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1 Introduction

The work presented in this report was motivated by a research alliance that formed in 2016

to develop an improved solar energy collection technology: luminescent solar concentrators

(LSCs). LSCs have potential as a cheap, effective way to boost the efficiency of solar pan-

els [1]. LSCs (see Figure 1) operate as an auxiliary system to a photovoltaic (PV) cell,

absorbing low-intensity, broad spectrum sunlight and re-emitting a narrower spectrum of

higher intensity light consisting of photons that bounce along a planar waveguide (transpar-

ent medium with a high index of refraction) for collection at the waveguide boundary. In an

LSC, incident photons are absorbed by a fluorophore, such as the nanocrystals discussed in

this study, and re-emitted at a lower energy. The photons then move toward the edges of

the waveguide via total internal reflection (a reflection that occurs when light traveling in a

medium with a higher index of refraction meets the interface with a medium with a lower

index of refraction). LSCs dramatically reduce the surface area of PV cells needed to collect

energy, since a small PV cell placed at the LSC edge can collect the light that the LSC

spatially and spectrally concentrated from a much larger area. In addition, LSCs increase

the power-density of sunlight by focusing photons to a high-intensity, narrow spectrum of

readily collected wavelengths, which render them an attractive way to reduce the cost per

watt of solar power [1].

The research alliance is comprised of the following principle investigators: Professor

Carlisle Chambers at George Fox University, Professor David Patrick and Professor Mark

Bussell at Western Washington University, Professor Andrea Munro at Pacific Lutheran Uni-

versity, and Professor Amy Spivey at the University of Puget Sound. Their work is supported

primarily through the Murdock Charitable Trust (Grant No. 2015262:MNL:2/25/2016s).

One of the purposes of the collaboration is to bring together faculty with distinct special-

ties in addressing the various challenges that face scientists who endeavor to improve LSC

technology. The specific challenges are developed more thoroughly in Section 8, but because

the most sophisticated component of an LSC is the fluorescing particle responsible for ab-

sorbing and redirecting light, this document will focus solely on these fluorescing particles,
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Figure 1: Schematic model of an LSC. Fluorophores, such as those synthesized by the Munro
group and discussed in this research, are embedded in a polymer matrix. These fluorophores
absorb high-energy incident light (blue squiggles) and re-emit energy-downshifted photons
(red lines) that can reflect via total internal reflection off of the interface between the polymer
matrix and the outside world to be collected at the LSC edge by a device like a photovoltaic
cell. Only photons that interact with the LSC boundary at an oblique angle can reflect via
total internal reflection; otherwise, the photon leaves the LSC via the escape cone.

or fluorophores.

Since the discovery of epitaxially grown (layer-by-layer) quantum dots in 1981 [2], research

to develop the understanding, control, and synthesis of nanocrystal materials has flourished.

One of the defining feature of a quantum dot is the narrow, symmetric spectral width of its

emission, which can be tuned to higher or lower energies by changing the quantum dot size (or

length, in the case of quantum rods [3]), which alters the band gap energy [4]. Heuristically,

the inverse dependence of the band-gap energy on the size of the quantum dot can be

understood by analogy to the one dimensional infinite square well, in which a decrease in

the well width produces an increase in the stationary state energies [5]. The narrow spectral

width of emission but broad spectral width of absorption means that quantum dots absorb

light over a broad range of colors but emit luminescence over a much narrower spectrum,

giving the luminescence from a sample of uniformly sized quantum dots a brilliant, pure

glow, as seen in Figure 2a. The purity and size-dependence of the luminescence emission

from quantum dots makes them useful not only as a model system for studying various

quantum phenomena, but as a useful component in technology and medicine. From solar
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cells and luminescent solar concentrators to fluorescence labeling in biology and medicine

[6, 7, 8] and, more recently, devices as ordinary as television displays, the applications of

quantum dots grows with our understanding and control of the fundamental physics that

determines their behavior.

Although quantum dots were the beginning of nanocrystal science, the synthesis tech-

niques now available have enabled the field to expand to include more complicated geometries

and compositions. Today, nanocrystals can be fabricated in spheres or rods, have both a

core component and a “shell” component, vary in composition throughout the crystal, or

include a number of metal dopant atoms. With greater complexity come more degrees of

freedom, more opportunity to study exotic phenomena, and additional potential applications

of nanocrystals. For this research, we will focus specifically on the luminescence of colloidal

nanocrystal quantum dots and quantum rods, addressing the aspect ratio at which this dis-

tinction becomes meaningful. We will also consider how encapsulating a quantum dot or

quantum rod in a spherical or rod-shaped shell changes this luminescence. The specific in-

terest addressed in this review is when and why the luminescence from a specific nanocrystal

geometry and composition is linearly polarized, and we approach this question by conducting

a review of the relevant literature and by performing experiments in the laboratory.

The objective of the literature review is twofold. First, we hope to delve into what is

already known about the polarization of luminescence from a variety of the most commonly

studied nanocrystals and how this polarization changes depending on nanocrystal composi-

tion and geometry. Second, we want this literature research to form the basis of a prediction

about how a never-before-synthesized variant of these quantum systems will behave—a pre-

diction that we will probe experimentally. To accomplish the first objective, we will touch on

how colloidal nanocrystals are synthesized, how the polarization of their emission is quan-

tified, why their emission polarized, and how the degree of polarization depends on their

physical design. These results, combined with some background on the effects of doping

nanocrystals with a metal atom, will provide context for our own experimental results from

measuring fluorescence from Mn2+-doped ZnSe/ZnS dot-in-rod nanocrystals to determine if
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(a) (b)

Figure 2: (a) Different samples of CdSxSe1−x/ZnS quantum dots illuminated under UV
light. These particular quantum dots are alloyed blends, and the difference in color arises
from different chemical compositions; however, the same change in color could be observed if
the size of the dots were to increase from left to right because the increasing size reduces the
effects of quantum confinement, decreasing the band gap energy and causing luminescence
emission to shift toward warmer colors. Figure from Sigma Aldrich website [9]. (b) Figure
from ref. [10]. The solid black line shows absorption spectrum, and the solid colored lines
show the narrow emission peak with curve color corresponding to wavelength of emission
peak.

it is linearly polarized.

2 Nanocrystal Synthesis and Composition

The long-term objective of the research alliance is to design and synthesize a fluorophore

that has properties which reduce the inefficiencies of LSCs, thereby improving their chances

of becoming a cheap and effective way to collect solar energy. Though this project is specifi-

cally focused on the light emission and absorption processes of the fluorophores in question,

we begin our discussion with the core objective of the collaboration: fluorophore synthesis.

Even within the field of nanomaterials, there is a vast amount of knowledge surrounding

the synthesis and study of nanocrystals. In their introduction to the first chapter of Col-

loidal Quantum Dot Optoelectronics and Photovoltaics, Bodnarchuk and Kovalenko describe

the quantum dot, or semiconductor nanocrystal (NC), as “one of the most accomplished

nanoscale building blocks” [11]. Since their discovery, much of the research on quantum dots

has focused on colloidal quantum dots, which are synthesized in solution. Colloidal synthesis
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methods now dominate the literature because they give far greater control over nanocrystal

properties (such as size) during the synthesis process. Xin et al. report a molecular beam

epitaxy growth process (not colloidal) that results in a “narrow” size distribution of dots

with diameters of 40± 5 nm [12], but colloidal synthesis allows for synthesis of much smaller

dots with narrower size distribution. Colloidal nanocrystals range in diameter from 1 nm to

20 nm [4], although non-spherical geometries make a measure of diameter less meaningful.

We restrict the scope of this research to these colloidal nanocrystals, but this still leaves a

vast body of relevant literature on quantum dots spanning the fields of chemistry, physics,

and materials science.

The nanocrystals discussed in Sections 2 - 7 of this document are predominantly composed

of CdSe and CdS, which has a hexagonal wurtzite structure (Figure 3) at this size regime.

