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Abstract
In this thesis I present experimental demonstrations of room-temperature, single-

photon sources with definite linear and circular polarizations. Definite photon polar-

ization increases the efficiency of quantum communication systems. In contrast with

cryogenic-temperature single-photon sources based on epitaxial quantum dots requiring

expensive MBE and nanofabrication, my method utilizes a mature liquid crystal

technology, which I made consistent with single-emitter fluorescence microscopy.

The structures I have prepared are planar-aligned cholesteric liquid crystals forming

1-D photonic bandgaps for circularly-polarized light, which were used to achieve

definite circularly-polarized fluorescence of single emitters doped in this environment.

I also used planar-aligned nematic liquid crystals to align single molecules with

linear dipole moments and achieved definite linearly-polarized fluorescence. I used

single nanocrystal quantum dots, single nanodiamond color-centers, rare-earth-doped

nanocrystals, and single terrylene and DiIC18(3) dye molecules as emitters.

For nanocrystal quantum dots I observed circular polarization dissymmetry factors

as large as ge = −1.6. In addition, I observed circularly-polarized resonances in the

fluorescence of emitters within a cholesteric microcavity, with cavity quality factors

of up to Q ∼ 250. I also showed that the fluorescence of DiIC18(3) dye molecules

in planar-aligned nematic cells exhibits definite linear polarization, with a degree of

polarization of ρ = −0.58 ± 0.03. Distributed Bragg reflectors form another type

of microcavity that can be used to realize a single-photon source. I characterized

the fluorescence from nanocrystal quantum dots doped in the defect layers of such

microcavites, both organic and inorganic.

Finally, to demonstrate the single-photon properties of single-emitter-doped

cholesteric and nematic liquid crystal structures and distributed Bragg reflector
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microcavities, I present observations of photon antibunching from emitters doped in

each of these structures. These experimental observations include photon antibunching

from: nanocrystal quantum dots and nanodiamond color-centers doped in a cholesteric

microcavity; terrylene and DiIC18(3) dye molecules doped in nematic structures, and

nanocrystal quantum dots doped in the distributed Bragg reflector microcavity. A

value of the zero-time second-order coherence as low as g(2)(0) = 0.001 ± 0.03 was

measured. These results represent an important step forward in the realization of

room temperature single-photon sources with definite polarization for secure quantum

communication.
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Chapter 1

Background

This thesis describes a series of experiments attempting to produce an ideal single-

photon source (SPS). An SPS has the property of delivering one quantum of light at a

time (i.e., the SPS exhibits photon antibunching). This is also known as the one-photon

number state. In principle, a quantum state with definite photon number cannot be

realized, since the Heisenberg uncertainty principle dictates that a state with an exact

photon number in a single frequency mode (definite energy) must have infinite temporal

extent. However, one can still speak of number states where the field amplitude is

distributed throughout a narrow bandwidth [1]. It is in this sense that we will refer

to a single photon. In quantum key distribution [2, 3], an SPS is valuable because

single photons can act as quantum bits (qubits), storing information in their polarization

state or phase [4]. It is important to note that in quantum key distribution, suppressing

multiphoton states is important for distributing a secure key [5], since a multiphoton

state is susceptible to a photon number-splitting attack1. SPSs can also be used in some

implementations of quantum computers [7], which enables the solution of problems that

cannot be solved efficiently by classical computation. The use of an SPS in a quantum

information application requires that within a given time interval there be one and only

one photon in a specified spatial mode and polarization. If the photon source produces

1It should be noted, however, that when using attenuated laser pulses for quantum key distribution, it
is also possible to detect eavesdropping attacks using decoy states [6].
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photons with random polarization, then filtering the photons through a polarizer will

decrease the SPS generation efficiency by 1/2. It is a difficult engineering problem to

produce an ideal SPS. A review of SPS implementations is given in Section 1.2.

There are other uses of SPSs. Quantum repeaters can be used to increase the

distance over which a quantum key may be distributed [8]. In quantum lithography,

the coherence of an n-photon number state—produced by combining n single-photon

states—has been proposed as a method to achieve an n-fold increase in the resolution

of an interferometric measurement, compared to the Rayleigh resolution limit of

λ/2 obtained using a classical beam containing n photons [9–14]. This could

allow us to image objects with much smaller dimensions than the wavelength of

illumination. In Ref. 15, the authors suggest that due to the superior amplitude noise

properties of a number state compared to classical light, single photons could also be

useful in performing sensitive absorption measurements (i.e., quantum radiometry).

Furthermore, using sources of indistinguishable photons, entanglement can be realized

using a beam-splitter, provided post-selection is used [16].

Each of the quantum information applications discussed above would benefit from

an “ideal” SPS: one which is on-demand, efficient, polarized, high bit-rate, robust,

and easy to implement. To date, there has not been an SPS implementation which

handily satisfies each of these requirements. Arguably the best SPS candidates in terms

of their efficiency, polarization, and bit rate are epitaxial quantum dots. However,

these must be cooled, often to cryogenic temperatures, in order to fluoresce single

photons. Furthermore, in order to achieve polarized fluorescence from epitaxial

quantum dot SPSs, nanoscale lithography is required to create photonic microcavities

(elliptical microposts, nanowires, or 2-D photonic crystals) containing individual dots

[17–19]. We would like to avoid the necessity of using cryogens and nanofabrication

if we are looking for a SPS that is easy to implement. Of the SPSs that operate

at room temperature, a key challenge is to dope single-photon emitters into photonic
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microcavities in order to increase the SPS efficiency, polarization, and bit-rate. But in

nearly all of the literature on photonic microcavity-based SPSs at room temperature,

some form of optical or electron-beam lithography is used to define the microcavity,

or else laborious manipulation of a single emitter to couple it to the microcavity is

required.

Is it possible to implement a polarized SPS operating at room temperature within

a robust, simple microcavity structure? In this thesis, I demonstrate how single-

emitter-doped, planar-aligned cholesteric liquid crystals achieve this goal. In particular

I demonstrate that these single-emitter-doped structures can provide single-photon

fluorescence which is circularly-polarized with definite handedness. I also show how

single-emitter-doped nematic liquid crystals can provide single-photon fluorescence

with definite linear polarization. Liquid crystals represent a mature technology that

is in widespread use. They can be aligned using simple methods, and are compatible

with room temperature SPS implementations.

I will proceed by elaborating on the requirements of an ideal SPS (Section 1.1),

reviewing the current implementations in the literature (Section 1.2), and comparing

their performance (Section 1.3). In Section 1.4, I will review the literature on photonic

microcavity-based SPSs. I conclude the chapter by outlining the remainder of the

thesis.

1.1 An Ideal Single-Photon Source

I said earlier that single photons exhibit antibunching (the photons are separated in

time). The degree of antibunching is measured by the second-order coherence function

[20], which describes the correlation in photons arriving at two detectors separated by
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a time τ :

g(2)(τ) =
〈â†(t)â†(t+ τ)â(t)â(t+ τ)〉

〈â†(t)â(t)〉2 , (1.1)

where â† and â are the photon creation and annihilation operators, respectively. For

antibunched light, g(2)(0) < g(2)(τ) for all τ 6= 0.

For perfect antibunching, or pure single-photon emission, g(2)(0) = 0 (i.e., single

photons are separated in time). For coherent light, g(2)(τ) = 1 for all τ , and for bunched

light (e.g., incoherent sources), 1 ≤ g(2)(τ) < g(2)(0). Antibunching was first observed

by Kimble, Dagenais, and Mandel, using the resonance fluorescence of Na atoms. [21].

Since that time, antibunching has been observed in many atomic, ionic, and molecular

systems, which will be described below.

How does one realize an SPS? There are many different schemes, and I will outline

them below. But in general, one starts with a single quantum emitter—an atom, ion,

molecule, or quantum-confined structure such as a quantum dot or quantum well. When

excited, either optically or electrically, this emitter can fluoresce only a single photon

within the fluorescence lifetime, assuming no further excitation. The details of this

process are specific to the particular implementation, but with this framework in mind,

allow me to consider the following properties of an ideal SPS:

1. I would like the single photon to be produced at a specific time, or within a

definite time bin. Hence I speak of an “on-demand” SPS. An on-demand SPS

requires that a pulsed excitation source is used. They are particularly useful

in quantum key distribution and quantum computation, where qubits should be

received at definite time intervals.

2. The SPS should be efficient: the efficiency, ηSPS , of the source producing only

one photon, given optical or electrical excitation, should be as close to unity

as possible. The literature contains a number of definitions of SPS efficiency,

e.g., [17, 22, 23]. For on-demand sources, I will use the following definition for
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the SPS efficiency, ηSPS , as given by Pelton et al. [17]:

ηSPS =
〈Ñd〉
Rηtd

√
1− g(2)(0) = ηc q

√
1− g(2)(0), (1.2)

where 〈Ñd〉 = Rηc q ηtd is the mean detected photon count rate (second−1), R

is the laser excitation rate (pulses/sec), and ηtd is the efficiency with which an

emitted photon is transmitted by the SPS collection optics, and detected. In the

definition of 〈Ñd〉, ηc is a geometry-dependent collection efficiency accounting

for the fraction of the emitter’s far-field radiation pattern that is collected into

the SPS optics, e.g., for a dipole located along a glass/air interface, a 1.4 NA

objective will collect 72% of the light emitted through the glass [24, 25]. The

parameter q is the emitter’s quantum efficiency, i.e., the probability for an emitter

to fluoresce rather than decay nonradiatively. The factor
√

1− g(2)(0) accounts

for the fraction of detection events that are due to single photons [17, 26] (see

also Section 2.2.5). I thus define the efficiency with which an unpolarized single

photon is emitted by the SPS into the collection optics, given an excitation pulse.

A particular implementation may emit photons of definite polarization with some

efficiency, ηpol, but I account for this in the definition of the bit rate, below. I

normalize for the transmission and detection efficiency so as to compare SPSs

based on the merits of the particular source, rather than the detection scheme

used.

Note that I have implicitly assumed in Eq. (1.2) that the emitter is excited at its

saturation intensity. The amount of laser excitation power required to excite the

emitter at its saturation intensity is dependent on the orientation of the emitter’s

absorption dipole with respect to the excitation field. At the saturation intensity,

the emitter is excited once per excitation pulse, thus realizing the maximum

possible source efficiency and bit rate.
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3. For quantum information applications, the SPS should produce photons with

definite polarization, since introducing a polarizer after the unpolarized source

will waste half the photons.

4. The SPS should have a high bit rate. In particular, I define the rate of polarized

photon emission, or bit rate (Rb), as

Rb = RηSPS ηpol = Rηc q ηpol

√
1− g(2)(0), (1.3)

where ηpol is the polarization efficiency of the source (i.e., an unpolarized SPS has

ηpol = 0.5, corresponding to the transmission through a polarizing beamsplitter).

Note that in practice, the maximum useable Rb is limited by the signal bandwidth

of the detector used. Commercially available silicon single-photon detectors

have maximum count rates of a few MHz. However, new approaches have

been developed with maximum single-photon count rates on the order of 1 GHz

[27–29]. Another limitation on Rb is imposed by the spontaneous emission decay

rate of the emitter, γ: in order that the emitter has a high probability of returning

to the ground state before being excited again, I should satisfy γ > R. For a

given emitter, the Purcell effect (discussed in Section 1.4) can be used to increase

γ, which in turn allows one to use a larger laser excitation rate and achieve a

higher Rb than would be possible without the Purcell effect. The Purcell factor,

Fp, is defined as Fp = γc/γ0, where γc,0 are the emitter decay rates with and

without a cavity, respectively. It should also be noted that there are proposals to

encode more than one quantum bit per single photon by encoding the information

in an orbital angular momentum state, and using a diffraction grating to read

out the information. In this case the photonic bit rate would be multiplied by a

factor m, representing the number of orbital angular momentum states that can

be distinguished.
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5. For ease of engineering, the SPS should operate at room temperature.

6. The SPS should be robust and easy to implement.

1.2 Review of Various Single-Photon Sources

With these requirements in mind, I briefly review the various schemes for implementing

an SPS. Several recent reviews provide a good survey of the field [15, 30–32].

Table 1.1 on page 13 compares the different implementations in terms of their efficiency

(calculated according to Eq. (1.2)), antibunching, highest reported Purcell factor,

bit rate (Eq. (1.3)), polarization, bandwidth of the emitted photons, and operating

temperature. Section 1.4 further discusses SPS polarization.

The first approach I will mention is one that does not provide true single-photon

output—attenuated coherent light (e.g., a laser), or that which obeys poisson statistics.

Although it is true that a mean photon number of 1 can be achieved by attenuating

a poisson source, the fluctuations about that value prevent antibunching from being

achieved. There will always be a nonzero probability of having 2 or 3 photons bunched

together. A more rigorous explanation of this point is given in Section 2.2.

Single quantum dots in III-V and II-VI semiconductor heterostructures have been

used as single-photon emitters by many groups, excited optically [17, 19, 26, 33, 34] or

electrically [35–38]. They are formed when a lower bandgap material (e.g., InAs) is

deposited on a higher bandgap material (e.g., GaAs) via an epitaxial process such as

molecular beam epitaxy (MBE) or metalorganic-chemical-vapor-deposition2. In MBE

grown epitaxial quantum dots, the lattice mismatch between the two materials results

in strains which promote island growth (also known as the Stranski-Krastanov growth

mode) of the lower bandgap material. The size of the dots thus formed is typically

2See ch. 1 of Ref. [39].
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of the order of 1–10 nm [40]. Most of these sources must be operated at cryogenic

temperatures. However, GaN/AlN quantum dot heterostructures represent a promising

route to room temperature SPSs: single-photon fluorescence has been realized in these

structures at 200 K [41], and it is believed that single-photon fluorescence at room

temperature could be realized by using AlGaN or AlN barrier layers surrounding the

quantum dot layer [42].

Single-photon emission has also been observed from single trapped atoms and ions,

at milliKelvin temperatures [23, 43, 44]. In the aforementioned work, the atoms or

ions were trapped between two mirrors forming an optical cavity, which increases the

spontaneous emission rate as well as the collection efficiency. The emission is strongly

antibunched and is limited mainly by the probability of trapping two or more ions in

the cavity. The fluorescence is unpolarized. The spontaneous decay rates are of the

order of a few MHz. [23, 45]. Pulsed excitation may be used, but in order to trap

the atom or ion and achieve good spatial coupling of the emitter to the optical cavity

mode, laser pumping and cooling pulses on the order of microseconds are needed [23,

45]. This limits the maximum photon emission rate. The experimental setups are very

complicated, making them unlikely candidates for practical SPS applications.

Another SPS implementation is to excite single molecules at cryogenic tempera-

tures [46–48]. At low temperature, the phonon broadening of optical transitions is

reduced. The quantum efficiency is close to unity.

Room temperature alternatives for single-photon sources include spontaneous

parametric down-conversion (SPDC), single dye and polymer molecules, color centers

in diamond, and semiconductor nanocrystal quantum dots. SPDC SPSs [49–53] rely

on a second-order nonlinear process (χ(2)) to generate a pair of entangled photons—

typically referred to as signal and idler—when a pump photon is incident on the χ(2)

medium. Pair production efficiencies are inherently low. Because the pair generation

process is governed by poisson statistics, there is no way to eliminate the probability
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of creating two pairs within a given time bin. The signal and idler bandwidths are

determined by interference filters; typically values of several nm are reported. One

can also place the SPDC source in a resonant cavity to further narrow the emission

linewidth and increase the pair generation rate [54, 55]. An advantage of SPDC is that

despite the low single-photon efficiency, one can use the detection of an idler photon

to “herald” the signal photon. Because SPDC is suited for producing entangled photon

pairs, it can be used as an interface between independent quantum systems in a quantum

network [55].

Single molecules at room temperature present a simple SPS implementation.

Indeed, proof of principle demonstrations have been made using dyes [56–62] and

single-chain polymer molecules [63]. At room temperature, the molecular energy

level structure differs from the implementations previously considered in that there is

significant phonon broadening of the optical transition3. Molecular systems are also

prone to “photo-blinking”, which will be discussed in Section 2.3. These systems

also exhibit photo-bleaching, the irreversible destruction of the optical dipole, usually

as a result of reaction with ambient oxygen. However, there are ways of protecting

molecules from oxygen, as will be discussed in Section 2.3. Note that an advantage

of molecular systems is the possibility of aligning a linear dipole moment to achieve

deterministically linearly-polarized fluorescence, which is discussed in Section 5.2.

