid sig*(randn(length(cen),1));
% make nolsy photoluminescence
pl nn_error =
gauss (amp_error', lambda', (wid+wid error)', (cen+cen error)');
pl error = pl nn error./sum(pl nn error);
pl = white noise + pl error;
noisy instances(I,:) = pl;

end

CHECK IF THIS CODE IS SFACED FAR ENOUGH AWAY

if (code_index == 1)
code matrix(l,:) = code;
pl matrix(l,:) = pl_no noise';
code index = code index + 1;
code
else
I=1;
failed = 0;
mse = sum((noisy instances - ones(iter,1)*pl no noise')."2,2);
while ((I < code_index) && (failed == 0)),

% keep going til fail
code mse = sum((noisy instances -
cnes (iter,1)*pl matrix(I,:))."2,2);

if (max(mse - code mse) >= 0)
failed = 1;

else
I =1+ 1;

end

end
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if (I == code index)

% then this is a good code

code matrix(code_index,:) = code;

pl matrix(code_index,:) = pl_no noise';

code index = code_index + 1

failure tally(number failures+l) =
failure tally(number failures+l) + 1;

number failures = 0;

success_power (pOwer) = success_power (power)
%code
else
number failures = number_ failures + 1;
end
end

end
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