The salient aspect of the wurtzite structure is that crystal growth naturally happens most

rapidly along the longer c-axis. A wurtzite crystal has cylindrical symmetry about this

c-axis.

Figure 3: Figure adapted from figures on Wikipedia page for “Wurtzite Structure” [13]. The
unit cell on the right is a ball-and-stick model of the darkly shaded region in the hexagonal
structure to the left.
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2.1 Mn2+-Doped Emitters

Some technologies that incorporate colloidal quantum dots, and LSCs in particular, would

perform better if the Stokes shift of the nanocrystal were increased [14]. The Stokes shift is

the separation in energy (or wavelength) between the lowest-energy (last) absorption peak

and the highest-energy (first) emission peak. In other words, the Stokes shift for a given

nanocrystal in the inset of Figure 2b is the difference in wavelength between the rightmost

peak on the solid black line (absorption) and the peak of the color corresponding to the

nanocrystal emission spectrum. This shift can be increased via the process of “doping,” in

which a different material is introduced to the otherwise pure nanocrystal [14].

In particular, doping semiconductor material with transition metals such as Mn2+ creates

a dilute magnetic semiconductor (DMS), in which some atoms in the semiconductor crystal

lattice are replaced by metal atoms [15]. For example, a Mn2+-doped CdSe nanocrystal

adopts the stoichiometry Cd1−xMnxSe where x describes the concentration of manganese

and can run as high as 50% [15], although for quantum-dot doping, concentrations of 0-

2% are typical [16, 17]. DMS QDs can be separated into three categories based on their

electronic structure [17]. First, for Mn2+-doped ZnS, CdS, and ZnSe, for example, some Mn2+

electronic states lie in the semiconductor band gap, and efficient, nonradiative transitions

from conduction-band states to the Mn2+ states quench band-gap emission, but allow for

emission from the Mn2+ impurity states [17]. Second, in semiconductors with a large band

gap, the interband Mn2+ states can quench excitonic emission, as is the case with doped

ZnO [17]. Finally, in Mn2+-doped CdSe dots with diameters larger than 3.3 nm, the reduced

quantum confinement decreases the band gap until all of the dopant states lie above the

band-gap. In this case, there is no quenching of emission, but the nanocrystal exhibits the

properties of a DMS, such as large Zeeman splitting [17].

Large Zeeman splitting arises in a DMS because of the sp-d exchange interaction, which

couples electrons in the dopant and electrons in the semiconductor material [15]. The sp-

d exchange interaction and large Zeeman splitting in DMS colloidal QDs (wurtzite CdSe,

in particular), which have been directly observed [16], have enabled the further study of
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fine structure in quantum dots. The fine structure can be modeled using a three-term

Hamiltonian that accounts for Zeeman splitting, electron-nuclear hyperfine splitting, and

axial zero-field splitting [16]. In particular, zero-field splitting arises, independent of an

external magnetic field, due to strain imposed by the replacement of Cd2+ with Mn2+ in the

crystal lattice [16]. This effect is emphasized here because strain between the crystal lattices

is also the effect in CdSe/CdS dot-rod heterostructures that causes fine-structure splitting

in the absence of a magnetic field [18, 19].

Doping the NC changes the optical properties via the electronic structure. Mn2+ is one

of the most common dopants and is the only one that will be treated here. For a free

Mn2+ atom (or several atoms) in a semiconductor material, as is the case in a quantum

dot, the most stable ground-state electronic structure is to fill the five 3d electronic states,

each with a single electron [20]. In this state (6A1), the five electrons have an identical,

aligned spin. The lowest excited state occurs when a d−electron transitions to join another

electron that is also in a d−state. This state (4T1) has three unpaired d−states and one

paired d−state. Because the 4T1 →6A1 transition requires that an electron flip spin and

is therefore is spin-forbidden [20], it requires a mediating particle to conserve spin angular

momentum. The aforementioned transition is possible when the spin-flip is mediated by

spin-orbit-coupling at the dopant atom [20]. The synthesis process and the nanocrystal

composition has a significant impact on the nanocrystal’s optical properties, as the effect of

Mn2+ doping makes evident; however, composition is not the only factor that determines

the fluorophore’s properties.

3 Nanocrystal Geometry

Nanocrystal geometry, which can be controlled during the synthesis process by altering the

growth conditions [21], also has an impact on the fluorescence that the nanocrystal emits,

and for this reason it is a relevant aspect of fluorophore design for this project, which is

primarily interested in assessing how nanocrystals can be specifically designed to enhance
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the performance of LSCs.

Colloidal quantum dots are distinguished from bulk crystal semiconductors by quantum

confinement effects. Traditional bulk semiconductors display different properties based on

their energy band gap, which is the difference in energy that separates the valence band,

where electrons are bound in an atomic potential, from the conduction band, where elec-

trons flow freely throughout the material. Electrons, however, exhibit quantum mechanical

behavior when they are confined to a small region, as is the case in a quantum dot. In this

case, they are described by a wavefunction that spreads out in space, accounting for the

uncertainty quantum mechanics demands by describing not the position of the electron, but

rather the likelihood of finding an electron at a specific position and time. In a bulk crystal,

the size of the wavefunction is insignificantly small relative to the bulk crystal dimensions;

however, as the crystal dimensions shrink to below ∼10 nm [21], the confinement imposed

by the small physical size alters the electron wavefunction as well as the energy associated

with the wavefunction according to the Schrödinger equation. Notably, quantum dots are

not atomically or molecularly small, but rather occupy an intermediary range larger than

molecular clusters but smaller than bulk crystals. The boundaries between each of these

domains are not well-defined, but the particle can be considered a nanocrystal (or quantum

dot) when it contains roughly between 100 and 100,000 atoms [21].

In this section, we will explore the varying physical geometries of colloidal nanocrystals

and how these geometries impact the photoluminescence (PL) polarization, but we restrict

our focus to variations on the more generic geometries. In particular, we will not study the

more esoteric variants of nanocrystals, although many exotic geometries have been studied

theoretically [22]. The most widely studied colloidal nanocrystals have spherical geometry

(quantum dots), but there is also an extent of literature on elongated “quantum rods” as

well. Figure 4 gives schematics for the various geometries discussed in this paper. Given the

invariable dependence of the NC emission polarization on the spherical or rod geometry, the

following discussion of PL polarization is broken down first by NC geometry and then by

variation of the spherical or rod-like geometries (e.g adding a shell to the NC, displacing a
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spherical core within a rod, etc.)

The crystal structure of the semiconductor material or materials that comprise the NC

are also relevant for the properties of the NC (such as the emission polarization). CdSe

and CdS, which are the materials studied in the majority of the literature reviewed for this

work, all have a wurtzite crystal structure. The wurtzite crystal is symmetric about a c axis,

and crystal growth tends to be faster along this axis, which can lead to prolate particles

with typical aspect ratios of 1.2 [21]. When growth is slow at the nanoscale regime, particles

naturally grow more spherically since the spherical geometry minimizes surface energy, which

is a dominating effect at this size regime [21]. Unsurprisingly, the long axis in a CdSe or

CdS nanorod is aligned with the wurtzite crystal axis [19], as one would expect given the

faster growth along this axis.

Having discussed how the composition and geometry of nanocrystals can be controlled,

we are now ready to explore the impact that these design and synthesis decisions change the

behavior of the fluorescence that the nanocrystal emits after it absorbs light.