This is most easily achieved if the dipole moment is aligned perpedicular to the

optical axis. If the dipole moment is aligned parallel to the optical axis, as is the

case with terrylene-doped p-terphenyl [56, 57, 64], the fluorescence will be radially-

polarized [64]. In Ref. 64, the authors demonstrated that the fluorescence of single

terrylene molecules in a p-terphenyl film coupled to a planar dielectric antenna could

be collected with a collection efficiency ηc = 96%. CW excitation was used. The same

3see, e.g., ch. 9 of Ref. [25].
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authors showed that in theory, an additional increase of the collection efficiency of up

to 99% for an arbitrarily oriented dipole is possible [65].

Color centers in diamond are substituted defects, which, when combined with

vacancy centers in the diamond lattice, form three level systems with an optical dipole

transition. Single-photon emission has been demonstrated using N-vacancy [66–68],

Ni-N complexes (NE8) [69], Si-vacancy centers [70,71], and Xe-vacancy centers [72].

These color centers can be created in diamond nanocrystals (nanodiamonds), which

facilitates doping them into microcavities and alleviates the problem of extracting

photons from bulk diamond. Alternatively, solid-immersion lenses, which increase

collection efficiency, can be fabricated directly over individual defect centers in bulk

diamond, using focused ion beam etching [73, 74]. Other workers have spin-coated

nanodiamonds on to a solid-immersion lens to improve the SPS collection efficiency

[75]. Color centers are generally reported to be photostable, and exhibit a narrow zero-

phonon line which can be observed at room temperature. Typically the zero-phonon

linewidths are on the order of a few nm, and can be as narrow as 0.7 nm [71]. The

fluorescence lifetime of color centers is 1–50 ns. Recent reports have demonstrated the

use of plasmonic nanoparticles to decrease this value by an order of magnitude [76].

Finally, semiconductor nanocrystal quantum dots (NQDs) are promising SPS

candidates. Unlike epitaxial quantum dots, which are grown epitaxially and only

fluoresce single photons at cryogenic temperatures, NQDs are fabricated by relatively

simple chemical synthesis techniques using the controlled reaction of II and VI

precursors or III and V precursors [39], and can fluoresce single photons at room

temperature. Photon antibunching of NQD fluorescence has been observed by several

groups, e.g. [22, 56, 77, 78]. As with molecules, the fluorescence linewidth of

NQDs is significantly phonon-broadened at room temperature, and blinking has also

been reported [79]. However, it appears that NQD blinking can be circumvented

by appropriate fabrication techniques, as will be discussed in Section 2.3. Other
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advantages of NQDs compared to single molecules at room temperature are their

photostability [24], and the fact that NQDs exist which fluoresce strongly at the optical

telecommunication wavelengths of 1.3 and 1.55 µm [80–82].

1.3 Comparison of SPS Implementations

Looking at Table 1.1 on page 13, we see the relative merits of each of the SPS

implementations described, including my work with nanocrystal quantum dot-doped

cholesteric liquid crystal microcavities (see Section 5.1). These values were culled

from an extensive literature search, and to my knowledge they are the best reported

values. I am interested in developing a room temperature SPS, so in the discussion

that follows, I will restrict my attention to room temperature alternatives. We see that

in terms of efficiency, the highest reported values for room temperature SPSs are for

NQDs and single molecules. Note also that NQDs are highly photostable: excitation

for several hours has been reported [83]. Special preparation of single molecules in

liquid crystalline or crystalline hosts with oxygen depletion can result in photostable

emission for an hour or longer [56, 60].

We also see from Table 1.1 that among room temperature SPSs, the best reported

value for g(2)(0) is for a heralded spontaneous parametric down-conversion SPS.

However, these sources also have very low efficiency and low raw bit rates. For

nanodiamond color centers, dye molecules, and NQDs, the best reported values for

g(2)(0) range from 0.02 – 0.07. The lower limit on the measured value of g(2)(0) is

constrained by the background count rate.

Fluorescence with definite polarization has been reported for SPSs based on

epitaxial quantum dots, dyes, and NQDs. As I will discuss in Section 1.4, fluorescence

with definite polarization can be achieved by using a photonic cavity with a particular

geometry. A cavity can also improve the bandwidth of an SPS. Table 1.1 shows that for
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room temperature SPSs, the bandwidths are of course much broader than for cryogenic

implementations.

The highest Rb reported for a room temperature SPS is 1.4 MHz. Typically, color

centers, dye molecules, and NQDs are excited at tens of MHz, and the emitter lifetimes

are on the order of ns. The achievable Rb depends on the SPS efficiency and the emitter

lifetime.

To illustrate how the SPS efficiency, ηSPS , may be improved, recall that ηSPS =

ηc q
√

1− g(2)(0), where ηc is the collection efficiency, q is the emitter quantum

efficiency, and g(2)(0) is a measure of the single-photon purity. One way to improve

ηc is to place the emitter in a cavity resonant with the wavelength of the emitter’s

fluorescence. The Purcell effect can also be used to increase the SPS bit rate. I will

discuss how this is achieved in the next section. The quantum efficiency is discussed

in Section 2.3. Achieving a small value of g(2)(0) involves the ability to excite just one

emitter and exclude any background fluorescence from the sample. I will address how

I have achieved this in Section 5.1.

1.4 Microcavities for Single-Photon Sources

In 1946, E. M. Purcell posited that the spontaneous emission rate, γ, of an emitter

placed in a resonant cavity would be multiplied by the eponymous Purcell factor, Fp,

relative to the emission rate without a cavity [91, 92]. Note that an increased γ is

desirable in an on-demand SPS application: larger emitter decay rates allow for higher

laser excitation rates, and higher bit rates can be achieved (c.f. Eq. (1.3)). For a single

mode cavity on resonance with the emitter’s transition frequency, Fp is given by

Fp =
3Q(λ/n)3

4π2V0

( |d · E(r)|
|d||E(r)|

)2

, (1.4)
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where Q is the cavity quality factor, λ is the free-space wavelength of light, n is

the cavity refractive index, V0 is the cavity mode volume, d is the emitter dipole

moment, and E(r) is the local electric field at the position r of the emitter. Eq. (1.4)

predicts enhancement or diminishing of γ, depending on the ratio Qλ3/(V0n
3), and

how the incident field is aligned with respect to the dipole moment, d. Because high Q

values and mode volumes which are small compared to (λ/n)3 are required to obtain

Fp À 1, it is challenging to increase γ at optical frequencies. But in recent years,

semiconductor processing technology and other innovative procedures have enabled

enhanced radiative decay rates in microcavities at visible and IR wavelengths, using

both cryogenic and room temperature implementations.

In addition to increasing γ, another advantage of placing the emitter inside a cavity

for SPS applications is that the modes of a cavity can be polarized due to cavity

geometry. If the emitter’s fluorescence can be collected into one cavity mode with a

unique value of frequency and polarization, then fluorescence of definite polarization

is realized. Moreover, a photonic cavity can allow for preferential coupling of emitter

fluorescence into a particular spatial mode, which improves the collection efficiency.

I will review the work that has been done on doping nanoparticles in microcavities

for the realization of polarized and Purcell-enhanced spontaneous emission. I will

differentiate between cryogenic and room temperature implementations, as well

as observations of multiple-nanoparticle fluorescence vs. single-nanoparticle (i.e.,

antibunched) fluorescence.

Microcavity doping at cryogenic temperature—single-emitter fluorescence

At cryogenic temperatures, single InAs/GaAs epitaxial quantum dots have been

inserted in to defect cavities of GaAs 2-D photonic crystals [93, 94], with direct

Fp measurements as high as 145 reported [18]. By a direct measurement, I mean

that Fp was inferred from the ratio of the measured decay rates with and without a
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cavity. Other authors report indirect measurements of Fp by measuring the cavity

quality factor and calculating V0. InAs/GaAs epitaxial quantum dots have also been

placed in elliptical [95–97] and circular-micropillar cavities and microdisks [98], as

well as tapered photonic nanowires [19, 99]. Linearly-polarized fluorescence has been

observed from InAs/GaAs epitaxial quantum dots in elliptical microcavities, where

spectrally resolvable cavity modes are orthogonally polarized [95–97].

Microcavity doping at room temperature—multi-emitter fluorescence

Other workers have demonstrated cavity-enhanced fluorescence using multiple

emitters at room temperature. PbSe nanocrystal quantum dots (NQDs) have been

placed in defect cavities of Al/GaAs [100] and Si [83, 101] photonic crystals, with

indirect measurements of the Fp as high as 35 reported [101]. The authors of Ref. [83]

observed linearly-polarized fluorescence due to the cavity geometry. Both enhanced

and diminished spontaneous decay rates of CdSe NQDs in inverse opal photonic

crystals were reported in [102], and amplified spontaneous emission was observed from

CdS nanowires in a nanowire photonic crystal [103]. Lasing has been observed from

PbS NQDs in a microcapillary resonator [80] and from InGaP NQDs in polymer Bragg-

reflectors [104].

CdSe NQDs have been doped in a half-wavelength layer sandwiched between

TiO2/SiO2 distributed Bragg reflectors [105–107]. In Ref. [105], the authors reported

a direct measurement of Fp = 2.7. In Ref. [106], the NQD-doped defect layer was

patterned with a photoresist via imprint lithography, creating a lateral spatial variation

in the optical path length; thus the cavity resonance wavelength shifted by 30 nm

depending on the position within the defect layer the fluorescence was collected from.

Similarly, the authors of Ref. 107 used focused ion-beam etching to define micropillars

out of a CdSe NQD-doped half-wavelength layer sandwiched between two TiO2/SiO2

distributed Bragg reflectors. Cavity quality factors of the order of 103 were reported.
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One of our collaborators, V. Menon, made a distributed Bragg reflector from two

different polymers, and placed a CdSe NQD-doped defect layer between two such

mirrors. In this cavity, he observed the NQD spontaneous emission rate increase by a

factor of ∼ 3 [22, 108], compared to the emission rate of the NQDs in polymer alone.

Microcavity doping at room temperature—single-emitter fluorescence

Similar approaches have been used in an attempt to improve radiative mode

coupling efficiency and achieve polarized fluorescence from single-emitters doped

into microcavities at room temperature. In Ref. 87, the authors placed single dye

perylen molecules between two Ag mirrors and observed a Fp of 2.7. In Ref. 78,

the authors used electron-beam lithography to define micropillars from a CdSe NQD-

doped layer of electron-beam resist in a half-wavelength layer sandwiched between

TiO2/SiO2 distributed Bragg reflectors. The fluorescence lifetime of CdSe NQDs in

this cavity was reduced by a Fp of 2.4 [78]. Other workers coupled the fluorescence of

N-vacancy centers in diamond nanoparticles [66] and CdSe NQDs [88] to whispering

gallery modes of a microsphere. The authors of Ref. 88 directly measured a Fp of 5;

in Ref. 66, cavity quality factors of up to 5500 were reported. I observed circularly-

polarized fluorescence from CdSe NQDs doped in a 1-D photonic-bandgap cholesteric-

liquid-crystal microcavity [22]. I have also observed elliptically-polarized fluorescence

from CdSeTe NQDs [109, 110], as well as circularly-polarized microcavity resonances

from NQDs doped in a cholesteric-liquid-crystal microcavity (see also Section 5.1).

The fact that I observed polarized fluorescence from the microcavity while preserving

antibunching is significant, since microcavities necessarily complicate an SPS by

introducing a background fluorescence source, which can increase g(2)(0). To increase

the overall SPS efficiency, the microcavity must increase the spontaneous emission rate

while contributing negligible background fluorescence.
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1.5 Outline

I have described how a photonic microcavity may be used to collect fluorescence into

a polarized mode, and how a microcavity may be used to increase the SPS collection

efficiency and the emitter’s spontaneous emission decay rate. The main part of my

thesis will be to demonstrate how doping single emitters into two different types of

liquid crystals provide SPSs with definite circular and linear polarizations.

1. A cholesteric liquid crystal (CLC) microcavity allows me to achieve circularly-

polarized fluorescence of definite handedness while preserving photon antibunch-

ing. I will also describe observations of resonant coupling of emitter fluorescence

to cavity modes of the CLC microcavity, and present measurements of the

spontaneous emission decay rates in both resonant and nonresonant modes of

CLC microcavities.

2. Aligned nematic liquid crystals provide single-photon fluorescence with definite

linear polarization when they are doped with molecules possessing permanent

dipole moments along a defined orientation. Both the degree of polarization and

its dependence on the polarization of the excitation light is presented.

The remainder of the thesis is organized as follows. In Chapter 2, I review

the relevant theoretical foundations for this research: I outline the theory of light

propagation and spontaneous emission in CLC, then review how antibunching is

measured, and discuss the subject of photoblinking. Chapter 3 introduces the

experimental setup and tools. In Chapter 4, I describe the procedures for preparing

planar-aligned, single-emitter doped liquid crystal cells. In Chapter 5, I present and

discuss my experimental results. Chapter 6 summarizes my thesis research and offers

an outlook for future research.
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Chapter 2

Theory

This chapter provides a theoretical background for the experiments described in

Chapter 5. In Section 2.1, I discuss how circularly-polarized light propagates in a

planar-aligned cholesteric liquid crystal, and describe the photonic bandgap that forms

for circularly-polarized light of the appropriate handedness. I also address spontaneous

emission in the photonic bandgap environment. Section 2.2 treats the measurement

and characterization of photon antibunching, which is necessary for a quantitative

discussion of the single-photon purity of a SPS. Finally, Section 2.3 introduces photo-

blinking, a phenomenon that is common in the fluorescence of nanoscopic systems.

2.1 Beam Propagation and Dipole Radiation in a CLC

Microcavity

2.1.1 Beam Propagation in Planar-Aligned CLC: Selective Reflection

In a planar-aligned CLC, the nematic molecules with small chiral “tails” form a periodic

helical structure with pitch p [111]. In each plane located along the helical axis, the

preferred orientation of the nematic molecules is in one direction. This orientation can

be labeled by a unit vector, or local “director” D. In the case of a cholesteric, D is a

function of the position along the helical axis, as shown in Fig. 2.1.
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Figure 2.1: Light propagation through a planar-aligned CLC. The arrows in the
magnified view on the right depict how the liquid crystal molecule orientation varies
as a function of the position, z, within the liquid crystal. The preferred orientation
for the liquid crystal molecules in a given z plane is along the direction shown by the
arrow, or “director” vector, D(z). The spatial electric field vector diagrams show that
for frequencies within the CLC stop band, circularly-polarized light where the electric
field vector follows the rotation of the CLC molecular director is reflected, while the
opposite polarization is transmitted. inc: incident. ref: reflected. tr: transmitted.
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This aligned structure has a dielectric tensor given by [112]

ε(z) = ε0




ε+ εξcos(Kz) ±εξsin(Kz) 0

±εξsin(Kz) ε− εξcos(Kz) 0

0 0 ε⊥


 , (2.1)

where ε0 is the permittivity of free space; ε ≡ (ε‖+ε⊥)/2 = n2, where ε⊥ = n2
o, ε‖ = n2

e

are the relative dielectric constants along the principal axes perpendicular and parallel

to the local director, respectively; and K = 4π/p. The use of ± depends on whether

the CLC has right- or left-handed chirality, respectively. The parameter ξ is defined as

(ε‖ − ε⊥)/(ε‖ + ε⊥). The helical axis is along z, as in Fig. 2.1.

For the general case of a 1-D periodic medium, the Bloch theorem may be used to

write the electric field as [112]:

E(z, t) =
∑
m

Eme
i(Kzmz−ωt), (2.2)

where I consider only on-axis propagation. Here z is the periodicity direction, and

the z component of the wavevector for the mth mode is Kzm = K + mKz. The

components Em and K can then be solved for by substituting Eq. (2.2) into Maxwell’s

equations and using the appropriate boundary conditions. This yields a dispersion

relation, from which a Brillouin diagram can be constructed. For on-axis propagation

in a 1-D periodic, planar-aligned CLC with the dielectric tensor given in Eq. (2.1), only

4 modes contribute to the sum. The solution is [112]:

E(z, t) = e−iωt

4∑
m=1

E+
me

(iK+
mz)u+ + E−

me
(iK−

mz)u−, (2.3)

where E±
m and u± are field amplitudes and circularly-polarized unit vectors correspond-

ing to orthogonal circular polarizations, respectively. There are four eigenmodes for the
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electric field, corresponding to two orthogonally polarized waves each traveling in the

forward and backward directions. Solving for the dispersion relation shows that there is

a bandgap centered at a wavelength of λc = pn. For sufficiently thick CLC layers, the

reflectance of normally incident, circularly-polarized light where the the electric field

rotates in the same direction as the liquid crystal molecules (see Fig. 2.1) is nearly 100%

within the bandgap. The bandwidth is approximately ∆λ = p(ne−no) [111–113]. This

periodic helical structure can thus be viewed as a 1-D photonic crystal with a bandgap

within which propagation of light is forbidden. For wavelengths along the band edge

where reflectivity is high, the structure acts as a microcavity for circularly-polarized

light of the appropriate handedness.