Figure 4: Schematic of various prevalent nanocrystal geometries discussed in this paper

4 Polarization Measurements

4.1 The Polarization of Light

Light consists of a propagating, self-sourcing electromagnetic wave, and light is said to be

linearly polarized when the electric field in the wave oscillates in the same direction for all

of the light that is emitted from a source. Strictly speaking, Maxwell’s equation, when

combined to form a wave equation that governs light propagation, guarantee only that that
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the vector quantities representing the electric and magnetic fields in an electromagnetic wave

change continuously. The consequence of this is that light propagation is not limited to the

most commonly depicted scenario where orthogonal electric and magnetic fields oscillate

along a single direction, but is also possible when the electric and magnetic field vectors

rotate about the axis of propagation. This light is called circularly polarized, and it can

be either left-circularly polarized or right-circularly polarized, depending on whether the

rotation of the electric field with time is clockwise or counterclockwise, respectively, about

the axis of propagation when viewed by an observer that the light is traveling away from

[23]. Laser light is often highly linearly polarized, but in general it is more common for a

light source to emit light that is randomly polarized. This means that each photon has a

linear polarization, but the electric fields are not aligned with each other, and on average the

emitted light is unpolarized. Because light emitted from a source can have a polarization

in any intermediate state between completely linearly polarized and completely unpolarized,

it is useful to have a system for quantifying the degree to which emitted light is linearly

polarized relative to some reference axis. Often, there is a natural orientation that can be

used as a reference axis, such as the long axis of a quantum rod, or the polarization direction

of linearly polarized excitation light from a laser.

4.2 Measurement

There are two standard ways to quantify the degree of linear polarization of light emitted

from a sample. According to ref. [24], the polarization factor (or sometimes just polarization)

can be expressed as

p =
I|| − I⊥
I|| + I⊥

. (1)

Here, I|| and I⊥ are the intensities of light emitted with linear polarization parallel and

perpendicular to the polarization of the excitation light, respectively. This means, of course,

that the excitation light must be linearly polarized. In practice, if the orientation of the
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fluorophore can be precisely known (for example, if the fluorophores are oriented and held

in position), then the emission polarization factor can be measured, but I|| and I⊥ refer to

the relative orientation between the fluorophore and the emission polarization, rather than

between the excitation and emission polarizations. The polarization factor may be appealing

because of its intuitive numerical interpretation. For a single fluorophore, polarization ranges

−1 ≤ p ≤ 1 with p = −1 corresponding to emission polarized perpendicular to excitation,

p = 0 corresponding to unpolarized emission, and p = 1 corresponding to emission polarized

parallel to excitation.

The polarization anisotropy carries the same information as the polarization factor, but

differs slightly in form. It is given in ref. [24] by

r =
I|| − I⊥
I|| + 2I⊥

. (2)

where I|| and I⊥ are defined as above. Measurements of anisotropy are preferred because the

anisotropy is normalized by the total intensity for a sample with symmetry about the z-axis,

IT = I|| + 2I⊥ [24]. Just as I|| and I⊥ could refer to the orientation of the emission relative

to the fluorophore for polarization measurements, the same is true for anisotropy [25]. The

somewhat perplexing factor of 2 in the total intensity accounts for the fact that there are

technically two axes perpendicular to the polarization of the excitation—one perpendicular to

both the direction of light propagation and I||, and one parallel to the direction of propagation

but still perpendicular to I||. Again for a single fluorophore, polarization anisotropy can take

on values −0.5 ≤ r ≤ 1 with r = −0.5, r = 0, and r = 1 corresponding to the three

cases above for polarization, respectively. The asymmetry in the extrema -0.5 and +1 is a

consequence of the extra factor of 2 that appears in the denominator of the right hand side

of equation 2. Furthermore, while a single fluorophore that is perfectly aligned along the

reference axis can have r = 1.0, for an isotropic solution of particles, r is restricted to −0.2 ≤

r ≤ 0.4, where r = 0.4 corresponds to perfectly aligned absorption and emission dipoles in

the fluorophore [26]. We have introduced anisotropy because it is a useful measurement and

because it facilitates discussion of experimental results in the literature that make use of this
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metric; however, it is a somewhat nuanced metric that we have not thoroughly discussed

here, so we will use the polarization factor p to discuss our own experimental results in

Section 8.

5 Plane-Polarized Emitters

Thus far, we have addressed nanocrystal properties that (1) have a significant impact on

the fluorescence properties of the nanocrystal, and (2) can be controlled during the synthesis

process, making them design parameters that can be used to optimize the optical behavior of

the nanocrystal for use in LSCs. We are now ready to turn to experimental results from the

literature to understand how individually changing properties such as nanocrystal composi-

tion and nanocrystal geometry has affected the optical properties of various fluorophores.

5.1 Dot and Core/Shell Geometry

Spherical CdSe CQDs are among the most-studied nanocrystals (although CdSe is a commonly-

studied material generally). The emission from a single CdSe nanocrystal has been observed

to be plane-polarized [27, 28], which means that PL emission is suppressed in one direction,

often referred to as the “dark axis,” but can be emitted in the plane perpendicular to this

dark axis. In CdSe nanocrystals, this dark axis arises from the hexagonal crystal structure

of CdSe [27]. The hexagonal crystal axis, or c-axis (see Figure 3) is parallel to the dark

axis. Thus although a single spherical CdSe/CdS quantum dot should exhibit polarization

dependence, the polarization of luminescence varies from dot to dot since the orientation of

the dark axis depends on the orientation of the dot on the substrate [28]. As long as this

orientation of the dots is not controlled, the fluorescence of an ensemble of dots should not

appear polarized as the polarized emissions of individual dots will be randomly distributed

and average out to what appears to be unpolarized emission.
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6 Linearly Polarized Emitters

Fluorophores that can be aligned and that preferentially emit light in a particular direction

(or known set of directions) are useful for LSCs because they give scientists the ability to

boost the fraction of absorbed photons that are directed toward the edges of the LSC rather

than ejected from the LSC via the escape cone (Figure 1). Rod-like nanocrystals exhibit

these properties, which is why we devote significantly more attention to them than we did

to plane-polarized emitters.

6.1 Rod Geometry

The quantum rod is probably the purest juxtaposition to the quantum dot, and it thus

makes sense to begin a discussion about NCs that emit polarized PL with a discussion

about nanorods. While quantum dots are a 0-dimensional object, confined in three spatial

dimensions, quantum rods are 1-dimensional objects because they can be grown long enough

to eliminate quantum confinement effects along their long axis. The quantum rod is an

interesting first candidate for study in part because a quantum dot can be “transformed”

into a quantum rod by allowing the crystal to extend in one dimension along the wurtzite

c-axis [29] and observing the changing optical effects. This precise development has been

studied both experimentally [30] and theoretically [30, 31] with close qualitative agreement.

For rods with diameters of 3.0 nm and aspect ratios ranging from 1:1 to 30:1, there is a

sharp transition in polarization factor (Equation 1) from p ≈ 0 to p ≈ 0.70 as the aspect

ratio increase from 1:1 to 2:1 at room temperature [30]. After this point, the polarization

factor is nearly constant with increasing aspect ratio, which is the ratio of the rod’s length

to its diameter.

6.2 Rod-in-Rod Geometry

After preparing a nanorod, it is possible to grow an encapsulating rod-shaped shell around

the rod, which tends to enhance its optical properties associated with the rod geometry.
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In particular, Sitt et al. synthesized colloidal CdSe/CdS rod-in-rod heterostructures and

report band-edge emission with polarization ranging from p ≈ 0.6 to p ≈ 0.8 in dot-in-

rod and rod-in-rod structures, with only rod-in-rod structures reaching p ≈ 0.8 [26]. One

significant aspect of creating a heterostructure that is relevant for both dot-in-rod and rod-

in-rod structures is that depending on the materials used for the core and shell, the energy

band alignment can either be type-I or type-II [26]. Semiconducting materials (such as CdSe

and CdS) each have a band gap energy, which describes the energy difference between the

valence and conduction bands [32], and the relative positioning and size of these bands give

rise to different possible energy configurations, two of which are type-I and type-II [33].

The band alignment (I or II) drastically changes the exciton behavior because it changes

the energy environment that the exciton is exposed to. These changes are not discussed in

greater detail here.

As was the case with nanorods, the greater geometric complexity of the rod-in-rod struc-

ture complicates how PL polarization depends on the rod geometry and why. In spherical

NCs, the quantum-dot size is the only variable parameter, and changing this parameter al-

ters the PL emission spectrum via quantum confinement [4]. In a rod-in-rod geometry, the

dimensions and aspect ratio of both the core [26] and shell structures can affect PL emission,

and the interplay between competing or reinforcing effects becomes more difficult to tease

apart (see Figures 5, 6). Furthermore, many of the above-bandgap effects are energy (or

wavelength) dependent, so the polarization anisotropy depends not only the heterostructure

geometry, but on the emission energy being studied [26]. That being said, the lowest band-

edge emission state of the core is polarized in both nanorods and dot-in-rods [26], which was

not the case for the ground-state emission for spherical core/shell quantum dots.

Figure 5 shows only a few examples of the results of varying several different parameters

(excitation wavelength, shell length and diameter, core length and diameter); however, it

is useful in understanding the broader trends of how geometry impacts the degree of po-

larization in nanocrystals. Perhaps the most obvious trend is that of the decreasing degree

of anisotropy as excitation energy rises above the band-edge for all geometries. Because
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anisotropy from band-edge excitation (purple bar) is by far the highest, and anisotropy de-

creases as excitation energy continues to increase for all nanocrystal geometries shown, it

is clear that band-edge excitation produces the highest degree of linear polarization in all

geometries. This is because for rod geometries, the lowest-energy excited states (band-edge)

are linearly polarized, but for higher-energy transitions, this is not the case as there are

many possible electronic transitions [26].

Figure 6 further demonstrates the greater anisotropy of rod-in-rod structures as com-

pared to dot-in-rod structures and reveals a more complex dependence on excitation energy

than Figure 5 would suggest. The right edges of the sub-plots is the band-edge energy, so the

greater anisotropy of rod-in-rod (blue curve) structures compared to dot-in-rod structures

(red curve) at the band-edge is consistent with Figure 5. At energies above (wavelengths be-

low) the band edge, anisotropy decreases nonmonotonically for both structures, but remains

above zero in both cases.

Figure 5: Figure taken from Sitt et al. [26] (Figure 4d), showing polarization anisotropy
measurements for various dot-in-rod and rod-in-rod nanocrystal heterostructures. The
anisotropy of each geometry is measured at and above the band edge (different bar graphs).
Note that band-edge emission has the highest anisotropy; as excitation energy increases
above the band-gap, the anisotropy decreases.
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Figure 6: Figure modified from Hadar et al. [34] plotting anisotropy, r, versus emission
wavelength for rod-in-rod (a) and dot-in-rod (b) heterostructures. These curves demonstrat-
ing both the greater band-edge anisotropy for rod-in-rod structures compared to dot-in-rod
structures as well as how anisotropy tends to decrease with decreasing wavelength (energy
increasing above the band edge). The dotted and dashed lines in the sub-figures correspond
to the similarly marked electronic transitions in the insets of each sub-graph.

6.3 Dot-in-Rod Geometry

Given that nanocrystal rods tend to emit linearly polarized light and that nanocrystal dots

tend to emit plane-polarized light, the emission polarization of the dot-in-rod heterostructure

would appear to experience competing effects. The polarization of dot-in-rod heterostruc-

tures have been experimentally considered both for single rods [19, 34] and for aligned sheets

of rods [25]. Emission from these structures tends to be polarized, and the cause of this

polarization will be explored in Section 7. The emission polarization factor for rod-in-rod

heterostructures is higher than that that for dot-in-rod structures (p = 0.83 compared to

p = 0.75, according to [34]). Studies of single dot-in-rod heterostructures have revealed

that larger diameters of the core correspond to an increased degree of linear polarization

[19], which further reveals how the additional degrees of freedom in structures with more

sophisticated geometries can express unintuitive relationships between geometric parameters

and physical properties. Hadar et al. combined statistical measurements of both polariza-

tion factor, p, and polarization anisotropy, r, to interpolate absorption polarization factors
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for dot-in-rod and rod-in-rod structures. The authors report an absorption polarization of

p = 0.97 and p = 0.88 for rod-in-rod and dot-in-rod structures, respectively [34]. Both struc-

tures have similar rod-shaped shells, and the discrepancy between dot-in-rod and rod-in-rod

absorption polarizations highlights that whether fluorescence is linearly polarized depends on

more than the overall rod geometry. Some of this complexity will be addressed in Section 7.

More recently, the experimental analysis of CdSe/CdS dot-in-rod heterostructures has

been bolstered by theoretical work, which has illuminated the significant role that strain at

the heterostructure interface has on the anisotropic wurtzite core and subsequently on the

emission polarization [18]. The authors use k ·p theory to explain how the energetic stabiliza-

tion and increased recombination rate of light holes relative to heavy holes are responsible

for the increased degree of linear polarization from dot-in-rod structures [18]. In particu-

lar, Vezzoli et al. explain the increased degree of polarization with increasing core size of

CdSe/CdS dot-in-rod heterostructures in terms of energy level-swapping of the 1D (linearly

polarized) and 2D (plane-polarized) emission states [19]. A long, thin shell surrounding a

large core generates crystal strain at the heterostructure interface, which exacerbates the

level-swapping and increases the degree of linear polarization [19]. This effect is identical to

the one described by Planelles et al., although those authors describe the geometric proper-

ties as altering the energy and lifetime of hole states rather than electronic states. Perhaps

most significantly, the consistency of the theory presented in ref. [18] with the experimental

results from refs. [19], [26], and [34] provides a basis for the broad conclusion that large,

prolate cores within long, thin shells are the dot-in-rod structure exhibiting the greatest

degree of linearly polarized emission [18].

6.4 Dot-in-Rod (graded shell) Geometry

One new and interesting variant of the CdSe/CdS dot-in-rod heterostructure is a dot-in-

rod geometry in which the CdS shell has been replaced with a graded shell that ranges in

composition from CdS near the core to ZnS near the outer edge. These structures have

been synthesized and studied within the past year [35]. The polarization factor of single
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graded dot-in-rod structures with stoichiometry CdSe/Cd1−xZnxS and dimension 23 × 4.5

nm has been experimentally determined to be, on average, p = 0.77 [35]. The authors report

that graded-shell dot-in-rod heterostructures are competitive with or superior to traditional

dot-in-rod (or even spherical core/shell) structures, although the details of these properties

are not relevant to this report [35]. Nevertheless, ref. [35] demonstrates that the rapidly-

developing techniques used to synthesize and characterize more sophisticated geometries are

enabling the study of high-performance nanocrystals with numerous degrees of freedom.

7 Physical Causes of Polarization

To complete the literature review that complements our experimental work, we address the

theoretical connection between the design parameters, such as nanocrystal composition and

geometry; and the fluorophore’s optical properties, such as the degree to which fluorescence

is linearly polarized. This section serves both as a causal link between the synthesis con-

siderations and the experimental results found in the literature as well as to give us the

context to begin to understand our own experimental results, presented in Section 10, from

a theoretical perspective.

This review focuses primarily on two broad systems—quantum dots and quantum rods—

and to date all ensemble systems with spherical geometry have been observed to emit PL

that is not linearly polarized, while rod geometries have been observed to emit linearly po-

larized PL parallel to the rod axis, as discussed in Section 6. Though the question of how

polarization arises is difficult to answer, especially in nanocrystals with more complicated

composition or geometry, it is worth addressing some of the broad effects and basic theory

that researchers have used to understand the presence of plane-polarization or linear po-

larization in luminescence emission from nanocrystals. In particular, these effects can be

divided into two categories: electronic effects, which arise from behavior of the electrons in

the nanocrystal, as governed by quantum mechanics, and the dielectric effect, which is an

electromagnetic effect. Figure 7 gives a visual representation of the bigger picture obtained
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in the course of the review of the theory presented in the remainder of this section.

Figure 7: Simplified schematic showing trajectory in literature that addresses answer to the
question, “Why is the degree of polarization of fluorescence different for different nanocrystal
geometries and compositions?”

7.1 The Dielectric Effect

One source of polarization that is ubiquitous in all non-spherically-symmetric nanocrystals

(including spherical wurtzite dots, which are not spherically symmetric due to the wurtzite

structure [21]) is the dielectric effect. Before delving into how the dielectric effect manifests

in different geometries and NC compositions, we review the basic principles.