It should be noted that a CLC can be monomeric (fluid-like), oligomeric (solid), or

polymeric (solid). For monomeric CLCs, the pitch can be varied by temperature tuning,

by applying an electric field, or by changing the weight ratio of chiral to nematic plus

chiral component, cm. I use the latter method. In particular, the pitch can be expressed

as p = 1/(cmHTP ), where HTP is the helical twisting power of the chiral additive.

Thus, by choosing liquid crystal components with a given refractive index, λc can be

set by changing cm. In this way it is possible to prepare photonic bandgaps with λc

anywhere from UV to millimeter wavelengths.

2.1.2 Dipole Radiation in Planar-Aligned CLC

For emitters located within a planar-aligned CLC, the spontaneous emission rate is

suppressed within the spectral stop band and enhanced near the band edge [114, 115].

Lasing experiments in dye-doped CLC structures with high dopant concentration [115]

confirmed that the best condition for lasing is when the dopant fluorescence maximum

is at a band edge of the CLC selective transmission curve.

On the band edge, the enhanced density of states, ρ(ω) = | d
dω
Re(k)|, results in
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a Purcell enhancement of the spontaneous emission rate, γ. As noted above, the

light polarization for which the rotation of the electric field vector follows the liquid

crystal molecular director rotation experiences the photonic stop band, and hence the

spontaneous emission rate enhancement. The decay rate into the mode where the

electric field rotates opposite to the liquid crystal molecules is not affected. I then have

that for a planar-aligned CLC, Fp = γ−/γ+, where ∓ corresponds to rotation of the

electric field with or against the liquid crystal molecules, respectively. I stress that the

foregoing discussion assumes that the CLC is planar-aligned; the quality of alignment

affects the transmission contrast of the photonic bandgap, the density of states at the

band edge, and ultimately the Purcell factor that is achieved.

If I engineer my photonic bandgap such that the fluorescence maximum of the

dopant emitter occurs at the band edge, I should observe Purcell-enhanced spontaneous

emission at that wavelength. This expectation is supported by reports of lasing from

dye-doped CLCs1. A theoretical value of the cavity quality factor, Q, for a CLC

microcavity was calculated in Ref. [121]: Q ∼ 1100.

There is another way that a CLC microcavity can be used to improve the SPS

efficiency, namely, by using a CLC mirror placed behind the sample. In Ref. 122,

the authors used a CLC mirror placed behind the dye-doped-CLC lasing medium to

augment the slope efficiency of the laser. The stop band of the mirror overlapped the

fluorescence spectrum of the dye, thus reflecting the circularly-polarized fluorescence

with the same handedness as the CLC molecules in the laser cell, and effectively

increasing the resonator length. The use of this mirror improved the laser’s slope

efficiency by a factor of 3.5 – 10.7, depending on the length of the cell used. This

suggests that implementing such a mirror could increase the cavity collection efficiency

ηc by a factor of at least 2, and possibly more. In Section 5.1.1 I will discuss the

results of implementing such a mirror to improve the collection efficiency of my CLC

1There are numerous reports of lasing in CLC. See, e.g., Refs. 115–121.
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microcavity, using CdSeTe nanocrystal quantum dots with a fluorescence maximum at

790 nm.

2.2 Antibunched Light

I have outlined how I can in principle obtain polarized single-photon emission by

exciting single emitters doped into a cholesteric liquid crystal microcavity. In order

to confirm the single-photon nature of the source, I need to measure the zero-time

delay value of the second-order coherence function, g(2)(0), as defined by Eq. (1.1). In

the following sections, I will use the definition of g(2)(τ) to explain why an attenuated

laser cannot serve as a true SPS exhibiting antibunching (Section 2.2.1), and outline

how g(2)(τ) is measured (Section 2.2.2). In Section 2.2.3, I will derive an expression

for g(2)(τ) under the condition of CW excitation, and in Section (2.2.4) I present a

numerical model for exploring how g(2)(τ) appears under pulsed excitation. I will

discuss how the ratio between the emitter’s fluorescence lifetime and the excitation

pulse period affects the model. In Section (2.2.5), I show how to derive the factor
√

1− g(2)(0) that is used to correct for the fraction of the detected count rate due to

single-photon events in the definition of ηSPS (Eq. (1.2)).

2.2.1 Attenuated Coherent Fields

For a single mode field, it can be shown that Eq. (1.1) can be written2 as:

g(2)(0) = 1 +
〈(∆n̂k)

2〉 − 〈n̂k〉
〈n̂k〉2 , (2.4)

2See ch. 5.4 of Ref. [20].
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where n̂k is the quantum mechanical number state operator3 acting on mode k. Eq.

(2.4) shows why it is impossible to achieve antibunching with a source obeying poisson

statistics: the numerator in the second term is 0, since by definition, a poisson source

has 〈(∆n̂k)
2〉 = 〈n̂k〉. Note that even an attenuated poisson source still obeys poisson

statistics, albeit with smaller 〈n̂k〉. We also see from Eq. 2.4 that the single-photon

number state exhibits a value of g(2)(0) = 0, while the 2 photon number state has

g(2)(0) = 1/2. Therefore, although values of g(2)(0) < 1 are labeled antibunched,

in practice I am interested in sources which exhibit g(2)(0) < 1/2, i.e., a SPS. In any

experimental setup, there will be a finite background emission present which causes the

departure of an ideal SPS from the g(2)(0) = 0 condition.

2.2.2 Measuring g(2)(τ)

In order to measure g(2)(τ), a Hanbury Brown-Twiss interferometer may be used. This

type of interferometer was first introduced by Robert Hanbury Brown and Richard Q.

Twiss; they demonstrated that it could be used to measure temporal correlations in light

beams [123]. Their experiment can be understood as follows (refer to the schematics

of Fig. 2.2): light from the test source impinges on a 50:50 beamsplitter (BS). An

electronic correlator records the time interval between a detection at a detector, D1

(“start”) placed at one output port of the BS and a subsequent detection at detector D2

(“stop”), placed at the other BS output port. In this way a histogram of coincidences as a

function of the “interphoton time”, τ , between detections may be constructed. Note that

in practice, a delay is placed in the stop channel, so that negative interphoton times can

be measured. The coincidence histogram is proportional to the numerator of Eq. (1.1).

But because the electronic correlator can only register coincidences for events where

3I have written the second order coherence function in terms of single-mode number state operators,
which are independent of τ . The foregoing analysis still applies at τ = 0 to number states where the
field amplitude is distributed throughout a narrow bandwidth, however. See Ref. [1].
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Figure 2.2: Hanbury Brown-Twiss interferometer. D1(2): Detectors. BS: Beamsplitter.

the start photon arrives before the stop photon, and ignores photons incident in the start

channel while the stop detector is waiting for an input, it underestimates the number of

coincidences that actually occur. However, it can be shown that if the count rate at D1

is R1 and the maximum coincidence time that can be measured is Tmax, then under the

condition R1Tmax ¿ 1, the normalized coincidence histogram accurately reproduces

the second order coherence function g(2)(τ) [124, 125]. The normalization is simply

R1R2∆τTexp, where ∆τ is the smallest time interval measured by the correlator and

Texp is the total measurement time for the experiment.

2.2.3 Modeling the Second-Order Coherence Under CW Excita-

tion

I am interested in knowing how the g(2)(τ) histogram will appear when the emitter is

excited by CW or pulsed excitation, and how the fluorescing emitter lifetime affects

the shape of the histogram. Kitson et al. derived an expression for g(2)(τ) valid for N

emitters excited whilst diffusing within a solvent [126]. I will adapt his approach to the
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simpler case of exciting N stationary emitters, which is true in all the experiments that

I will present in this thesis. I begin by writing g(2)(τ) in terms of intensities:

g(2)(τ) =
〈I(t0)I(t0 + τ)〉

〈I〉2 . (2.5)

If N emitters are in the focal volume, each at position rj , then I(τ0) =
∑N

j=1 ij(rj, τ) and I = N〈i〉. The numerator of Eq. (2.5) becomes

〈I(t0)I(t0 + τ)〉 = 〈
N∑
j=1

ij(rj, t0)
N∑

k=1

ik(rk, t0 + τ)〉

= Nδjk〈ij(rj, t0)ik(rk, t0 + τ)〉
+ (N2 −N)〈ij(rj, t0)ik(rk, t0 + τ)〉j 6=k.

(2.6)

I now write i(r, τ) = p(τ)β(r). Here, p(τ) is the probability that a molecule will

emit a photon at time τ . The second term is a spatially-dependent excitation efficiency

reflecting the gaussian profile of the focal field:

β(r) = β0exp
(−2|r|

ω2

)
, (2.7)

where ω is the 1/e2-width of the focal field. With this substitution,

〈I〉 = N〈p〉〈β〉,
〈I(t0)I(t0 + τ)〉 = N〈p(t0)p(t0 + τ)〉〈β(r)2〉

+N(N − 1)(〈pj(t0)pk(t0 + τ)〉〈βj(rj)βk(rk)〉)j 6=k

= N〈p(t0)p(t0 + τ)〉〈β2〉+N(N − 1)〈p2〉〈β2〉.

(2.8)

The simplification of the averages over p(τ) and β(r) in the j 6= k terms in the last
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line of Eq. (2.8) is justified by the assumption that the emission from separate emitters

is uncorrelated. It has been experimentally demonstrated that this assumption is valid in

the case of nanocrystal quantum dots located within the same focal volume, but which

are not physically clustered together [127]. The independent emission assumption does

not appear to be valid when the emitters are separated by distances on the order of their

individual size (i.e., “clusters”4). I will use the independent emitter assumption and

note that it will be valid in situations where the emitters are not clustered. The averages

over β(r) and β2(r) in Eq. (2.8) are given by

〈β(r)〉 = 1

A

∫

S

β(r)d2r =
β0

A

∫ ∞

0

∫ 2π

0

r exp
(−2|r|

ω2

)
drdθ, (2.9)

where A = πω2 is the 1/e2-area of the focal field. Straightforward application of Eq.

(2.9) shows that 〈β2〉 = β0/4 = 〈β〉2. Together with this relation, I substitute Eq. (2.8)

into Eq. (2.5) to find

g(2)(τ) =
N〈p(t0)p(t0 + τ)〉+N(N − 1)〈p〉2

N2〈p〉2

=
N − 1

N
+

1

N

〈p(t0)p(t0 + τ)〉
〈p〉2 .

(2.10)

Consider the term 〈p(t0)p(t0 + τ)〉/〈p〉2. The probability to detect a photon at time

t0 (or at any time) is proportional to the steady state population of the excited singlet

state, ps(∞). This prepares the system in the ground state at time t0. The probability

of detecting a photon at time t0 + τ is then given by ps(t0, g; τ): the evolution of

the singlet state population conditional on the system starting from the ground state at

t0 [126]. This means that for single molecules, I can write

4Recall that nanocrystal quantum dots have size scales of 10’s of nm, much less than the width of the
focal spot (∼ 500 nm).
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〈p(t0)p(t0 + τ)〉
〈p〉2 =

ps(∞)〈ps(t0, g; τ)〉
p2s(∞)

=
〈ps(t0, g; τ)〉

ps(∞)
. (2.11)

Now I employ a rate equation analysis to obtain the time-dependent probabilities

pg,s(τ). The level scheme is shown in Fig. 2.3. I ignore triplet-state shelving, as this

occurs on a much longer time scale than the antibunching that I am considering [128].

The coupled rate equations appropriate for such a two level system are

d

dt


 pg(τ)

ps(τ)


 =


 −k12 k21

k12 −k21


×


 pg(τ)

ps(τ)


 . (2.12)

k12 k21

G

S

Figure 2.3: Level scheme used in solving for the time-dependent probability amplitudes
p(τ) in Eq. (2.12). G: ground. S: singlet.

The solution of this system of coupled differential equations is given by linear

combinations of the eigenvectors of the matrix in Eq. (2.12), multiplied by the factors

eν1,2τ , where ν1,2 are the respective eigenvalues of eigenvectors 1 and 2:


 pg(τ)

ps(τ)


 = A1e

0


 1

k12/k21


+ A2e

−(k12+k21)τ


−1

1


 . (2.13)

The initial condition is
[
pg(0)
ps(0)

]
=

[
1
0

]
, which yields

A1 =
k21

k12 + k21
, A2 =

−k12
k12 + k21

. (2.14)
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Successive substitution of Eqs. (2.14), (2.13), and (2.11) into Eq. (2.10) finally yield

g(2)(τ) =
N − 1

N
+

1

N

(
1− e−(k12+k21)τ

)
. (2.15)

Note that for times near τ = 0, g(2)(τ) behaves as 1 − e−(k12+k21)τ , as opposed to

e−(k12+k21)τ . In the next section, I will explore how this expression differs from the

situation that occurs when pulsed excitation is used.

2.2.4 Modeling the Second-Order Coherence Under Pulsed

Excitation

In the case of pulsed excitation, the pumping rate k12 in Eq. (2.12) becomes a Dirac

comb, assuming the excitation pulse period is much less than the fluorescence lifetime

of the emitter. Rather than try to solve the equation analytically for this case, I employed

a numerical model to get insight in to what the g(2)(τ) function should look like. The

code was implemented with Matlab, and is included in Appendix A. To model the

coincidence histogram, I first created an array of time values corresponding to the time

bins in the correlator. The length of this array was chosen to be ∼ 100 – 200 ns, which

is similar to the maximum coincidence time Tmax measured in my experiments (see

Section 3.4). Another array represents the Dirac comb corresponding to the excitation

pulse events. An array, ps(t), representing the excited state population at times t in

the experiment, is initially set to 0 for all time. Then I step through time from t = 0

to t = Tmax in a for loop. At each discrete time step, ps(t) is set to 1 if there is

an excitation, or if the emitter has not decayed. To simulate the exponential decay, a

random number rm on the interval [0 1] is generated for each time step. The emitter

decays if the logical condition ((rn ≤ γdt) & ps(t) = 1) is satisfied, where dt is the

time step and γ is again the spontaneous emission decay rate. If a decay occurs, then:
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1) ps(t) is set to 0 for that time step, and remains at 0 until the next excitation pulse,

and 2) a photon is emitted and detected with probability η. This photon will be incident

on either the start or stop detector, each occurring with probability 0.5. Separate arrays

hstart,stop record the photon counts in the start and stop channels at each time bin.

The foregoing process is nested within another for loop that repeats the procedure

nrep times, so that the total measurement time for the experiment is Texp = nrepTmax.

After the end of each loop through Tmax, two arrays are updated. First, the excited

state population ps(t) is added to a holding array ps,avg. At the end of the simulation,

ps,avg/nrep gives the average excited state population over the times t = 0...Tmax.

Next, the discrete autocorrelation between the counts in the start and stop channels is

computed and added to the autocorrelation from the previous iteration. For an array h

of length M , the discrete (non-normalized) autocorrelation G(2)(l) with length 2M − 1

is in general given by

G(2)(l) =





∑M−l
m=0 hm+lh

∗
m l ≥ 0,

∑M−l
m=0 h

∗
m−lhm l < 0.

The symbol ∗ denotes the complex conjugate. The autocorrelation of a finite vector will

of course have a finite extent, but the physical process I am simulating is stationary,

i.e., of infinite extent. In order to reconcile this disparity, I truncate start_count

by mtrunc excitation pulse periods and zero-pad it to form start_count_trunc,

and then take the cross-correlation of start_count_trunc with stop_count.

This cross correlation approximates that of a stationary process over 2mtrunc excitation

pulse periods. In my experimental setup, the autocorrelation is measured differently:

the correlator only measures coincidences between a count in the start channel and a

subsequent count in the stop channel—see Section 3.4. This procedure approximates

the true autocorrelation provided that R1Tmax ¿ 1, where R1 is the count rate at
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one detector. To obtain the second-order coherence g(2)(τ) from the autocorrelation, I

could normalize to the value of the autocorrelation at “infinity”. In what follows, I did

not perform any normalization—I am only interested in the temporal behavior of the

autocorrelation.

It is interesting to explore how the shape of the coincidence histogram changes

while varying the fluorescence lifetime of the emitter, γ−1. Fig. 2.4(a–f) displays the

resulting coincidence histograms from running the simulation with values of γ−1 =

[1, 5, 10, 15, 20, 30] ns, respectively. The blue curves represent the simulated data for

the coincidence histogram. For convenience, I used a detection efficiency of η = 1.

The other parameters I used in implementing the code are similar to those of the

experimental setup (see Chapter 3): the maximum coincidence time measured is 150

ns, and the laser excitation pulse repetition period is R−1 = 15 ns. In the discussion

that follows, the emitter is first excited at time t0, and the mth excitation pulse event

occurs at time te(m) = mR−1, with m an integer. I set te(m = 0) = t0. The simulated

coincidence histogram is given by C(τ), with τ = t− t0 being the interphoton time.

In Fig. 2.4(a–b), γ−1 = 1 ns and 5 ns, respectively. One expects that when

γ−1 ¿ R−1, the coincidence histogram will have peaks spaced by R−1. For each

peak occurring at an excitation pulse time te(m 6= 0), the coincidences in the interval

te(m− 1) < te(m) < te(m+ 1), m 6= 0

should decay according to the expression

Cp(τ) = A(τ)e(−γ|τ |) for (m− 1)R−1 < τ < (m+ 1)R−1, (m 6= 0)

A(τ) =





1, if τ = te(m 6= 0),

0, else.

(2.16)
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The definition of A(τ) arises from the fact that for a single emitter with γ−1 ¿ R−1,

there should be no coincidences near τ = 0. In Fig. 2.4(a–b), Eq. (2.16) is plotted in

red, and we see that it agrees well with the simulated data.

When the lifetime is γ−1 = 10 ns (Fig. 2.4(c)), C(τ) is seen to have aspects similar

to Eq. 2.16, but it also behaves somewhat like Eq. 2.15, the equation for g(2)(τ) in the

case of CW excitation. In Fig. 2.4(c), the green curves show plots of Eq. 2.15, using

the number of emitters N = 1, and with k12 = R and k21 = γ. Because the emitter’s

fluorescence lifetime is comparable to the repetition period, the decay given by Eq.

(2.16) does not agree with the simulated coincidences near τ = 0. Note also that the

contribution to the coincidence histogram from adjacent peaks becomes significant, so

that the red curves do not decay as fast as a single-exponential. Also in Fig. 2.4(c), I

plot a single exponential decay (black curve) given by

Cs(τ) = e−γ|τ | (2.17)

on the interval −R−1 < τ < 0. It is interesting to note that in Fig. 2.4(c), the form

of C(τ) near τ = 0 is neither an exponential decay, as given by Eq. (2.16), nor

1− e−(γ+R)|τ |, as in Eq. (2.15). The same disparity between C(τ) and Cp(τ) becomes

more pronounced in Fig. 2.4(d–e), where γ−1 = 15 ns and 20 ns, respectively. It can be

seen that C(τ) begins to behave more like the coincidence histogram of a single emitter

excited by CW excitation. When γ−1 = 30 ns = 2R−1 (Fig. 2.4(f)), the intermittent

peaks in C(τ) are not observed. In the vicinity of τ = 0, the coincidence histogram

decays linearly to 0.

2.2.5 Correcting ηSPS for Single-Photon Emission Probability

The factor
√

1− g(2)(0) in the definition of ηSPS (Eq. (1.2)) is included to correct for

the fraction of the detected count rate due to single-photon events: i.e., the total detected



2.2 Antibunched Light 34

Interphoton times (ns) Interphoton times (ns)

C
o

in
c
id

e
n

c
e

s
C

o
in

c
id

e
n

c
e

s
C

o
in

c
id

e
n

c
e

s

-80 -40 0 40 80 -80 -40 0 40 80

(a)

(f)(c)

(e)(b)

(d)

Figure 2.4: Results of numerical model for simulating the second-order coherence
function of a single emitter excited by pulsed excitation (excitation pulse period is
R−1 = 15 ns). In (a–f), the emitter fluorescence lifetime, γ−1 = [1, 5, 10, 15, 20, 30]
ns, respectively. Blue curves: simulated coincidences. Red circles: Plot of Eq. (2.2.4)
for the corresponding value of γ−1. Green curves: Plot of Eq. (2.15), using N = 1,
k12 = R, and k21 = γ. Black curves: Plot of Eq. (2.17), using the corresponding value
of γ.
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count rate includes detection events due to two-photon events as well as single-photon

events. In terms of the probabilities of detecting one (p1) or two (p2) photons, this

correction factor is p1/(p1 + p2). I will show how this factor can be obtained in terms

of the measured value of g(2)(0), provided that p2 ¿ p1. I start with the definition of

g(2)(τ) written in terms of number-state operators (Eq. (2.4)):

g(2)(0) = 1 +
〈(∆n̂k)

2〉 − 〈n̂k〉
〈n̂k〉2 . (2.18)

I then write the photon wave function as a sum of probabilities of having zero, one, or

two photons. I will assume the probability of having a three-photon event (or more) is

negligible:

|Ψ〉 = √
p0 |0〉+√

p1 |1〉+√
p2 |2〉,

∑
pn = 1.

(2.19)

Recalling that 〈(∆n̂k)
2〉 = 〈n̂2

k〉 − 〈n̂k〉2, and evaluating these averages, I have

〈n̂2
k〉 = 〈Ψ|n̂2

k|Ψ〉 = p1 + 4p2,

〈n̂k〉 = 〈Ψ|n̂k|Ψ〉 = p1 + 2p2.
(2.20)

Substituting Eq. (2.20) into Eq. (2.18),

g(2)(0) = 1 +
(p1 + 4p2)− (p1 + 2p2)

2 − (p1 + 2p2)

(p1 + 2p2)2

=
p1 + 4p2 − 2p2 − p1

(p1 + 2p2)2
=

2p2
(p1 + 2p2)2

.

(2.21)
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Now I substitute Eq. (2.20) into the desired correction factor
√

1− g(2)(0) and use the

condition p2 ¿ p1:

√
1− g(2)(0) =

(
1− 2p2

(p1 + 2p2)2

)1/2

=
(p21 + 4p1p2 + 4p22 − 2p2)

1/2

p1 + 2p2

=
p1

(
1 + 4p2

p1
+

4p22
p21

− 2p2
p21

)1/2

(p1 + p2)
(
1 + p2

p1+p2

) ' p1
p1 + p2

.

(2.22)

2.3 Photo-Blinking

Photo-blinking (hereafter referred to as “blinking”) is characterized by random fluc-

tuations of an excited emitter’s fluorescence. Several quantum mechanisms can lead

to this situation. One such mechanism is when a quantum system can transition from

the same ground state to at least two distinct excited states. A common example is

a V-type system where one of the excited levels is a meta-stable state whose decay

time is much longer than the other (stronger) transition. When excited by light that is

resonant with both transitions, the system will exhibit periods of sustained fluorescence

while cycling through the strong transition (the “on” time), interrupted by periods of no

fluorescence when it occasionally transitions to the meta-stable state (the “off” time).

This “quantum jump” phenomenon was first predicted by Niels Bohr, but was not

experimentally demonstrated until 1986, by Sauter and coworkers [129]. As expected,

the durations of the on and off times were exponentially distributed, corresponding to

the spontaneous decay times of the transitions.

Another quantum mechanism which results in blinking is observed in some single

molecules. Here there is an increased probability of intersystem crossings, wherein

the molecule passes from a “bright” singlet state into a long-lived, “dark” triplet state,

the lifetime of which is on the order of milliseconds. In this case, the transition from
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bright to dark and dark to bright is governed by exponential decay rates5. Vargas et

al. observed single-molecule blinking with dark periods lasting up to several seconds

[131]. The long dark times they observed cannot be explained by intersystem crossings.

However, there are more complex blinking processes which have been observed in

a number of single emitter systems and are especially prominent at room temperature.

One of the first observations of blinking in CdSe nanocrystal quantum dots (NQDs)

was made by Nirmal et al. [79]. Later, Kuno et al. noted that the on/off times of CdSe

NQDs follow an inverse power law distribution [132,133]. That is, the probability that

the NQD remains on for a time ton is P (ton) ∝ t−αon
on , and similar for off times. The

exponent αon(off) is typically between 1 and 2 [130]. Power law distributions have

also been reported for the blinking of organic molecules [134], Si nanocrystals, and

fluorescent proteins [130]. I have also observed power-law distributions in the on/off

times for blinking nanocrystal quantum dots.

These fluorescence dynamics indicate complex processes involving many different

energy levels. Various theoretical models have been proposed to explain the power

law distribution of the on/off times; see Ref. 130 for a recent review of these efforts.

Most models involve photo-ejection of a charge, (in the case of NQDs it is typically an

electron), which leaves the emitter in the off state. The emitter turns on again when the

electron returns, either by a random-walk process [135, 136], by tunneling from a trap

state [132,137], or for some models describing NQD blinking, by Auger recombination

[138]. More work is needed to reach a conclusive model which explains all the observed

features of power-law blinking, such as the variation of the on/off exponents (between

1 and 2), the dependence of the on-time distributions on temperature and excitation

intensity [135], and how the surrounding environment affects the blinking.

The effect that blinking has on an SPS is related to the quantum efficiency: q ≡
γ/(γ+γnr), where γ, γnr are the emitter’s radiative and nonradiative decay rates. When

5See Ref. 130 and references therein; see also ch. 9 of Ref. 25.
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the emitter blinks, then q is reduced from the ideal value of 1. Note that q can be defined

and measured for a single emitter [77].

However, if blinking processes could somehow be eliminated, one can expect to

have q ∼ 1. Indeed, Brokmann et al. have demonstrated that room temperature CdSe

NQDs in the on state have q = .98 [77]. Some encouraging progress has been made

towards non-blinking NQDs. Recently, Wang et al. reported CdZnSe NQDs which

were composed of a radially graded alloy of CdZnSe into ZnSe that did not blink

for up to 10 minutes of illumination [139]. Chen et al. also reported a significant

reduction of blinking with thick shelled (up to 20 nm diameter) CdSe NQDs [140].

Other workers have reported some success by treating NQDs with thiol containing

compounds [141]. Regarding dye molecules, placing molecules in a crystalline or inert

environment protects the molecule from oxygen, and for some types of molecules (e.g.,

terrylene) this increases the useable emission period for longer than an hour [56,60,61].
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Chapter 3

Experimental Setup

I will now describe the experimental tools necessary for characterizing the SPSs

described in this thesis. In Section 3.1, I introduce the experimental setup, which is

based on a confocal fluorescence microscope. Section 3.2 describes the electronics

used in obtaining confocal fluorescence images. Section 3.3 addresses the optical

setup of the Hanbury Brown-Twiss interferometer, which is used to measure photon

antibunching. In Section 3.4, I discuss the electronics in the measurement of both

photon antibunching and fluorescence lifetimes. And in Section 3.5, I provide further

details of the measurements of fluorescence spectra and polarized fluorescence.

3.1 Confocal Fluorescence Microscope Setup

The experimental setup is based on a Nikon (TE2000-U Quantum) inverted microscope

with several output ports. A photo of the setup is shown in Fig. 3.1. A schematic view

is shown in Fig. 3.2(a–b). Light from a 76 MHz repetition-rate, 6 ps pulse duration,

frequency-doubled Nd:Vanadate mode-locked laser (Lynx, Time-Bandwidth Products

Inc.) at 532 nm is spatially filtered and collimated before exciting the sample. CW

excitation at wavelengths of 514 nm from an Ar ion laser, 532 nm from a diode-pumped

solid state laser, 632.8 nm from a HeNe laser, and 976 nm from a fiber-coupled diode

laser were also used, depending on the emitter investigated. A 1.3 NA, oil immersion
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objective focuses the beam on to the sample. The average intensity at the focus is on the

order of several kW/cm2. An XY piezo-translation sample stage with a 50 µm x 50 µm

scan range (NanoDrive, Mad City Labs) allows us to raster scan the sample containing

single emitters through the microscope objective focus. Single emitter fluorescence

is collected by the same objective and imaged using a nonpolarizing beamsplitter on

to two Si single-photon counting avalanche photodiodes (SPADs) (SPCM AQR-14,

Perkin Elmer), or a back-illuminated, electron multiplying (EM)-CCD camera (iXon

DV 887 ECS-BV, Andor Technologies), which are placed at different output ports of

the microscope. The microscope objective together with the 170 µm active area of the

SPADs, which serve as confocal apertures, allow us to obtain confocal fluorescence

imaging of the sample. Interference filters are placed in the collection path to block

liquid-crystal-host fluorescence. Interference edge filters for rejection of the excitation

wavelength, together with the dichroic mirror, provide better than 11 OD rejection of

the excitation light. Three different dichroic mirrors are available, and are referred to

hereafter as “green”, “red”, or “IR”, depending on the excitation wavelength that they

block.

Once the emitter-doped photonic bandgap is prepared (Chapter 4), it is placed on the

sample stage above the microscope objective. The emitters in the sample are excited,

and while observing the image of the excited volume with the EM-CCD using gain,

the objective focus is adjusted until individual emitters can be seen, e.g., as in Fig. 3.3.

This is wide-field excitation; i.e., many emitters are being excited. If few or no emitters

are observed, the sample may be repositioned until emitters are seen. Once an area with

fluorescing emitters is identified, the area is raster-scanned as described in Section 3.2.

In the resulting confocal microscopy image, the bright features will either be single

emitters or clusters thereof. I want to quickly determine which bright features are single

emitters, since only these will yield single photon fluorescence. Two criteria may be

used as indicators that an emitter is likely a single emitter. The first is feature size: the
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Figure 3.1: Picture of experimental setup.
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Figure 3.2: Schematics of experimental setup: (a) Fluorescence imaging and
antibunching measurements. (b) spectral and polarization measurements. I used
the following abbreviations: neutral density (ND); single-photon counting avalanche
photodiode (SPAD); beamsplitter (BS); linear polarizer (LP); achromatic quarter-wave
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apparent spot size of the emitter in the confocal microscopy image should be no larger

than the focused laser spot’s point spread function. The second criterion is blinking:

while raster scanning across a single emitter (quantum dot or single molecule), the

blinking of single emitter fluorescence results in dark stripes in the image.

2 µm

Figure 3.3: Wide-field excitation of several single nanodiamond color centers.

The surest indicator of whether an emitter is indeed a single emitter is whether

the second-order coherence of the fluorescence, g(2)(τ), shows antibunching. Hence,

single emitter “candidates” are identified by their size and blinking patterns in the

confocal microscopy image, and then g(2)(τ) is measured with the Hanbury Brown-

Twiss interferometer (Section 3.4). When single emitters are thus identified, or when

measuring the fluorescence of emitter ensembles, I use one of several output ports for

fluorescence correlation and lifetime, spectroscopy, and polarization measurements.

Fig. 3.2(a) shows that at the first port, the fluorescence is coupled out of the

microscope by a 50/50 beamsplitter to a Hanbury Brown-Twiss interferometer. The

interferometer, together with a TimeHarp 200 time-correlated single-photon counting

card, allows me to measure the second-order coherence (Sections 3.3–3.4). The output

of one SPAD along with a timing reference from the excitation laser can also be used to
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measure fluorescence lifetimes. At a second port, the Andor electron-multiplying CCD

camera allows for wide-field, single-emitter imaging. Fig. 3.2(b) shows that in a third

port, fluorescent light is fiber-coupled into a spectrometer (USB2000, Ocean Optics) via

a multimode fiber. I also have the option of coupling light into another spectrometer

(Acton SpectraPro 2150i, Princeton Instruments) and imaging the spectrum with

the Andor camera, which is useful for spectroscopy of single-emitter fluorescence

(Section 3.5). As shown in Fig. 3.2(b), I used an achromatic quarter-waveplate

and a linear polarizer (either a Glan-Thompson analyzer or a dichroic polarizer with

a measured extinction ratio of 1 × 10−4) to measure the polarization dissymetry

(Section 5.1) of the circularly-polarized fluorescence. Fluorescence spectra are taken

of right- and left-handed circularly-polarized fluorescence using the spectrometer, and

the intensity of fluorescence into the two polarizations compared. For measurements of

the degree of linear polarization (Section 5.2), the linear polarizer polarizer was used.

3.2 Electronics for Confocal Fluorescence Imaging

In order to obtain confocal fluorescence imaging, it is necessary to: 1) precisely scan

the sample through the laser focus in discrete spatial increments (pixels), and 2) record

the photon count rate of the SPAD at a given pixel. This is accomplished via PCI cards,

the piezo-translation stage, and a LabVIEW VI. The VI I use is a general purpose tool

for scanning confocal microscopy, written by Andreas Lieb (Novotny group). Fig. 3.4

shows the main VI user interface, wherein the confocal scanning parameters are entered

and the image data is displayed. The user enters the scanning range in the x and y

directions, as well as the number of image pixels desired. The user also enters the

dwell time at each pixel (typically 5 ms).