The dielectric effect describes how the intensity of an electric field changes as it moves

across an interface between materials of different dielectric constants. At an interface, such

as the interface between a nanorod and an external vacuum, the dielectric effect does not

impact electric fields parallel to the interface but screens electric fields perpendicular to the

interface. For nanowires [36] and nanorods [26], this screening reduces the magnitude of the

electric field perpendicular to the interface within the nanocrystal according to

Ei =
2ε0
ε+ ε0

Ee. (3)

Ee and Ei are the magnitudes of the electric field of the excitation light externally and in-

ternally, respectively, while ε0 and ε are the dielectric constants of vacuum and the material,
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respectively. This screening can be derived from boundary conditions of classical electro-

statics, as is done in Landau and Lifshitz’s Electrodynamics of Continuous Media [37] and

is schematically shown below in Figure 8. It is worth noting that the dielectric effect, by

virtue of suppressing electric fields perpendicular to the rod axis, polarizes both absorption

into and emission from the rod.

The dielectric effect impacts essentially all nanocrystal structures, making it an important

underpinning of polarization in nanocrystals; however, the same omnipresence that makes it

so worth exploring means that it cannot explain why the degree of polarization depends on

the NC geometry, especially in various dot-in-rod structures [19]. Recently [18], authors have

pointed to the impact that fine structure splitting must have on the emission polarization

of dot-in-rod heterostructures since neither the degree of polarization observed in refs. [26]

and [34] nor the nonmonotonic dependence of polarization factor on the aspect ratio of the

nanorods studied in ref. [19] can be explained by the dielectric effect alone.

Figure 8: This schematic exhibits the dielectric effect. The amplitude of the electric field
in an incident wave, Ee, does not decrease as it passes into a nanorod (with amplitude Ei)
when the incident wave is linearly polarized parallel to the rod (top), but does reduce the
amplitude when the wave is linearly polarized perpendicular to the rod axis (bottom).

7.2 Fine Structure Splitting

While classical electricity and magnetism accounts for the dielectric effect, fine structure

is the electronic cause of polarization, and thus the polarization of PL from NCs depends

both on the dielectric effect and on the fine structure of the NC. Fine structure describes

the slight energy dependence on electron spin and total angular momentum, which can

ordinarily only be experimentally observed in strong magnetic fields (on the order of 10

24



T) [38]. In heterostructure nanocrystals, however, fine structure splitting can occur not only

from magnetic fields, but from crystal asymmetry that arises from both the asymmetry of

the wurtzite lattice itself and the asymmetry of the entire nanocrystal [39].

Different authors discuss the electronic causes of polarization in different terms, though

they generally agree on the physical cause of linear polarization. Hu et al. center their

discussion in electron orbitals [30], pointing out an effect known as “level crossing.” Level

crossing, which describes how the energy bands for electrons in px,y and pz orbitals cross over

each other, occurs at an aspect ratio of between 1:1.125 (theoretically) and 1:3 (experimen-

tally) [30]. This level crossing gives rise to a sudden transition from plane-polarized emission

to linearly polarized emission.

Increasing aspect ratio of the rod increases produces level swapping; however, Vezzoli et

al. found that in dot-in-rod structures, an increase in core size can also induce level-swapping

[19]. Figure 9, excerpted from ref. [18], showcases the significant effect that both core size

and rod aspect ratio have on PL polarization. More recently, researchers have learned that

these two changes, increasing rod length and increasing core sizes, exacerbate the strain

between the core and shell structures, which separates the fine-structure degeneracy, making

transitions that produce linearly polarized light more favorable [19, 18].

In addition to increasing rod length, in dot-in-rod structures an increase in core size

can also induce level-swapping [19]. More recently, researchers have learned that increasing

rod length and larger core sizes exacerbate the strain between the core and shell structures,

which separates the fine-structure degeneracy [19, 18]. Whether authors describe the fine-

structure splitting as separating the energies of px,y and pz orbitals [30], 2D and 1D dipoles

[19], or heavy-holes (HH) and light-holes (LH) [18], the collective understanding is that

crystal anisotropy and increased strain from the heterostructure favors electronic structures

in which emission from the band-edge state is linearly polarized rather than plane polarized.

Planelles et al. cast their results in terms of hole states in the nanocrystal, rather

than electron states, and recently used mulitband k · p theory to show that in a dot-in-rod

CdSe/CdS heterostructure, the ground state switches from heavy-hole (HH) to light-hole
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(LH) when the anisotropic shell is grown around the nearly spherical core [18]. In particular,

the stabilization of the light-hole ground state is accomplished predominantly by shear strain

(with additional support from electron-hole Coulomb attraction and quantum-confinement),

which results from the mismatch in crystal structures [18].

Sitt et al. report that in nanorods and dot-in-rod structures, the band-edge hole state

is mostly LH, which, along with the dielectric effect, gives rise to the linear polarization

that they observe for absorption and emission [26]. In particular, the LH nature of the

band-edge hole state causes band-edge absorption to be polarized. At absorption above

band-edge more (unpolarized) electronic transitions are possible, but the dielectric effect

screens perpendicular electric fields, leaving the absorption polarized [26]. Emission, which

occurs predominantly from the band edge, remains polarized [26].

Figure 9: This figure from ref. [18] shows how the fluorescence polarization (1) becomes
more linear with increasing aspect ration of the core, and (2) depends also on the overall
size of the core relative to the rod shell.

8 Experiment

Having broadly addressed the theoretical underpinning of light emission and absorption by

nanocrystals and how the shape and composition of the nanocrystals impact the polarization

of emitted light, we can now turn to the experimental portion of this research. The driving

motivation of the experimental component of this research is to probe the optical properties

of nanocrystals synthesized for their use as the fluorescing particle in an LSC.

The two greatest obstacles to LSC efficiency arise from (1) escape cone losses and (2)
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re-absorption losses [14, 40]. The escape cone is defined as the range of angles, determined

by Snell’s law, within which an emitted photon will refract out of the waveguide instead

of undergoing total internal reflection (see Figure 1). Reabsorption losses occur when the

absorption and emission spectra of the fluorophore overlap, allowing for photons emitted

by one fluorophore to be later absorbed by another one. Because this process can occur

repeatedly, the losses due to reabsorption compound. Escape cone losses can be mitigated

using properly aligned quantum rods as the fluorophore in the LSC because they emit more

photons in the plane of the LSC since their fluorescence emission is polarized along the rod

axis. Put another way, rods aligned in an LSC such that their dark axis is parallel to the

surface area vector of the LSC will preferentially emit light toward the edges of the LSC

rather than out the front or back surfaces. Additionally, doping quantum dots with Mn2+

enhances the effective Stokes shift, further separating the absorption and emission spectra

and reducing the likelihood that an emitted photon will be reabsorbed before reaching the

edge of the waveguide [14]. To our knowledge, this investigation will be the first to report

whether the fluorescence from Mn2+-doped ZnSe/ZnS dot-in-rod nanocrystals is linearly

polarized. Answering this question is a critical step in assessing how well these nanocrystals

might perform in an LSC. For the duration of this section, we will use the more compact

notation Mn:ZnSe/ZnS dot-in-rods to refer to these manganese-doped dot-in-rods.

8.1 Experimental Design

Outlined below is the experimental setup used to detect the fluorescence emission from a

film of aligned ZnS quantum rods with a Mn:ZnSe near-spherical core. In particular, this

experiment can probe the degree of linear polarization of this fluorescence emission. The

setup we use was inspired by and modified from experimental schematics outlined in refs.

[19], [25], and [41], and is illustrated schematically in Figures 10 (ideal setup) and 11 (current

setup).