When the LabVIEW VI runs, it first divides the scan region into the appropriate

number of pixels. At the first pixel, (0, 0), the number of photocounts registered during
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Figure 3.4: Main VI user interface for acquiring confocal image data.

the dwell time is binned in the first element of a matrix. Although only one SPAD

is needed to construct a confocal image, two SPADs are used in the Hanbury Brown-

Twiss interferometer, and it is generally helpful to compare images from two SPADs.

Therefore, a separate count matrix is constructed for each of the SPADs. When a photon

is incident on the active area of the SPAD, it triggers an avalanche photocurrent. The

SPAD in turn produces a TTL pulse (5 V). The computer acquires these TTL pulses

via a coax cable which is fed into a PCI counter card (NI 6602, National Instruments);

see Fig 3.6. The number of photocounts is represented graphically at each pixel in

the images on the right-hand side of Fig. 3.4 via a color scale. The VI then sends

a control voltage to the piezo-translation stage via a PCI Analog I/O Multifunction

Data Acquisition card (NI 6052E, National Instruments) connected with NI 6602 to

increment the sample to the next pixel position. 10 V is needed to displace the stage a
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maximum of 50 µm. This process is iterated–a forward and backward line scan in the

x direction, then a step in the y direction–until the sample has been scanned through

the desired area, and the resulting confocal fluorescence images obtained. While the

VI is scanning, the current line scan is shown in the graph shown in the bottom left of

Fig. 3.4.

3.3 Hanbury Brown-Twiss Interferometer: Optical

Setup and Alignment

Fig. 3.2(a) shows the optical setup used for the Hanbury Brown-Twiss interferometer.

An optical relay transfers the image of the illuminated sample area to the two SPADs.

The extra optical path length is useful since the microscope tube lens focuses the light

at a point 6 cm from the base of the microscope. The relay also allows me to place

additional spectral filters for background suppression, if needed, between lenses L1 and

L2 (Fig. 3.2(a)). The SPADs are placed on x-y-z translation stages to aid in aligning

the detector active area to the position of the sample image. This position is roughly

determined by looking at fluorescence from a dense concentration of emitters (e.g., DiI

dye), which are visible by eye. The SPAD alignment is fine-tuned by the following

procedure:

1. A sample with an emitter concentration sparse enough that emitters are separated

by several times more than the focused spot diameter is placed on the objective—

it is important that a delta function-like impulse response is used for centering the

SPAD active area on the image in the image plane. It is convenient to use emitters

dropped or spun on to a single glass slide, since one must verify that the excitation

light is focused exactly at the interface where the emitters are located. This can
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be verified by viewing the reflected laser light (at a suitably low power) through

the eyepiece.

2. While focusing the excitation light exactly on the emitters, acquire a confocal

image of the sample. Illuminate an emitter that is well-separated from its

neighbors. While illuminating the emitter, adjust the transverse positions (x and

y) of each SPAD so as to maximize the count rate. Record the approximate width

of the image by scanning the SPAD in one transverse direction and noting the

positions where the signal decreases to half of the maximum value.

3. Increment the longitudinal (z) position and adjust the transverse positions (if

necessary) to again maximize the count rates at each SPAD. Find the image

width. A plot of the image width as a function of z will reveal the center of

the Rayleigh range, i.e., the image is narrowest at the focus.

After alignment, another consideration in the setup of the Hanbury Brown-

Twiss interferometer is avoiding optical cross-talk between the SPADs. This cross-

talk can arise from the “breakdown flash” of the SPAD after a photon is absorbed

by the active area: the avalanche current that accompanies the photodetection results

in fluorescence from the photodiode p-n junction [142]. This cross-talk will result

in peaks to either side of the zero-interphoton time in a histogram of photodetection

coincidences, caused by either SPAD detecting the breakdown flash of the other. The

spectrum of the breakdown fluorescence is ∼ 600 − 1000 nm [142]. To reduce the

coincidences due to this effect, I can use filters to block some of this fluorescence,

provided that the fluorescence I want to detect is outside this region. When that

condition is satisfied, I use the IR shortpass filters shown in front of the SPADs in

Fig. 3.2(a). They transmit for wavelengths λ < 704 nm. When the fluorescence I am

interested in detecting lies within the spectral range ∼ 600 − 1000 nm, I must rely on

optically decoupling the detectors using the arrangement shown in Fig. 3.5(a) [143].
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Here the breakdown fluorescence from each SPAD is directed back toward the sample,

or else out of the system. This is in contrast to the arrangement one might naively use,

shown in Fig. 3.5(b). There, the breakdown fluorescence of one SPAD can be coupled

back toward the other by reflection from the beamsplitter cube’s facets. When using

the setup shown in Fig. 3.5(a) and using IR shortpass filters when necessary, I did not

observe coincidences due to optical cross-talk.
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Figure 3.5: Reduction of optical cross-talk between detectors. (a) Good decoupling.
(b) Poor decoupling.

3.4 Photon Coincidence Counting Measurements

As mentioned in Section 3.1, the Hanbury Brown-Twiss interferometer allows me

to measure the g(2)(τ) function of the collected fluorescence. Experimentally, this

involves looking at the various time intervals between photon detection at the two

SPADs. The hardware used for the coincidence measurement is a TimeHarp 200 time-

correlated single-photon counting card. The card has two inputs—a “start” and “stop”

(sync) channel. The time between inputs to the start and stop channels is measured by a
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time-to digital-converter [144]. When a TTL pulse from the start SPAD enters the start

channel (see Fig. 3.6), the coincidence counting card measures the time delay between

the start pulse and a subsequent TTL pulse in the stop channel. This interphoton

time is recorded in a histogram and the timing circuit is reset within a coincidence

binning time of ∼ 300 ns, after which the circuit is ready to record another start-stop

pair. If the timing circuit reaches the maximum interphoton time without registering

a stop pulse, the counter is reset without registering a coincidence. This measurement

scheme requires that after the start channel has been triggered, it ignores any subsequent

pulses in the start channel until a stop pulse resets the counter. For sufficiently low

count rates, the normalized coincidence histogram accurately reproduces g(2)(τ) (see

Section 2.2.2).

TimeHarp 200

P C

NI 6602

P C
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SPAD

stop

SPAD

-3dB

-3dB variable

delay

variable

delay

-20dB

Lynx laser

inverter/

attenuator

Power divider

start
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Nano-drive

PZT stage

NI 6052E

Figure 3.6: Diagram of cabling connections for confocal fluorescence imaging,
fluorescence lifetime measurements, and g(2)(τ) measurements. The stop SPAD
output is supplied to the TimeHarp 200 for g(2)(τ) measurements; the Lynx laser’s
internal photodiode signal is supplied to the stop channel for fluorescence lifetime
measurements.

In this way, a histogram of coincidences in various interphoton times is recorded.

The user has the ability to set the temporal resolution of the coincidence histogram

via the time bin width, a value that ranges incrementally from 36 ps to 1.15 ns. Since
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there are 4096 bins available in the histogram, the resolution determines the maximum

interphoton time measurement.

Because the card provides a histogram of interphoton times between two detection

events, it is also useful for measuring fluorescence lifetimes. I will first describe the

fluorescence decay measurement, and then the g(2)(τ) measurement. In a fluorescence

decay measurement, the relevant timing signals come from 1) the light pulse that excites

the emitter, and from 2) the detector that registers the fluoresced photon. The histogram

of the interphoton times reproduces the fluorescence decay, i.e., it gives the probability

of detecting a fluoresced photon a certain time after the emitter is excited. It is tempting

to assign the excitation pulse signal to the start channel, and the detection pulse to the

stop channel. However, when one considers that the typical excitation rate used in

such an experiment is on the order of 10’s of MHz, and the typical photon detection

rate is 100’s of kHz or less, it’s obvious that this assignment is impractical. In most

cases the coincidence card would be waiting for a stop event that does not occur within

the maximum measurement period (147 ns when using the smallest resolution). It is

more efficient to allow the photon detection to be the start input, and put the excitation

signal in the stop channel. This is known as the reverse start-stop operating mode.

Because the excitation event is registered after the fluoresced photon, the time axis of

the coincidence histogram is reversed in order to show a causal relationship between

the excitation and fluorescence events. In my fluorescence lifetime experiments, the

signal from the Lynx laser’s internal photodiode is supplied to the stop channel. The

TTL output of one of the SPADs in the Hanbury Brown-Twiss interferometer is routed

to the start channel.

For g(2)(τ) measurements, the two SPADs in the Hanbury Brown-Twiss interferom-

eter provide the start and stop signals, respectively. The card produces a histogram of

coincidence counts in different interphoton times between detection at the two SPADs.

It is useful to see the negative interphoton time, where the “stop photon” was detected
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before the “start photon”, as well as the positive interphoton time. The TimeHarp

coincidence counting card has an internal delay in the start channel of ∼ 30 ns, so

the overall delay in the stop channel relative to the start channel must be at least this

long. I achieve this delay by inserting a variable electronic delay line (425A, Ortec)

and a long length of BNC cable in the stop channel. This shifts the zero interphoton

time, corresponding to simultaneous detection of start and stop photons, towards the

middle of the histogram. The exact time bin corresponding to the zero interphoton

time is measured by routing pulses from the same SPAD (via a coaxial splitter) to the

start and stop channels and recording at which time bin the coincidences are recorded.

There is a minimum timing resolution in the coincidence measurement due to the timing

jitter in the laser excitation pulse, SPADs, and the TimeHarp card itself. This temporal

response function width is measured by looking at the coincidences from excitation

light scattered from colloidal silica microspheres (Ludox), which do not fluoresce. The

measured temporal response function width of my setup is ∼ 400 ps.

The start and stop inputs of the TimeHarp coincidence counting card are sensitive to

any noise due to reflections of the SPAD’s TTL pulses from connections at intermediate

points between the SPADs and the coincidence counting card (see Fig. 3.6). To reduce

reflections to within acceptable levels, I ensured that all the connections shown in

Fig. 3.6 were terminated in 50Ω. The start channel requires a positive voltage pulse

with recommended amplitude of 200 – 300 mV; the stop channel requires a negative

voltage pulse with recommended amplitude in the range −200 – −300 mV. The start

and stop channels trigger on the steep leading edge of the respective input pulse. The

voltage traces of the inputs to the TimeHarp card are shown in Fig. 3.7. The TimeHarp

software interface allows the user to set a discriminator voltage threshold below which

the start channel will not trigger (or above which the stop channel will not trigger).

Using discriminator voltages of 50 mV for the start channel and −125 mV for the

stop channel, I was able to measure coincidence histograms free of oscillations due
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to electronic noise. This was verified by measuring the coincidence histogram for

poissonian light, which has a uniform autocorrelation.
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Figure 3.7: Voltage traces of the input pulses to the TimeHarp coincidence counting
card. (a) TTL pulse from start SPAD. (b) TTL pulse from stop SPAD, used in g(2)(τ)
measurements. The alternating negative/positive amplitudes are due to the action of the
Picoquant SIA 400 inverter attenuator on the TTL pulse (see Fig. 3.6). (c) A series of
stop pulse signals supplied by the Lynx laser’s internal photodiode, used in fluorescence
lifetime measurements.

3.5 Spectroscopic and Polarization Measurements

Fig. 3.2(b) shows the optical setup I used to couple light into the Ocean Optics and

SpectraPro spectrometers. The light from the microscope objective is focused by the

microscope tube lens, then coupled out of the microscope by a 45◦ prism internal to

the microscope. The beam is then expanded and collimated by lenses L3 and L4. The
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mirror Mz is placed on a travel stage such that the light can be coupled to either (1) the

SpectraPro spectrometer, or (2) the Ocean Optics spectrometer.

With Mz in position 1, NA= 0.125 lens L5 focuses the beam on to the SpectraPro

entrance slit, which matches the SpectraPro’s entrance port NA. The beam width at the

entrance slit is ∼ 50 µm. The SpectraPro spectrometer is a Czerny-Turner design with a

focal length of 150 mm. It uses one 150 line/mm grating, blazed for maximum spectral

efficiency at 800 nm. The linear dispersion, dλ/dx, of the grating is 40.0 nm/mm; this

allows me to measure a spectral range of 327 nm when using the Andor EM-CCD,

which has a detector matrix width of 8.19 mm (512 × 512 pixels – 16 µm pixel size).

The linear dispersion per detector pixel is thus 0.64 nm/pixel. The bandpass is defined

as dλ
dx

×Wg [145], where Wg is the entrance slit width. To avoid losses at the entrance

slit, I use a 50 µm entrance slit width; the bandpass is thus 2.0 nm. The total spectral

response function width includes the bandpass, the effect of optical aberrations in the

system, and the linewidth of the measured spectral line. Using sufficiently narrow lines

from a Ne lamp, I measured a spectral response function width of 3.0 nm (see Fig. 3.8).

With Mz in position 2, the light is coupled to an aspheric fiber-coupling lens L6

(Thorlabs, F280FC-B). This lens is packaged in a housing which places the end facet

of a FC connectorized fiber patch cord at the focus of the lens, which aids in coupling

the light into the fiber. The lens is placed on a 2-axis translation stage with tip-tilt

adjustment to aid in maximizing the coupling efficiency. The fiber couples directly

into the Ocean Optics USB2000. This spectrometer is a symmetrical, crossed Czerny

Turner design with an NA of 0.125. A 600 line/mm grating is used, and the system has

a spectral response function width of 2.0 nm.

In order to get accurate spectroscopic data, I calibrated the spectrometers with

a HeNe lamp to determine the wavelength to assign to each pixel on the detector,

as shown in Fig. 3.8. I also needed to measure the combined spectral efficiency

of the dichroic mirror, achromatic quarter wave plate, linear polarizers, gratings,
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and detectors used for these experiments, since the spectral efficiency affects the

measured spectral width and amplitude. Furthermore, I needed to perform this

measurement for both horizontal and vertical polarizations of incident light, as the

grating efficiency is polarization-dependent, and I use the spectrometer to make

polarization sensitive measurements. The spectral efficiency measurements were

performed using a calibrated tungsten lamp from Optronics Laboratories (OL-245),

which produces a blackbody spectrum at 3000K. I denote the calibrated spectrum of

the lamp by S0(λ) and the measured spectrum by Sm(λ). The combined spectral

efficiency of the dichroic mirror with transmission Tdc(λ), quarter wave plate and

linear polarizers with transmission Tp(λ) = TqwpTlp, grating with efficiency η
(υ)
gr , and

detector with efficiency ηd is g
(υ)
eff (λ) = Tdc(λ)Tp(λ)η

(υ)
gr ηd. Here, υ = s, p, or u,

denotes either s− or p− polarized light or unpolarized light incident on the grating (no

polarizer used). Then g
(υ)
eff (λ) for a particular combination of polarizers, grating, and

detector is given by g
(υ)
eff (λ) = S0(λ)/Sm(λ). The measured g

(υ)
eff (λ) for the red dichroic

mirror, achromatic quarter waveplate, Glan-Thompson analyzer, 150 line/mm grating,

and Andor EM-CCD is shown in Fig. 3.9(a). The same dichroic mirror–waveplate–

polarizer–grating–detector combination was used in measuring the spectrum shown in

Fig. 3.9(b). This is the spectrum of a CdSeTe nanocrystal quantum dot doped in a

monomeric cholesteric liquid crystal cell excited with CW 633 nm light. The quarter

wave plate and Glan Thompson analyzer were set to measure left-handed circularly-

polarized light, which is the polarization that does not experience the photonic band

gap in monomeric cholesteric liquid crystal. The raw spectral data and a Lorentzian fit

are shown (blue curves), as well as the spectrum corrected with the measured spectral

efficiency and the corresponding Lorentzian fit (red curves).

Several features of Fig. 3.9 are worth noting. First, note that the g(u)eff (λ) curve is not

the mean of the g(s,p)eff (λ) curves. This is because Tlp(λ) for the dichroic linear polarizer

is not unity, nor is it constant across this spectral range. I chose a scaling factor of 0.35
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Figure 3.8: Wavelength calibration of the spectrometer. The spectrum of a Ne lamp is
recorded on the detector, and several lines from the known spectrum are used to assign
wavelength values to corresponding pixels on the detector. The wavelengths of the
known lines are labeled. This spectrum was recorded with the SpectraPro spectrometer
and Andor EM-CCD. The measured spectral response function width as determined by
these spectral lines is 3.0 nm.

in order to conveniently compare the 3 curves. Second, the oscillations that are present

in the measured spectra are due to etaloning of the near infrared fluorescence from the

front and back surfaces of the back-illuminated CCD—the Si sensor is semitransparent

in the NIR. This etaloning effect is common to back-illuminated CCDs [146]. In

calculating the g
(υ)
eff (λ) curves, I performed a 50 point boxcar average to smooth over

the etalon fringes. Finally, the effect of the spectral efficiency correction is significant:

without correction, the quantum dot nanocrystal fluorescence peak is 779 nm; the

correction places the peak at 789 nm.

Since the SpectraPro spectrometer is a free-space coupled system, it is sensitive

to any deviation of the light from the optical axis established when the calibration is

performed. The optical axis shown in Fig. 3.2(b) is established with marks along the

optical bench along a length of ∼ 2 m (the L6 lens mount can be removed for this

purpose). The micrometer position of Mz at the time of alignment is also noted. Then
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Figure 3.9: Measured spectral efficiency. (a) Measured g
(υ)
eff (λ) for the red dichroic

mirror, Glan-Thompson analyzer, 150 line/mm grating, and Andor EM-CCD. Solid
red line: using p-polarized light. Broken black line: using s-polarized light. Blue
line: unpolarized light (no polarizer used). The unpolarized efficiency curve was
scaled by 0.35 for ease of comparison with the other two curves. (b) Spectrum of a
CdSeTe nanocrystal quantum dot doped in a cholesteric liquid crystal cell, measured
with the optics corresponding to g

(p)
eff (λ) in (a). Solid blue line: raw data. Broken blue

line: Lorentzian fit to the raw data. Solid red line: spectral data corrected with the
measured spectral efficiency. Broken red line: Lorentzian fit to the corrected data. The
oscillations that are present in the measured spectra are due to etaloning of the near
infrared fluorescence from the front and back surfaces of the back-illuminated CCD.
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before performing any subsequent spectroscopic measurements, I verify that the light

from the microscope is traveling along the same optical axis as when the calibration was

performed by doing the following: (1) I verify that the light is aligned along the marked

optical axis; (2) after moving Mz into place, I verify that the light is traveling along the

spectrometer’s optical axis by adjusting the tilt of Mz and changing the entrance slit

width until I can see that the beam is centered at the slit and coming in normal to the slit.

Once these two conditions are satisfied, I expect to see that the wavelength calibration

is still valid. I can check this using a Ne lamp again, but typically I simply check

using excitation light reflected from a glass slide placed at the microscope objective at

a couple wavelengths within the spectral measurement range, e.g., 532 nm and 633 nm.

I find that this is sufficient for verifying that the calibration is valid.

I characterized the effect of the microscope optics on circularly- and linearly-

polarized light entering the microscope at the position of the microscope objective. This

is necessary for obtaining accurate information about the polarization of light emitted

from the sample, since the optics between the sample and the polarizers in Fig. 3.2(a–b)

can each affect the polarization state of light.

To characterize the effect the system had on circularly-polarized light, I launched

both right- and left-handed circularly-polarized light from above the microscope

objective in Fig. 3.2(b) through the system and measured the resulting polarization

state after the achromatic quarter wave plate in Fig. 3.2(b). I used a linear polarizer

to measure the orientation of the polarization ellipse, and then used an additional

achromatic quarter wave plate to determine the handedness of the polarization ellipse.

The ellipticity is defined as e = ±Emin/Emax, where Emin,max are the electric field

vector magnitudes along the minor and major axes of the ellipse, respectively, and I

take e to be negative for right-handed circularly-polarized light [147]. If the system

did not alter the circular polarization, I would expect that the resulting polarization

after the quarter wave plate would be linearly-polarized. I observed that the cumulative
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effect of the dichroic mirror, prism, mirror Mz, and quarter wave plate were to take

circularly-polarized light to an elliptical polarization, with an ellipticity of |e| ≤ 0.1,

with e being positive or negative when left- or right-handed circularly-polarized light

was used, respectively. Furthermore, the orientation of the polarization ellipses were

rotated by ∼ −90◦ to what would be expected if the system had no effect on the circular

polarization. The phase shift results from the propagation through the birefringent

dichroic mirror and reflection from the prism and from Mz. I noted the orientation of

the resulting polarization ellipse for each initial circular polarization. In subsequent

measurements of the circular polarization dissymmetry (Section 3.1), I measured

the fluorescence spectrum along the appropriate orientation of the linear polarizer,

corresponding to right- and left-handed circular polarizations.

I also repeated this procedure for circularly-polarized light reflected from the 50/50

beamsplitter in Fig. 3.2(a) and transmitting through an achromatic quarter wave plate

and linear polarizer placed between lenses L1 and L2. This was necessary to make

measurements of the fluorescence lifetime resolved for right- and left-handed circular

polarized modes (Section 5.1.3). The same characterization was performed for linearly-

polarized light propagating through the system, so that I could measure the degree

of (linear) polarization (Section 5.2.1). I found that the polarization state of linearly-

polarized light propagating through the system was not altered.
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Chapter 4

Sample Preparation

In this work I used several types of liquid crystals: monomeric (fluid) cholesteric

liquid crystal (CLC) mixtures prepared from chiral additive CB15 with nematic E7

(EM Industries), and Wacker oligomeric (glassy) CLC powders. For the nematic liquid

crystal samples I used E7. I also used several types of single emitters: nanocrystal

quantum dots (NQDs) of varying size, nanodiamond N-vacancy color centers; DiI and

terrylene dye molecules; and rare-earth-doped nanocrystals. CdSe/ZnS (core/shell)

NQDs (fluorescence maximum λ0 = 580 nm) were synthesized by Prof. Todd

Krauss’s group according to published methods [148, 149]. CdSeTe/ZnS NQDs of

two different sizes with λ0 = 700 nm and λ0 = 790 nm were obtained commercially

from Invitrogen. N-vacancy centers in diamond nanoparticles (50 nm diameter) with

a fluorescence maximum, λ0 = 650 nm, were purchased from Microdiamant AG,

Switzerland. DiIC18(3) was purchased from Molecular Probes, and terrylene dye was

purchased from W. Schmidt (Laboratory for PAH Research, Greifenberg, Germany).

One of our collaborators, the Prasad group at SUNY-Buffalo, provided our group with

NaYF4:Yb3+,Er3+ nanocrystals (∼ 20 – 30 nm diameter). The doping concentration of

the rare-earth ions were 2 mol% Er3+ and 20 mol% Yb3+ in the NaYF4 nanocrystals,

respectively [150, 151]. The nanocrystals were dispersed in a nematic liquid crystal,

5CB.

To prepare single-emitter-doped liquid crystal samples, the liquid crystal should
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be doped with emitters at an extremely low concentration, such that the sample

contains only a few emitters per µm irradiation area. I established the proper emitter

concentration in solution for single-molecule fluorescence microscopy by iterative

trial and error (ordinarily of the order of 10−8 – 10−10 M). I prepared sequential

dilutions of emitter in the solvent (chlorobenzene, methylene chloride, toluene, and

chloroform were used, depending on the emitter), and spun these solutions onto glass

slips. For each concentration, confocal fluorescence microscopy determined the final

emitter concentration per irradiation area. Once single molecules were predominantly

observed, the dilution endpoint was reached.

Single-molecule fluorescence microscopy imposes a limitation on the sample

thickness: my high NA objective with ∼ 200 µm working distance requires the

use of glass substrates thinner than this value. Consequently, I used 1” × 1” glass

coverslips with ∼ 170 µm thickness (Corning). These thin substrates can be used to

make robust, single-emitter-doped liquid crystal cells, provided care is taken in their

handling. In the remainder of this chapter I will describe how to prepare these cells.

Appropriate cleaning of the glass coverslips and filtering of the liquid crystal materials

is mandatory (Section 4.1). In Section 4.2 I describe how to prepare single-emitter

doped CLC mixtures with selected concentration such that, when planar-aligned, they

form photonic stop bands with band edges tuned to the emitter fluorescence maximum.

Section 4.3 enumerates the procedure for doping liquid crystal with single emitters and

providing planar-alignment of the cell. And in Section 4.4, I discuss the preparation of

a CLC mirror for use with our CLC microcavities. For further references on preparation

of single-emitter-doped CLCs, see Refs. 60, 61, 152.
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4.1 Glass Substrate Cleaning and Liquid Crystal

Purification

To minimize false fluorescence contributions by contaminants during single-molecule-

fluorescence microscopy, rigorous cleaning of glass coverslips is crucial [131]. Liquid

crystal cells were fabricated in a class 10,000 clean-room facility. To clean the glass

coverslips, I used two different cleaning procedures, depending on how I provided

planar-alignment of the liquid crystal (see Section 4.3).

1. When polymer-buffing was used to provide liquid crystal alignment, it was

important to remove surface contaminants from the glass coverslip, using a

60 minute ultrasonic bath in a detergent solution. After the ultrasonic bath,

the coverslips were individually washed with detergent and clean-room tissue

until deionized water did not bead on the surface. Coverslips were then rinsed

in flowing, deionized water, and dried in a stream of oil-free nitrogen and

subsequently heated on a hotplate at 110◦ for 10 minutes.

2. If the liquid crystal planar-alignment was accomplished by simple uni-directional

mechanical motion between two slides, I bathed the samples for 24 hours in a

H2SO4/H2O2 (Nano-Strip, Cyantek Corp) to remove organic components from

the coverslip. The coverslips were then rinsed in flowing, deionized water and

dried in a stream of oil-free nitrogen.

Filtering is also necessary to remove fluorescent contaminants from the liquid crystals.

For the monomeric CLC mixtures and nematic E7, I filtered the liquid crystal through

a 0.45 µm particle filter.
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4.2 Preparation of Single-Emitter Doped CLC

Mixtures With Selected Concentration

As discussed in Section 2.1, I must prepare a single-emitter-doped CLC mixture with

a photonic stop band tuned to the fluorescence maximum of a given emitter. The

procedure for doing this depends on the type of CLC used.

4.2.1 Monomeric CLC Mixtures

For the monomeric mixtures, the stop band position, λc, of the photonic bandgap is

defined roughly by

cm = nav/(λc ×HTP ), (4.1)

where cm is the weight concentration of CB15 in the CB15/E7 mixture, nav ∼ 1.6

for this mixture, and HTP = 7.3 µm−1 is the helical twisting power of the chiral

additive in nematic liquid crystal. Using this relationship, I prepared series of CB15/E7

mixtures for desired stop band positions and measured them in a Perkin-Elmer Lambda

900 spectrophotometer, thereby determining the specific selective reflection (photonic

band gap) for each sample. From Eq. 4.1, λc = (nav/HTP )c−1
m . A plot showing the

empirically determined dependence of λc on c−1
m is shown in Fig. 4.1. The data points

(black squares) show the measured λc for a given value of cm. The blue line is a linear

fit to this data given by λc = 229.13c−1
m − 1.9822.

A zero-order quarter wave plate and a thin-film linear polarizer were used in

both spectrophotometer channels to create circularly-polarized incident light of desired

handedness. Samples were tested in unpolarized light, as well as in left-handed and

right-handed circularly-polarized incident light, depending on the type of CLC used.

I then selected those monomeric CLC mixtures that had the appropriate photonic stop

band.
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Figure 4.1: Empirical relationship between c−1
m and λc. The black squares show

measured λc for given c−1
m , and the blue curve is a linear fit to the data.

I note here that the monomeric CLCs (E7 + CB15 mixtures) form a right-handed

chiral structure. The Wacker oligomeric CLCs discussed in Section 4.2.2 form a

left-handed chiral structure. Throughout this work, I define right-handed circularly

polarized light to be that polarization where the electric field vector traces out a right-

handed helix in space. The spectral transmission for several of these monomeric CLC

hosts, along with the fluorescence spectra of the NQDs used with the respective hosts,

are shown in Fig. 4.2(a–c).

I doped the monomeric mixtures with single emitters by placing a drop containing

several µL of CLC on a clean glass coverslip, then doped with ∼ 1 nM concentration of

single emitters dispersed in solvent. This is done by mixing ∼ 10 µL of single emitters

in solvent with several ∼ 10 – 20 µL of CLC on the coverslip.
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Figure 4.2: CLC photonic bandgap selective transmission curves, using either
monomeric or oligomeric CLC. Also shown are the NQD fluorescence spectra that
the transmission curves were tuned to. In (a–b), the CLC transmission was measured
with right-handed circularly-polarized light; in (c–d), unpolarized light was used. (a)
CdSe NQDs (λ0 = 580 nm). The weight concentrations of chiral additive CB15 in
the CB15/E7 mixture is cm = 36.6%. (b) CdSeTe NQDs (λ0 = 700 nm). Here,
cm = 36.0% (curve 1), and cm = 29% (curve 2). (c) PbSe NQDs (λ0 = 1.5µm). Here,
cm = 16.3% (curve 1), cm = 16.0% (curve 2), and cm = 14.4% (curve 3). (d) PbSe
NQDs. The ratio of Wacker oligomeric powders with λc = 1.17 µm and λc = 2.15 µm
were, ro =1:0 (curve 1), 1:0.24 (curve 2), and 1:1 (curve 3).
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It should be noted here that doping of nematic E7 is accomplished in the same

manner as for the monomeric CLC.

4.2.2 Oligomeric CLC Mixtures

To form an oligomeric CLC powder with a specific λc, I mixed two oligomeric CLC

powders with a λc lower and higher than the target value, respectively. I define ro to

be the weight ratio of low-λc to high-λc powder. I determined the correct weight ratio

empirically by mixing two oligomeric CLCs with different λc in a series of weight ratios

ro, and dissolving each separate mixture in a solvent. By heating the solution inside a

rotating retort under vacuum, the solvent is evaporated and I obtained a new powder

oligomer with an intermediate λc. For the photonic bandgap microcavities matched

to the fluorescence maximum of CdSeTe NQDs (λ0 = 790 nm), I used mixtures of

oligomeric CLCs with λc = 760 nm and λc = 1.17 µm (data not shown). Similarly,

I used mixtures of oligomeric CLCs with λc = 1.17 µm and λc = 2.15 µm for

photonic bandgap microcavities matched to PbSe QD fluorescence (λ0 = 1.5 µm)—see

Fig. 4.2(d).

To dope single emitters into oligomeric CLC, I first heated ∼ 10 – 20 mg of the

oligomeric powder on a clean glass coverslip to above the oligomeric powder’s melting

temperature, Tm (∼ 135◦C). I then dropped ∼ 10 µL of single emitters in solvent on

the glass coverslip and mixed it with the melted powder. This provides enough doped

material for a 1” × 1” cell.

4.3 Planar-Alignment of Liquid Crystals

Two different planar-alignment procedures for LCs were used: substrate “shearing”

and buffing. In the shearing procedure, single-emitter-doped monomeric or oligomeric
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CLC is placed between two glass coverslips and planar-aligned through uni-directional

mechanical motion between the two coverslips. Well-defined cell thickness can be

achieved by placing epoxy mixed with glass microspheres on the four corners of the

bottom coverslip prior to alignment. For planar-alignment of oligomeric CLC, it is

necessary to remove air bubbles which can disrupt the planar-alignment of the CLC.

This is accomplished by heating the emitter-doped oligomeric powder to above its

isotropic temperature, Tc (∼ 175◦C for the Wacker oligomeric powders I used). I stirred

the oligomeric powder at Tc for 10 – 30 minutes, until no air bubbles could be observed.

The sample is then cooled to 10 – 15◦C below Tc, a second glass coverslip is placed

above the first, and the two coverslips are sheared. The oligomeric CLC is then slowly

cooled to the glassy state, preserving planar-aligned liquid crystal order.

When buffing was used for planar-alignment, substrates were spin coated with a

polymer, Polyimide. I had to overcome a technical hurdle in buffing the polymer layers,

however. In standard liquid crystal cell preparation, glass slides with thicknesses of

several mm are used when preparing buffed surfaces. In a standard buffing machine,

the glass slides are fixed on a stage which passes underneath a velvet cylinder rotating

at several krpm, which uniaxially rubs the polymer layer. The buffing machine is not

built to accommodate thin glass coverslips; to prevent damage to the velvet fibers, they

should not contact the stage. In order to place our thin glass coverslips at a height at

which they could be buffed by the cylinder, a Delrin block was machined with a 1” ×
1” well to hold the coverslip in place during the buffing. The well was machined to

be (110 ± 12) µm deep, ensuring that the polymer-coated coverslip would be exposed

to the cylinder—see Fig. 4.3. The extra 60 µm tolerance ensured that the velvet fibers

would not be damaged by brushing the Delrin block.

The Delrin block allowed me to provide buffing of the thin glass coverslips.

The uniaxially buffed substrates provide a well-defined orientation for liquid crystal
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material placed on top of them. The planar-alignment is then accomplished by uni-

directional mechanical motion between the two coverslips.

(1.000 + 0.005)”

(110 + 12) µm 

well for 

tweezers

 hole for vacuum transfer

 

well for 

tweezers

Top view

Side view

Figure 4.3: Delrin block for buffing of thin glass coverslips.