We excite our sample with a 25 mW continuous-wave laser with linearly polarized emis-

sion at a wavelength of 405 nm. To avoid confounding polarization measurements of the

27



sample emission with polarization measurements of the sample absorption, we use a quarter-

wave plate to circularly polarize the excitation beam. The quarter-wave plate must be placed

with its fast axis at a 45°angle relative to the linearly polarized laser to completely circu-

larly polarize the beam [23]. The circularly polarized excitation beam is chopped and then

reflected off a dichroic mirror and into an objective lens (ThorLabs RMS 20X, NA = 0.4)

that first focuses the laser onto the sample and then collects and collimates the emitted

fluorescence. The collimated fluorescence (λ ≈ 571 nm for CdSe/CdS quantum dots) coun-

terpropagates along the same axis as the incident laser light until it reaches the dichroic

mirror, which transmits wavelengths longer than 425 nm and thus transmits the fluores-

cence. The beam is focused into a pinhole and then recollimated before passing through a

linear polarizer in a rotation mount and being focused into the monochromator. The pinhole

is positioned using an xyz translation stage and is used to spatially filter the fluorescence

signal.

The preceding paragraph describes our ideal experimental setup and is depicted in Figure

10; however, time constraints, technical difficulties, and an unexpectedly bright signal have

required that we adapt our ideal, final setup slightly. In our current measurement we have

not used the pinhole or the chopper with the lock-in amplifier. The pinhole would help

us collect cleaner data as it would spatially filter the fluorescence, but it also cuts down

significantly on the available signal and must be precisely aligned to be implemented. The

lock-in amplifier and chopper combined would allow us to pick out a faint signal within

a relatively large background of noise, but so far we have been able to detect a strong

fluorescence signal by reading the photomultiplier tube (PMT) output voltage directly using

a multimeter. Because we were not able to detect a signal when using the pinhole, even with

the chopper and lock-in amplifier, we have left both the pinhole and the lock-in/chopper out

of the setup for our data collection, leaving us with the setup shown in Figure 11.
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Figure 10: Ideal experimental schematic

Figure 11: Current experimental schematic, identical to Figure 10 but with the pinhole,
chopper, and lock-in amplifier removed.

9 Preparing the Experimental Setup

Having outlined the rationale for conducting the experiment and shown the schematic for the

experimental setup, we turn to actually constructing the setup and ensuring that it collects

reliable data. We begin by discussing how we addressed some of the more complicated

details of the experimental setup before moving on to how we validated our data collection

process by collecting data for two well-understood systems: CdSe/CdS quantum dots and

CdSe/CdS dot-in-rods. The essential components of our experimental apparatus and a brief

explanation of their purpose in the apparatus are listed in Appendix A in Table 1.
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9.1 Tuning the Experiment

Before reliable data can be collected on the Mn:ZnSe/ZnS nanocrystals mentioned in Sec-

tion 8.1, the experimental apparatus must be tuned and validated. In particular, we need to

guarantee that our apparatus itself does not bias our measurement by responding more or

less sensitively to light with different polarizations. In practice, our apparatus does have a

polarization-dependent response, so understanding the source of this dependence and quan-

tifying its impact is a precursor to collecting quantitative data on the new sample. The

polarization dependence of the experiment arises largely from two sources: the linearly po-

larized laser light and the polarization-dependent sensitivity of the monochromator.

9.1.1 Laser Polarization

To simulate randomly polarized light, we convert our laser’s output from linearly polarized

to circularly polarized using a quarter waveplate. The quarter waveplate consists of a thin,

birefringent crystal with a “fast” axis and an orthogonal slow axis, both of which should

be perpendicular to the optical axis (the laser beam). To convert linearly polarized light to

circularly polarized light, the waveplate must be aligned such that the fast axis of the crystal

makes a 45° angle with the polarization of the incident light [23]. For the vertically polarized

light emitted by our laser, this means placing the fast axis at 45° from the vertical.

We can precisely align the waveplate using the schematic shown in Figure 12 and ap-

plying the following procedure, which is a modification of the procedure recommended by

Meadowlark Optics, Inc. [42]: (1) Remove the quarter waveplate from the apparatus, so now

vertically polarized light that passes through the non-polarized beamsplitting cube reflects

off of the mirror, retracing the incident beam. Upon passing through the beamsplitting

cube again, the vertically polarized light splits again, so half the intensity reflects toward

the polarizer and power meter and detector, and half retraces the incident beam back to the

laser. (2) Rotate the polarizer until the signal arriving at the detector is maximized. This

ensures that the polarizer is rotated into a vertical position. (3) Place the quarter waveplate

at the position shown in Figure 12 and rotate it until the signal detected by the power meter
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is minimized. This procedure works because when (and only when) incident, vertically po-

larized light is perfectly circularly polarized by the quarter waveplate, the light polarization

switches helicity when it reflects from the mirror, and thus when it passes back through the

quarter waveplate, the output beam is horizontally polarized, not vertically polarized. This

signal is completely blocked by the vertically aligned polarizer, and the signal arriving at the

power meter is minimized.

Figure 12: Schematic for aligning quarter waveplate. Vertically polarized light is represented
with the ⊗ symbol, linearly polarized light with the l symbol, and circularly polarized light
with the half-circle arrow. Note that we are not concerned with whether our circularly
polarized beam has positive or negative helicity, but this alignment technique will produce
circularly polarized light of one helicity or the other depending on whether the quarter
waveplate is rotated +45°or −45°from the vertical.

To confirm that the quarter waveplate is set correctly, we can use a polarizer and power

meter to test the polarization-dependence of the power output from the laser using the

schematic shown in Figure 13a. The vertically polarized laser light (⊗) passes through the

quarter waveplate, (hopefully) becoming circularly polarized. We then select out a single

polarization with a polarizer in a rotation mount and measure the power passing through

the polarizer at that position. We can rotate the polarizer through a full circle and record

laser power at each position, which produces the plot in Figure 13b. If the waveplate were

perfectly aligned, there would be no variation in the laser power with changing polarizer

position. As is, there is some small variation (≈ 12% of maximum) in the laser power. This
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variation is acceptable for the first-pass measurement of the polarization factor that we would

like to take on the ZnSe/ZnS rods; however, future experiments should revisit the quarter

waveplate alignment to improve the accuracy of any quantitative data collected using this

apparatus.

(a) (b)

Figure 13: (a) Schematic for testing residual degree of laser polarization. (b) Measured laser
intensity for different polarizer positions in the schematic shown in Figure 13a. If the quarter
waveplate were perfectly aligned, there would be no dependence of the signal intensity on
the polarizer angle. The waveplate, therefore, is not perfectly aligned, though it should be
close enough to proceed with the experiment.

9.1.2 Monochromator Assessment

Nearly all of the optics used in our experiment were chosen specifically not to have polarization-

dependent optical properties. This prevents polarization sensitivity intrinsic to the apparatus

itself from biasing our measurements of the polarization factor of fluorophore luminescence.

The most significant exception to this general statement is our monochomator, which is

much more sensitive to vertically polarized light than horizontally polarized light because of

the internal diffraction grating that makes wavelength selection possible in the first place.

Other authors who have performed a similar experiment use a charge coupled device (CCD)

camera to detect fluorescence rather than a monochromator and PMT [41], thereby dodging

this problem entirely. Because a monochromator was available to us, we have used this piece

of equipment and must account for how it influences our polarization measurements.

We can explore the polarization dependence of the monochromator using the experimental
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schematic shown in Figure 14a. We choose to explore this polarization dependence in the

monochromator at 571 nm since this is the peak emission wavelength of the CdSe/CdS

quantum dots that comprise our first sample, presented in Section 9.2.1. We use a halogen

bulb as a source for unpolarized light, and we encase the bulb such that only a small beam

of light is allowed to pass down the beam line. We pass this unpolarized beam through a

polarizer in a rotation mount, and this unpolarized source combined with a rotating polarizer

allows us to focus a beam of arbitrary linear polarization but constant intensity into the

monochromator. Because this beam has a fixed intensity, the recorded voltage should not

change as we rotate the polarizer to select out different polarizations of the unpolarized

source, and thus any variation in the recorded voltages is a product of the monochromator.

We record PMT voltage for a full rotation of the polarizer to produce the plot in Figure 14b.

In measurements on fluorophore samples, we use this measurement of the monochromator’s

polarization dependence to eliminate the apparatus’ polarization bias from our measurement.

We do this by dividing our measured PMT voltage at each polarizer angle for each sample

by the corresponding PMT voltage from this experiment.

(a) (b)

Figure 14: (a) Schematic for measuring polarization dependence of monochromator sen-
sitivity. When we rotate the polarizer and record the PMT output voltage, the result is
Figure 14b. (b) Plot of PMT output voltage (blue dots) as a function of polarizer angle.
The red curve is the curve y = −0.46 cos2(θ − 0.1) + 0.7, which was fit to the data “by
hand” to highlight that the polarization dependence of the measured intensity due to the
monochromator varies according to cos2(θ), which is what we expect given Malus’s Law [23]
for a two-polarizer system (the monochromator and the polarizer).
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9.2 Validating Measurement Capabilities of the Experiment

Having explored and quantified the components of our experiment that could influence our

measurement of the polarization factor, we can move on to validate our experiment by mea-

suring the polarization factor for fluorescence from quantum dot films. We break this vali-

dation into two steps. First, we measure the polarization factor for an ensemble of spherical

quantum dots, which we expect not to have any measurable polarization (see Section 5.1).

Next, we measure the polarization factor for a sample of aligned CdSe/CdS dot-in-rods,

which we expect should produce linearly polarized light. The combined validation of what

should be a null result (no polarization for the dots) and a positive result (measure a degree

of linear polarization for the rods) will indicate that our apparatus produces qualitatively

accurate measurements. If our measurement for the polarization factor of the CdSe/CdS

dot-in-rods is close to the literature value for similar rods, it is possible that our measure-

ment of the polarization factor for fluorescence from the Mn:ZnSe/ZnS dot-in-rods is also

quantitatively accurate, though the many potential differences between our sample of rods

and rods studied in the literature, not to mention the known sources of error within our

apparatus (e.g the residual linear polarization of the laser) makes any quantitative value of

for p somewhat suspect.

9.2.1 CdSe/CdS Quantum Dots

Professor Munro and her students at Pacific Lutheran University synthesized all of the

nanocrystal samples that we have studied for this report, which is to say that their work

provided us with the samples that have enabled us to write the remainder of this section.

Our first validation fluorophore is a sample of CdSe/CdS core/shell quantum dots dried onto

a microscope slide. We mount the microscope slide at the sample position in Figure 11. As

always, we rotate the polarizer in front of the lens that focuses light into the monochromator

to measure how the fluorescence intensity changes as a function of its polarization. We

quantify this intensity by recording the output voltage from the PMT. If we plot this output

voltage versus the polarizer angle, we produce Figure 15a. This plot suggests that our
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quantum dots emit fluorescence that is highly linearly polarized; however, much of this effect

is a consequence of the polarization dependence of the monochromator. If we “normalize”

the PMT output voltages we record for the quantum dots by dividing each data point by

the PMT output voltage that we recorded when quantifying the polarization dependence

of the monochromator (Figure 14b), we can eliminate the monochromator’s impact on our

polarization measurement. Applying this normalization leaves us with Figure 15b, and from

these data we calculate p = 0.073 using Equation 1. This plot and p value reveal that the

intensity of the quantum dot fluorescence appears to depend on polarization; however, this

dependence is both irregular and small, and it lacks the cos2(θ) dependence that we would

expect from a source if it were truly emitting linearly polarized light. This dependence

that only vaguely resembles an oscillatory pattern suggests that the variation in power with

polarizer angle is still an artifact of the apparatus, not a result to be interpreted. The

fact that the laser was not perfectly circularly polarized (Figure 13b) further supports the

possibility that these data are not evidence that an ensemble of quantum dots emit linearly

polarized light.

Even though these data are suspicious (and should be retaken after further tuning up the

experimental apparatus), we can calculate the polarization factor p using Equation 1. For this

calculation, we note that p|| = pmax and p⊥ = pmin because the signal will be strongest when

the polarizer is oriented parallel to the monochromator’s axis of most sensitive response.

Similarly, when the polarizer is rotated 90° to admit only fluorescence that is polarized

perpendicular to the monochromator’s axis of most sensitive response, the recorded voltage

will be a minimum.

9.2.2 CdSe/CdS Aligned Quantum Dot-in-rods

After taking measurements on the CdSe/CdS quantum dots, we studied the fluorescence

from a sample of aligned CdSe/CdS dot-in-rods synthesized by Professor Munro’s group at

Pacific Lutheran University. Figure 16 shows TEM images of these rods. These images are

included to show the scale and aspect ratio of the rods, which are were not aligned prior
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(a) (b)

Figure 15: (a) Plot of PMT output voltage versus polarizer angle for sample of CdSe/CdS
core/shell quantum dots. (b) Plot of voltages from (a) divided by unpolarized-source volt-
ages recorded in Figure 14b. This calculation eliminates the impact that the monochromator
has on the measured polarization of the quantum dot fluorescence. We compute the polar-
ization factor p = 0.073 using Equation 1, which is fairly close to zero, as we would expect
for an unoriented ensemble of spherical nanocrystals.

to imaging. We expect the rods in the sample that we discuss in this section to be better

aligned, though our measurements of the fluorescence polarization are not consistent with

this expectation. The rods in our sample should have the same aspect ratio as those in the

TEM images, though they are longer than is desirable for fluorophores that will be used in

LSCs.
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Figure 16: TEM images of CdSe/CdS dot-in-rods similar to those in the sample used in
this section, provided by Ellen LaVoie at the University of Washington’s Molecular Analysis
Facility. Part of this work was conducted at the Molecular Analysis Facility, a National
Nanotechnology Coordinated Infrastructure site at the University of Washington which is
supported in part by the National Science Foundation (grant ECC-1542101),the University
of Washington, the Molecular Engineering & Sciences Institute, the Clean Energy Institute,
and the National Institutes of Health. These images were provided by Professor Munro.

Based on the experimental literature discussed in Section 6, we expect the fluorescence

emitted by these rods to be linearly polarized along the rod axis. Even without identifying

how the rods are oriented on our sample, then, we expect to see a polarization dependence

of the fluorescence intensity on polarizer angle as we rotate the polarizer in the schematic

shown in Figure 11. According to Professor Munro, the dot-in-rod sample we are studying

has a peak emission wavelength of λ = 605 nm, which is the wavelength we set the monochro-

mator to for this portion of the experiment. Unexpectedly, Figure 17 (which eliminates the

monochromator’s polarization-dependent sensitivity using the procedure discussed in Sec-

tion 9.1.2) reveals no clear pattern in the dependence of fluorescence intensity on polarizer

angle. The data are not noisy, per-se, but rather aperiodic, which suggests that the emitted

light is linearly polarized, but that there is a confounding and unaccounted-for factor im-

pacting our measurement (such as misaligned rods). Because the data lack any resemblance

to the expected pattern, we omit a calculation of polarization, p, as it would be misleading.

If this measurement were more than a stepping-stone to our measurement of Mn2+-doped
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nanocrystals, the unexpected result we obtained would merit both deeper discussion and

more extensive experimentation than is delivered in this report.

Figure 17: Plot of PMT voltage for fluorescence from CdSe/CdS dot-in-rods divided by PMT
voltage for the white light source versus polarizer angle. Note the unexpected absence of a
cos2(θ) dependence of signal intensity on polarizer angle.