4.4 CLC Mirror Implementation

As discussed in Section 2.1.2, placing a CLC mirror on the back side of a planar-

aligned CLC microcavity (on the opposite side from the excitation light) can increase

the efficiency with which dopant-emitter radiation is coupled into the forward mode,

provided the CLC mirror’s photonic stop band overlaps the emitter fluorescence

spectrum. To implement such a mirror, I first prepared a 20 µm thick monomeric

CLC microcavity with a stop band position λc = 745 nm, using the buffing procedure

for planar-aligment of the CLC. I then spin-coated a solution of CdSeTe nanocrystal

quantum dots with a fluorescence maximum at 790 nm on top of this cell. The spin-

coating was done at 3000 rpm for 20 sec. I then dropped 5 µL of monomeric CLC

with λc = 785 nm on a buffed glass coverslip with glass microspheres (5 µm diameter)

on the corners of the coverslip to define the CLC mirror thickness. Finally, the CLC

microcavity with λc = 745 nm was placed on top of this substrate, with the spin-coated
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nanocrystal quantum dots facing the mirror. Planar-alignment of the CLC mirror was

accomplished by substrate shearing, aided by buffing of one of the substrates.
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Chapter 5

Experimental Results

To demonstrate that I have single-photon sources of definite circular and linear

polarizations, I now present my antibunching and polarization data for single emitters

doped in cholesteric (Section 5.1) and nematic (Section 5.2) liquid crystals. The single

emitters used were: nanocrystal quantum dots (NQDs) with fluorescence maxima

at 580, 700, and 790 nm; nanodiamond N-vacancy color centers; DiI and terrylene

dye molecules; and rare-earth-doped nanocrystals. I will also discuss observations

of circularly-polarized microcavity resonances from emitters doped in a cholesteric

liquid crystal (CLC) microcavity, as well as measurements of the emitter fluorescence

lifetime for both right- and left-handed circularly-polarized light in these microcavity

environments (Section 5.1.3). In Section 5.3, I present experimental results on

fluorescence of NQDs in another type of microcavity: Bragg reflectors (both organic

and inorganic) with a defect layer. Section 5.4 presents observations of power-law

photoblinking of NQDs. I conclude the chapter with a discussion of the efficiency of

my SPS implementation.
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5.1 Circularly-Polarized SPSs

5.1.1 Fluorescence Antibunching of Nanocrystal Quantum Dots

and Nanodiamond Color Centers in Monomeric CLC Hosts

I have observed fluorescence antibunching from different types of emitters—NQDs

with different size and composition and also from nanodiamond N-vacancy color

centers—doped in a monomeric (fluid) CLC host. The results are presented below.

CdSe NQDs with λ0 = 580 nm

Fig. 5.1(a) [22] shows a confocal fluorescence image of several single CdSe NQDs

with λ0 = 580 nm in a CLC host. The spectral transmission of this CLC microcavity is

similar to that shown in Fig. 4.2(a). Note that the dark horizontal stripes in the image of

separate NQDs are the result of single NQD blinking, which is a characteristic property

of single-NQD fluorescence. I directed fluorescence from a NQD in this microcavity to

the Hanbury Brown Twiss interferometer. Fig. 5.1(b) shows the normalized coincidence

histogram. The peak at the zero interphoton time is smaller than the other peaks, which

means that the fluorescence is antibunched. From this histogram, I obtain g(2)(0) =

0.76 ± .04. Since I have 0.5 < g2(0) < 1, I can say that the fluorescence exhibits

nonclassical correlations (fluorescence antibunching).

I attribute the fact that g2(0) > 0 in Fig. 5.1(b) to background fluorescence from the

CLC host. Note that the fluorescence spectrum of the CLC used in these measurements

overlaps the NQD fluorescence spectrum, as shown in Fig. 5.1(c). At wavelengths

longer than ∼ 700 nm, no host background fluorescence is observed. The nature of

the spectral peaks which were observed in the CLC cavity without NQDs is unclear.

It is not a microcavity effect, because I observed the same features from unaligned

CLC without a microcavity. It could be attributed to some impurities which were not
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Figure 5.1: Antibunched fluorescence of CdSe NQDs (λ0 = 580 nm) in a monomeric
CLC microcavity. (a) Confocal microscopy image of fluorescence from single CdSe
NQDs. (b) Antibunched coincidence count histogram obtained from illuminating a
single CdSe NQD. (c) Fluorescence spectrum of the CLC host (mixture of nematic E7
and chiral additive CB15).
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removed during the liquid crystal purification procedure.

CdSeTe NQDs with λ0 = 700 nm

In order to avoid the CLC host fluorescence, I selected CdSeTe NQDs with

λ0 = 700 nm and doped them into the CLC host with the stop band shown in

Fig. 4.2(b, curve 1). When illuminating a single NQD, I obtained antibunching

with g(2)(0) = 0.001 ± 0.03 (Fig. 5.2(a); see also Ref. [22]). Note that the NQD

fluorescence maximum is outside of the CLC background spectrum. Thus, excluding

the CLC fluorescence background helps in obtaining more efficient single-photon

emission. The spontaneous decay rate for these NQDs (20 MHz) is less than the laser

excitation rate (76 MHz), so I cannot observe fluorescence excited by the separate laser

pulses as in Fig. 5.1(b). Fig. 5.2(b) shows the normalized coincidence histogram for

fluorescence of CdSeTe NQDs doped in the same CLC host as described for the data

in Fig. 5.2(a), illuminated with CW, 532 nm light. I observed antibunched fluorescence

with g(2)(0) = 0.11± 0.06.

CdSeTe NQDs with λ0 = 790 nm

I also used CdSeTe NQDs with a fluorescence maximum at 790 nm. Initially I

chose these particular NQDs for use with glassy-oligomeric CLCs (GCLCs). The

fluorescence spectrum of GCLC is shown in Fig. 5.3. It can be seen that the

fluorescence is negligible for wavelengths longer than 800 nm. However, when doping

the CdSeTe NQDs in the GCLC, I found that the fluorescence of single NQDs showed

poor photostability. This could be attributed to damage to the NQD shell and polymer

overcoating that can occur when heating the GCLC to its clearing temperature (∼ 150◦

C). The poor photostability precluded me from observing antibunched fluorescence of

the CdSeTe NQDs (λ0 = 790 nm) in a GCLC microcavity.

I instead doped these NQDs in a monomeric CLC cavity with an additional CLC
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Figure 5.2: Antibunched fluorescence of CdSeTe NQDs (λ0 = 700 nm) in a monomeric
CLC host using pulsed and CW excitation. Normalized coincidence histograms
showing fluorescence antibunching of CdSeTe NQDs (λ0 = 700 nm) in a CLC host
under: (a) 532 nm pulsed excitation, and (b) 532 nm, CW excitation.

mirror on the back side. The preparation of this cell was discussed in Section 4.3.

Because the monomeric CLC microcavities can be prepared at room temperature,

the NQDs remain photostable. A typical confocal fluorescence microscopy image

of this sample is shown in Fig. 5.4(a). When illuminating an individual feature in a

confocal microscopy image to measure the second-order coherence, the LabVIEW

VI records the counts registered by each avalanche photodiode in 5 ms time bins. A

plot of the fluorescence intensity of one of these NQDs as a function of time (time

trace) is shown in Fig. 5.4(b). I excited these NQDs with CW, 633 nm light. I

observed antibunched fluorescence from several of these NQDs. Fig. 5.4(c) shows

the normalized coincidence histogram of the NQD whose time trace is shown in

Fig. 5.4(b). The fitted value of g(2)(0) is 0.40 ± 0.12. I have not yet observed an

increase in the SPS efficiency due to the use of the CLC mirror on the back side of the

cavity. Further experiments using different procedures for placing the mirror behind
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the cavity are necessary.
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Figure 5.3: Spectrum of undoped Wacker glassy-oligomer CLC. The abrupt transition
at left edge of the spectrum is from the interference filter used to block the 532 nm
excitation.

Nanodiamond N-vacancy color centers with λ0 = 650 nm

I have also placed nanodiamond N-vacancy color centers with λ0 = 650 nm inside

a CLC host with a stop band centered at 725 nm. CW, 514 nm excitation was used.

These nanodiamonds were purchased from Microdiamant AG, Switzerland. They are

agglomerate free, and ∼ 30 – 50 nm in diameter. Fig. 5.5(a) shows fluorescence

antibunching. The fitted value for g(2)(0) is 0.74 ± 0.08. The spectrum of the

nanodiamond N-vacancy color centers is shown in Fig. 5.5(b).

5.1.2 Definite-Handed Circularly-Polarized Fluorescence

I have also observed definite-handed circularly-polarized fluorescence from NQDs

and rare-earth-doped nanocrystals doped in monomeric CLCs. Recall that the

monomeric CLCs (E7 + CB15 mixtures) form a right-handed chiral structure. The
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Figure 5.4: (a) Confocal fluorescence microscopy image of CdSeTe NQDs (λ0 = 790
nm) in a monomeric CLC cavity with a CLC mirror on the back side. (b) Time trace of
the fluorescence of one of these NQDs. (c) Normalized coincidence histogram showing
antibunched fluorescence of the same NQD as in (b), with g(2)(0) = 0.40± 0.12.
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Figure 5.5: (a) Antibunched fluorescence of nanodiamond N-vacancy color centers
inside a CLC host. The raw data is plotted in black. The red dashes denote the fit to the
raw data, using Eq. (2.15) (b) Fluorescence spectrum of the nanodiamond N-vacancy
color centers. 514 nm, CW excitation was used.

glassy oligomeric CLC forms a left-handed chiral structure. The definition I use

for right-handed circularly-polarized light has the electric field vector tracing out a

right-handed helix in space.

CdSe NQDs with λ0 = 580 nm

Fig. 5.6 shows emission spectra for CdSe NQDs in a CLC microcavity for right-

handed (black line) and left-handed circular polarizations (red line) [22]. These

polarizations are denoted RHCP and LHCP, respectively. The spectral transmission

of the CLC microcavity is also shown (blue line), highlighting the fact that the

maximum polarization enhancement occurs along the band edge. The degree of circular
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polarization is measured by the dissymmetry factor ge [153, 154]:

ge = 2
IL − IR
IL + IR

, (5.1)

where IL,R are intensities of left- and right-handed circular polarizations, respectively.

At 580 nm, ge = −1.6. For unpolarized light ge = 0. From this data, one can also

determine that for the right-handed polarization, the SPS polarization efficiency which

I introduced in Eq. (1.3) is ηpol = IR/(IL + IR) = 0.8.
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Figure 5.6: Right-handed circularly-polarized fluorescence of CdSe NQDs in a CLC
microcavity. Black line (curve 1): RHCP fluorescence spectrum. Red line (curve
2): LHCP fluorescence spectrum. Blue dashes (curve 3): Transmission curve of
monomeric CLC (E7 + CB15) host for RHCP light.

CdSeTe NQDs with λ0 = 700 nm

I have also observed elliptically polarized photoluminescence [109]. Fig. 5.7 shows

the emission spectra of CdSeTe NQDs with λ0 = 700 nm in a CLC microcavity with

λc = 765 nm (the microcavity transmission curve is shown in Fig. 4.2(b, curve 2)),

measured after the quarter-waveplate and linear polarizer. The curves correspond to

measurements made with the linear polarizer oriented along the major (red) and minor

(black) axes of the elliptically polarized light. I selected NQDs in two other areas of the
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same sample and observed the same elliptically polarized fluorescence. I also measured

the fluorescence of NQDs that were not emitting inside a CLC microcavity and saw no

polarization. This shows that for this sample, the CLC microcavity provides definite

elliptical polarization.
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Figure 5.7: Elliptically-polarized fluorescence from NQDs doped in a monomeric
CLC microcavity. Spectra of several NQDs in a CLC microcavity, showing elliptical
polarization. Red line (curve 1): fluorescence spectrum along the major axis of the
polarization ellipse. Black line (curve 2): fluorescence spectrum along the minor axis.

Rare-earth doped nanocrystals with λ0 = 680 nm

I mixed a small amount of the rare-earth doped nematic liquid crystal with a

monomeric CLC (E7 + CB15) that forms a photonic bandgap microcavity for RHCP

light. The nanocrystals were excited with a CW, 976 nm diode laser. At incident

powers of ∼ 500 µW, I observed upconverted fluorescence from the Er3+ ions

[150, 151, 155, 156], as shown in Fig. 5.8(a). The two emission lines observed are

attributed to the transitions 2H11/2,
4 S3/2 → 4I15/2 (green) and 4F9/2 → 4I15/2 (red)

of the Er3+ ions. These occur due to an efficient energy transfer from the Yb3+ to the

Er3+ (see diagram in Fig. 5.8(b)). For further details of the upconversion fluorescence
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process, see Ref. 156. The spectral transmission of the doped CLC microcavity

(measured using unpolarized light) is also shown. I observed a polarization dissymetry

of ge = −0.77 at 680 nm.
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Figure 5.8: (a) Fluorescence of Er3+ ions in a monomeric CLC microcavity (solid red
curve). The spectral transmission of the doped CLC (E7+CB15) microcavity (measured
with unpolarized light) is also shown (broken blue line). (b) Level structure showing
the energy transfer from the Yb3+ to the Er3+in the upconversion fluorescence process.

5.1.3 Circularly-Polarized Microcavity Resonances

In Section 2.1.2, I noted that I expect to find enhancement of emitter fluorescence along

the band edge of a planar-aligned CLC photonic bandgap. In this Section I present

observations of circularly-polarized microcavity resonances in glassy-oligomeric CLC.

I prepared a glassy-oligomeric CLC with a photonic stop band centered at 750 nm.

I illuminated this structure with CW 532 nm laser light, and observed a resonance

in the liquid crystal material’s fluorescence at the left band-edge of the photonic stop

band. The blue curve in Fig. 5.9(a) shows this resonance, centered at 620 nm with a

FWHM of ∼ 3 nm (the quality factor is Q ∼ 250). The resonance is stable and is not

bleached. I believe it results from microcavity enhancement of glassy liquid crystal

fluorescence. Another remarkable property of the resonance is circular polarization, as

shown in Fig. 5.9(b).
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Figure 5.9: Circularly-polarized fluorescence resonance of a glassy CLC microcavity.
(a) Red curve: selective transmission of circularly-polarized light through a glassy-
oligomeric CLC microcavity with a photonic stop band centered at 750 nm. Blue curve:
fluorescence spectrum of this sample with a resonance at 620 nm. (b) Dependence of
resonance peak intensity on rotation angle of a quarter-wave plate with a fixed linear
polarizer, showing circular polarization. The blue curve is a sinusoidal fit to the data
points (black dots).

I prepared another glassy-oligomeric CLC with a photonic stop band centered at

910 nm for left-handed circularly-polarized light, doped with CdSeTe NQDs with

a fluorescence maximum at 790 nm. For this experiment the concentration of the

emitters was ∼ 1 µM (high concentration), so the fluoresence signal from the emitters

was photostable. For NQD excitation I used CW, 633 nm laser light. The black

curve in Fig. 5.10(a) shows a microcavity resonance in the NQD fluorescence for

LHCP light. Note that the handedness of the circular polarization that experiences the

photonic bandgap and the resonance is the same, which is consistent with the theory of

Section 2.1.1. The resonance is centered at 825 nm with a FWHM of 16 nm (Q ∼ 50).

This resonance is also circularly-polarized, as shown in Fig. 5.10(b). The fluorescence

of the NQDs under investigation bleached during the polarization measurement, so that

the intensity at the second peak in Fig. 5.10(b) is less then at the first peak. The red
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curve in Fig. 5.10(a) shows NQD fluorescence for RHCP light, which does not couple

to the photonic band-edge mode.
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Figure 5.10: Circularly-polarized fluorescence resonance from NQDs doped in a glassy
CLC microcavity. (a) Black line (curve 1): fluorescence spectrum of LHCP light for
CdSeTe (λ0 = 790 nm) NQDs doped inside this sample with a resonance at 825
nm. Red line (curve 2): fluorescence spectrum of RHCP light for the same NQDs.
Green line (curve 3): measured polarization dissymetry factor, ge. Blue line (curve
4): selective transmission of LHCP light through a glassy-oligomeric CLC microcavity
with a photonic stop band centered at 910 nm. (b) Dependence of resonance peak
intensity on rotation of a linear polarizer after a fixed quarter-wave plate, showing
circular polarization (see explanation in the text).