10 Measurements on Mn:ZnSe/ZnS dot-in-rods

We conclude the experimental portion of this work by discussing our preliminary experimen-

tal results for the sample that we set out to optically characterize, Mn2+-doped ZnSe/ZnS

core/shell dot-in-rod nanocrystals. The samples that the Munro group shared with us only

weeks before these data were collected had not had their absorption or emission character-

ized yet, so we began by removing the polarizer from our apparatus and using the remaining

setup to characterize the emission curve. The result of this characterization is shown in

Figure 18, in which we have highlighted both the distinctive peak at 428 nm and the smaller

peak at 588 nm. We were able to use a low-gain scan to pick out the 428 nm peak, where

low-gain corresponds to a gain-monitoring voltage of 0.5 V. The gain-monitoring voltage for

our PMT can range from 0.3 V to 1.1 V. To pick out the 588 nm peak, we needed to use

a high-gain setting, which corresponded to a gain-monitoring voltage of 0.8 V. As with all

quantum-confined systems, the peak emission wavelength varies by size. For ZnSe quantum
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dots [43] and ZnSe/ZnS dot-in-rod nanocrystals, the peak falls in the UV and visible blue

portions of the electromagnetic spectrum [44, 45]. Hsueh-Shih et al. report emission from

400 nm to 425 nm for ZnSe/ZnS quantum dots of various sizes in ref. [46]. Given that the

428 nm peak that we observe falls on the low-energy (long wavelength) side of this range, it

is likely (1) that the peak results from fluorescence emission from the ZnSe/ZnS heterostruc-

ture, not the dopant atom and (2) that the ZnSe core of the rod may be ≈ 5 nm in diameter.

The authors of ref. [44] report ZnSe/ZnS dot-in-rod emission at 2.98 eV (416 nm) for 33 nm

long rods with 5.0 nm diameter cores.

The 588 nm “peak” is not one that would have drawn our attention based on our high-gain

scan; however, the Mn2+ 4T1 → 6A1 transition has a signature peak that falls in this range.

Erickson et al. report an emission wavelength of 582 nm for Mn2+-doped ZnSe quantum

dots. The Mn2+ transition generally emits light with a wavelength in the 585-600 nm range

[47]; however, the particular emission wavelength can vary depending on the phonon coupling

strength and the crystal field strength [48]. Interestingly, it does not depend directly on shell

thickness [48]. The impact of strain on Mn2+ emission could explain why we observe a peak

at 588 nm in a rod heterostructure, in which strain at the core-shell interface may be shifting

the dopant emission to a longer wavelength.

It is also worth considering that although we can measure the polarization factor for the

peak at 428 nm as well, it is close to the dichroic mirror’s transmission cutoff of 425 nm and

far from the wavelength that the experimental apparatus was designed to operate at, so our

data may be of diminished quality in comparison to our measurements of other samples that

fluoresce at longer wavelengths.

Because we are ultimately interested in employing the large Stokes shift produced by

doping, we first explore the polarization of fluorescence produced at 588 nm, which is highly

linearly polarized, even after we account for the monochromator bias. Figure 19 illustrates

the clear cos2(θ) dependence of signal intensity on polarizer angle, and though the troughs in

the plot “bottom out,” due to the way that we scale our measurement by the PMT voltage

for the white light source, the angular separation between adjacent peaks is 180°, which is
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Figure 18: Plot of PMT output voltage (fluorescence signal intensity) at different wavelengths
to identify peak fluorescence wavelength. Data in main plot recorded for low PMT gain; data
in inset plot recorded with high PMT gain. Low gain and high gain refer to reading a 0.5 V
and 0.8 V on the gain monitor, respectively.

a good indication that the fluorescence is linearly polarized, presumably along the rod axis.

We can use Equation 1 and the scaled data in Figure 19 to compute p = 0.82. Because the

orientation of the rods on the slide cannot be determined with a microscope that we have

access to, the statement that the 588 nm transition is linearly polarized is fairly conclusive;

however, the statement that it is polarized along the rod axis is an unsupported assumption.

We also include the data for our measurement of fluorescence polarization at 428 nm

in Figure 20. In comparing Figure 19 to Figure 20, we may be tempted to conclude that

fluorescence at 428 nm is polarized as well; however, the data taken at 428 exhibit unexpected

variation in the maximum intensity. This behavior is interesting, but it is likely an artifact

of the equipment we are using. In particular, the polarizer that we are using (ThorLabs

LPVISC050-MP2) has an operating window of 510 nm to 800 nm and the dichroic mirror has

a transmission window of 440 nm to 800 nm [49]. It would be unfounded to draw conclusions

from data collected so far outside of the operating specifications of the equipment that we

are using, so we will confine our conclusions to the 588 nm transition.
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Figure 19: Plot of PMT voltage for fluorescence from Mn:ZnSe/ZnS dot-in-rods divided by
PMT voltage for the white light source versus polarizer angle, taken at 588 nm. Note, in
contrast to Figure 17, the clear cos2(θ) dependence of signal intensity on polarizer angle.

Figure 20: Plot of PMT voltage for fluorescence from Mn:ZnSe/ZnS dot-in-rods divided by
PMT voltage for the white light source versus polarizer angle, taken at 428 nm.

11 Conclusion

As is almost always the case in science, this conclusion serves better as a beginning than as

an ending. In the course of this work, we have reviewed literature on the fluorescence from

colloidal quantum dots, focusing on quantum dots constructed from CdSe, Cds, ZnSe, and
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ZnS semiconductors. This discussion of the previous scientific work, which included both

laboratory results as well as theoretical projects, laid the groundwork for our own experiment,

which measures how linearly polarized the fluorescence emitted by ensemble samples of

quantum dots are. We constructed this experiment from scratch, validated its performance

by measuring a near-zero polarization of p = 0.073 at 571 nm for a sample of aligned

CdSe/CdS quantum dots. The outcome of our measurement of CdSe/CdS dot-in-rods was

unexpected in that that data suggest that the nanorods were not strongly linearly polarized

at their peak emission wavelength of 605 nm, and while this result remains unexplored,

it indicates that we should proceed with care as our apparatus produces unexpected and

unexplained results. Finally, we took preliminary measurements on a sample of aligned

Mn:ZnSe/ZnS doped dot-in-rods, for which we report a polarization of p = 0.82 for the

Mn2+ transition at 588 nm. We were unable to report a polarization value for the 428 nm

transition.

Going forward, there are a number of next steps that could be taken in this project. Some

of this progress falls into the category of better understanding and tuning the experimental

apparatus. First, given the significance of the monochromator’s polarization dependence, it

would be worth exploring whether this polarization sensitivity changes with wavelength. As

is, we have only measured the sensitivity at 571 nm, and we have corrected measurements

taken not at 571 nm using our sensitivity data at 571 nm. Second, our laser excitation

is not completely circularly polarized, and this component of the experiment should be

revisited in any future project building on this research. Third, we have not used the pinhole,

but if if can be incorporated into the signal successfully, we could collect higher-quality

data and reduce the likelihood that we are including scattered light in our measurement of

fluorescence polarization. Finally, fluorescence polarization or anisotropy varies drastically

by wavelength, and it would be worthwhile to characterize the fluorescence polarization

by wavelength across a broader range of wavelengths for the Mn:ZnSe/ZnS sample, rather

than at the one wavelength we (successfully) examined. If pursued in the near future, this

research could be publishable as it would, to our knowledge, be the first report not only of the
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synthesis of a new doped nanocrystal geometry, but of the polarization of the fluorescence

these nanocrystals emit.

A Apparatus Components

Table 1: Table of essential experimental components and brief comment on their function in
the apparatus.

Experimental Components
Part Name Supplier Part/Model

Number
Function

Quarter Waveplate ThorLabs WQP05M-405 Circularly polarize laser excitation
Dichroic Mirror ThorLabs DMLP425 Direct laser onto sample & pass flu-

orescence to detector
Microscope Objective ThorLabs RMS20X Focus laser light & collect fluores-

cence
Polarizer in Rotating
Mount

ThorLabs LPVISC050-
MP2

Select a single polarization of fluo-
rescence emission

Monochromator Optometrics DMC1-02 Select specific wavelength of fluo-
rescence

Photomultiplier Tube Hamamatsu H7732-10 Amplify fluorescence signal
Multimeter/Lock-In
Amplifier

Stanford
Research
Systems

SR830 Convert intensity to potential dif-
ference
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