I investigated whether the fluorescence lifetime from the NQDs in this resonant

microcavity would also be enhanced. Because the resonance peak was at 825 nm, I

placed a bandpass filter (10 nm width, centered at 830 nm) in front of the single-photon

counting avalanche photodiode used in the fluorescence lifetime measurements. For

each of 10 NQDs that I imaged in the same area as where the fluorescence resonance in

Fig. 5.10 was measured, I recorded the fluorescence lifetimes in the RHCP and LHCP

modes by placing an achromatic quarter wave plate and linear polarizer in the detection

path (between lenses L1 and L2 in Fig. 3.2(a)). The resulting decay curves were fit to

both single- and double-exponential models. The double-exponential model provided
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the best fit to the data. A histogram of the results for the shorter decay time into either

polarization, τ (R,L)
1 , is shown in Fig. 5.11(a). The average measured lifetimes were

statistically identical: for λ = 830 nm, τ (R)
1 = (1.99 ± 0.84) ns and τ

(L)
1 = (2.08 ±

0.89) ns. The error bars denote the fitting error within a 90% confidence interval. The

measured values of the longer exponential decay time, τ (R,L)
2 were also statistically

identical: τ
(R)
2 = (13.4 ± 7.95) ns and τ

(L)
2 = (16.3 ± 15.2) ns (data not shown). I

also made these measurements on the same 10 NQDs using a bandpass filter centered

at 810 nm (10 nm width); the results are shown in Fig. 5.11(b). Here I found that for

λ = 810 nm, τ (R)
1 = (1.87±0.28) ns and τ

(L)
1 = (1.65±0.25) ns. This data shows that

to obtain Purcell enhancement of the fluorescence lifetime, further improvement of the

CLC microcavity fabrication needs to be made.
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Figure 5.11: Fluorescence lifetimes in the RHCP (red squares) and LHCP (blue circles)
modes for CdSeTe NQDs in a CLC microcavity. The fluorescence decay curves were
modeled with a double-exponential decay; the fit values to the shorter decay time, τ1
are presented. The error bars denote the fitting error within a 90% confidence interval.
The fluorescence lifetimes were measured using 10 nm bandpass filters in front of the
single-photon counting avalanche photodiode. The filters were centered at (a) 830 nm,
and (b) 810 nm.

I also doped CdSeTe (λ0 = 790 nm) NQDs into a monomeric CLC microcavity

with a stop band centered at 750 nm. In Fig. 5.12, the blue line (curve 1) shows the

photonic band gap for RHCP light. The black line (curve 2) and red line (curve 3)
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in Fig. 5.12 show the NQD fluorescence spectra in the left- and right-hand circular

polarizations, respectively. Note that the RHCP spectrum is 22 nm narrower than the

LHCP spectrum, and the RHCP fluorescence peak is red-shifted to the right band-edge.

This is due to the inhibition of RHCP light within the photonic stopband of the CLC

microcavity.
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Figure 5.12: Band edge fluorescence of NQDs in a monomeric CLC microcavity. Blue
line (curve 1): selective transmission of right-hand circularly-polarized light through
a monomeric CLC microcavity with a photonic stop band centered at 750 nm. Black
line (curve 2): fluorescence spectrum of left-hand circularly-polarized light for NQDs
doped inside this sample, centered at 789 nm. The FWHM is 78 nm. Red line (curve
3): fluorescence spectrum of right-hand circularly-polarized light from the same NQDs,
centered at 817 nm. The FWHM is 56 nm.

5.2 Linearly-Polarized SPSs

In this section I describe a method to produce definite linear polarization, based on the

alignment of molecular dipoles. This is in difference with the elliptical microcavities
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described in Section 1.4. As I noted in Section 1.2, molecular systems with permanent

dipole moments have the possibility of being aligned in a host system to provide definite

linearly-polarized fluorescence. Typically the structure of the molecule used will be

approximately linear, and when the molecules are aligned, their long axes will be

parallel to one another. A metric that may be used to characterize linear polarization is

the degree of polarization, ρ:

ρ = (I‖ − I⊥)/(I‖ + I⊥), (5.2)

where I‖ and I⊥ are fluorescence intensities for polarization components parallel

and perpendicular to the molecular alignment direction, respectively [157]. Another

definition used in the literature for characterizing linear polarization is the polarization

anisotropy, (I‖ − I⊥)/(I‖ + 2I⊥) [158]. Note that perfect orientation of a molecule

along the alignment direction could result in a degree of polarization of ±1, depending

on how that part of the molecule involved with the optical dipole (the chromophore) is

oriented with respect to the molecule’s long axis. Before discussing my work on this

subject, I will briefly outline the methods other workers have used to achieve definite

linearly-polarized fluorescence from dye molecules. A comprehensive review of this

subject is given in Ref. 159.

1. At room temperature, terrylene dye molecules have been doped in crystalline p-

terphenyl molecular crystals [56, 57, 160, 161] and aligned in tensile-deformed,

linear low-density polyethylene [162]. When incorporated in p-terphenyl films

without tensile deformation, the terrylene dipole moment is oriented nearly

perpendicular to the film, i.e., along the optical axis of the excitation light [161].

This results in undesirably high saturation intensities, since most of the excitation

does not couple to the dipole. In this geometry, the terrylene fluorescence is

radially polarized. In Ref. 162, the authors doped terrylene in polyethylene and
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applied tensile deformation to the polyethylene. They observed that the terrylene

fluorescence was linearly-polarized along the direction of tensile deformation, as

evidenced by polarized confocal imaging and saturation intensity measurements.

This observation was also supported by data on the detected fluorescence count

rate relative to the polarization orientation of the excitation light, as well as

the measured probability density of the relative orientation of different terrylene

molecules. Other mechanical methods of aligning molecules in addition to tensile

deformation include rubbing [163] and shearing [164].

2. Shpol’skii matrices involve doping chromophores in crystalline matrices (often

low-molecular-weight linear alkanes) at cryogenic temperature [165]. The

chromophore replaces one of the molecules in the host crystalline lattice.

Shpol’skii used the technique to study absorption spectra in the absence of

phonon-broadening, but recently the method has been used to demonstrate a

definitely linearly-polarized SPS, using dibenzanthanthrene (DBATT) molecules

at 4.1 K [48,166]. Although the authors of Ref. 166 reported nearly perfect linear

polarization of the DBATT fluorescence, neither reference provides quantitative

data on the degree of polarization or polarization anisotropy. Furthermore, Ref.

167 showed that for DBATT molecules in a Shpol’skii system (n-Tetradecane),

two definite chromophore orientations are possible.

3. Using planar-aligned nematic liquid crystals, definite linear polarization in

single-photon fluorescence from single emitters embedded in liquid crystal hosts

can be obtained. This happens because the dye molecules can be uniaxially

aligned by nematic liquid crystal molecules in one direction. In addition, emitter

molecules can be aligned in the direction preferable for excitation efficiency

(along the direction of polarization of the excitation light). This is shown

schematically in Fig. 5.13. The planar-alignment of the liquid crystal can be
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achieved in several ways. An underlying polymer layer can be rubbed (see, e.g.

Refs. 168, 169), in which case the nematic liquid crystal aligns to the alignment

direction of the polymer. Underlying films can also be photoaligned by UV

irradiation (see, e.g., Refs. 170–172).

Previously our group has demonstrated a deterministically linearly-polarized,

room temperature SPS using DiIC18(3) dye (DiI dye) molecules doped in planar-

aligned glassy nematic liquid crystal [62]. These results are displayed in

Fig. 5.14. The DiI dye molecular structure is shown in Fig. 5.14(a). The DiI dye

molecular structure consists mainly of long alkyl chains (oriented horizontally

in Fig. 5.14(a)) and a bridge connecting them. The absorbing/emitting dipoles

of the DiI are oriented along the bridge, whereas the long alkyl chains orient

themselves along the nematic liquid crystal director. The degree of polarization

was measured by raster-scanning the sample through the laser focus in a confocal

microscope, and using a polarizing beamsplitter, comparing the images for

fluorescence polarizations perpendicular and parallel to the sample alignment

(Fig. 5.14(b–c)). Fig. 5.14(d) shows a histogram of the degree of polarization

for 38 molecules identified in the images in Fig. 5.14(b–c). Note that the

distribution is asymmetric—not all of the molecules are aligned perfectly with

the glassy nematic liquid crystal material. However, it is significant that 12 of the

DiI molecules investigated had a degree of polarization ρ ∼ −1, and another

9 of the molecules had ρ ∼ −0.6. 82% of the molecules had ρ < 0. In

contrast, for randomly oriented dye molecules, the histogram of ρ values will

be symmetrically distributed about 0 [157].

I have expanded on the work previously done in our group by demonstrating

the dependence of the linear polarization on the excitation polarization, and also

by performing the experiment in a different way then Lukishova et al. did in Ref.
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62. Instead of obtaining confocal fluorescence images of the emitters corresponding

to polarizations parallel and perpendicular to the sample alignment, I measured the

spectra of single emitters in the orthogonal polarizations. I present these results in

Section 5.2.1. In Section 5.2.2, I present measurements of fluorescence antibunching

of DiI and terrylene dye molecules in nematic liquid crystal.
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Figure 5.13: Schematic view of dye molecule alignment in a nematic liquid crystal.
The long axes of the dye molecule (e.g., DiI dye, whose molecular structure is shown)
tend to align themselves along the orientation of the rod-like nematic liquid crystal
molecules (represented by the gray ellipsoids).

5.2.1 Deterministically Linearly-Polarized Fluorescence

I prepared a sample with DiI dye molecules (100 nM concentration) doped in a nematic

liquid crystal (E7). The liquid crystal was aligned by the method of unidirectional

mechanical motion between the two slides, as described in Section 4.3. All of the

samples described in this section and in Section 5.2.2 were prepared by this method.

Fig. 5.15(a) shows the change of the fluorescence intensity of DiI molecules in E7 as the

linearly-polarized excitation light is rotated through 360◦, relative to the perpendicular

direction. It can be seen that the maximum fluorescence occurs when the DiI is excited

along the direction perpendicular to the alignment. Fig. 5.15(b) shows the degree
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Figure 5.14: Linearly-polarized fluorescence of DiI dye molecules doped in a glassy
nematic liquid crystal host, reproduced with permission from Ref. 62. (a) Molecular
structure of DiIC18(3) dye. (b) Confocal fluorescence microscopy image of DiIC18(3)
single-molecule fluorescence in planar-aligned glassy nematic liquid crystal host (10
µm × 10 µm scan), showing fluorescence polarized perpendicular to the alignment
direction. (c) Image of the same scan area showing fluorescence polarized parallel to
the alignment direction. (d) The histogram of degree of polarization (Eq. (5.2)) of 38
molecules of DiIC18(3) dye in planar-aligned glassy nematic liquid crystal host.

of polarization of the fluorescence of a dye molecule when the excitation light is

polarized perpendicular to the alignment direction. Here the degree of polarization

is ρ = −0.58 ± 0.03. As the excitation light polarization is rotated away from the

perpendicular direction, the anisotropy decreases.

The importance of exciting with the “perpendicular” polarization in Figs. 5.15(a)

and 5.15(b) can be explained by the DiI dye molecular structure (Fig. 5.14(a)). The

alkyl chains in the DiI align themselves parallel to the nematic (rod-like) liquid crystal
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molecules’ alignment direction. But the absorbing/emitting dipoles which are parallel

to the bridge will be oriented perpendicular to the alignment direction.
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Figure 5.15: Linearly-polarized fluorescence of DiI dye molecules doped in a nematic
liquid crystal E7. (a) Dependence of DiI fluorescence polarization on excitation
polarization. The polarization angle shown is relative to the direction perpendicular
to the liquid crystal alignment. Red dots: experimental data. Blue curve: sinusoidal fit
to the data. (b) Degree of polarization of DiI fluorescence with excitation perpendicular
to alignment direction. Curves 1 and 2 denote DiI fluorescence spectra polarized along
the direction perpendicular and parallel to the alignment, respectively.

5.2.2 Fluorescence Antibunching Measurements

I have demonstrated that dye-doped nematic liquid crystal can be used to provide

linearly-polarized fluorescence. I have also observed fluorescence antibunching from

DiI and terrylene molecules in nematic liquid crystal.

DiI dye fluorescence antibunching

I doped DiI dye molecules with a concentration of 1 nM in E7. Fig. 5.16(a)

shows a typical confocal fluorescence image of the DiI dye molecules. Fig. 5.16(b)

shows fluorescence antibunching of a particular DiI molecule in Fig. 5.16(a). The DiI

molecules were excited with pulsed, 532 nm light. Because the fluorescence lifetime
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of the DiI in a liquid crystal is ∼ 1.8 ns, periodic peaks in the coincidence histogram

are observed. I measured g(2)(0) = 0.77 ± 0.10. The relatively high value of g(2)(0)

could be attributed to the fact that the E7 fluorescence spectrum overlaps that of the

DiI—compare Fig. 5.16(c) with Fig. 5.15(b).
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Figure 5.16: Fluorescence antibunching of DiI in nematic liquid crystal E7 and E7
fluorescence spectrum. (a) Confocal fluorescence image of DiI dye molecules doped
in E7 using CW, 532 nm excitation. (b) Fluorescence antibunching of DiI in E7. The
fluorescence spectrum of DiI dye is shown in Fig. 5.15(b). (c) Fluorescence spectrum
of the nematic liquid crystal E7, under 532 nm excitation.

Terrylene dye fluorescence antibunching

Fig. 5.17(a) shows a confocal fluorescence image of terrylene dye molecules at a

concentration of ∼ 1 nM doped in E7, excited by CW, 532 nm light. Fig. 5.17(b)

shows fluorescence antibunching of a terrylene dye molecule in the same sample.
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The terrylene dye also fluoresces in the same spectral range as the E7—compare

Figs. 5.17(c) and 5.16(c). I measured the coincidences due to the E7 fluorescence

background at a spot close to the investigated molecule (∼ 10 µm) and verified that

the background coincidences were poissonian. With subtraction of the poissonian

background, I can infer that the terrylene fluorescence is antibunched with g(2)(0) =

0.75± 0.14.
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Figure 5.17: Fluorescence antibunching of terrylene in E7 host. (a) Confocal
fluorescence image of terrylene dye molecules doped in E7 using CW, 532 nm
excitation. (b) Antibunching of terrylene fluorescence in E7 host. (c) Fluorescence
spectrum of terrylene in E7 host, under 532 nm excitation.
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5.3 NQD Fluorescence Characterization and

Antibunching Measurements of a 1-D Distributed

Bragg Reflector

I have also characterized nanocrystal quantum dot (NQD) fluorescence from NQDs

doped in two different types of distributed Bragg reflector (DBR) microcavities.

The DBRs were comprised either of alternating quarter-wavelength layers of: (1)

polymer (poly-vinylcarbazole and poly-acrylic acid); or (2) SiO2 and SiNx. The

NQDs were doped in defect layers between the DBR mirrors. The DBR microcavities

were fabricated by the Menon group at the Queens College of CUNY. I observed

fluorescence antibunching of CdSeTe NQDs doped in the SiO2/SiNx DBR microcavity.

Polymer DBR microcavity

Fig. 5.18(a) shows the structure of the polymer DBR microcavity doped with CdSe

NQDs. These CdSe NQDs were a different size than those used in Section 5.1; for these

NQDs λ0 = 620 nm. Fig. 5.18(b) shows the measured reflectivity spectrum of the CdSe

NQD-doped polymer-DBR microcavity with a cavity mode at 620 nm. The NQDs were

doped in a poly-vinylcarbazole polymer layer. The quality factor Q of the microcavity

was found to be ∼ 40. The theoretical estimate of Q for this structure is within the same

order of magnitude (∼ 60). Fig. 5.18(c) shows a typical confocal fluorescence image

I observed of single NQDs in the doped polymer DBR. The bright horizontal stripes

in the image indicate blinking of single NQDs. Also apparent is a low polymer-host

fluorescence background, which makes the structure suitable for single-photon source

applications.

It should be noted that our collaborators in the Menon group reported that for a high

concentration of CdSe NQDs, the photoluminescence decay time γ−1 of the NQDs in
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the microcavity was ∼ 150 ps. For NQDs on a bare glass substrate or embedded in

poly-vinylcarbazole without a bandgap structure, γ−1 was found to be ∼ 1000 ps and

∼ 400 ps, respectively [108, 173].

SiO2/SiNx DBR microcavity

Fig. 5.19(a) shows the structure of the SiO2/SiNx DBR microcavity doped with

CdSe (λ0 = 620 nm) NQDs. Fig. 5.19(b, curve 1) shows the measured reflectivity

spectrum of the doped microcavity, with a cavity mode at 600 nm. Also shown in

Fig. 5.19(b, curve 2) is the CdSe NQD fluorescence spectrum for the bare cavity

(without the second DBR mirror). Fig. 5.19(b, curve 3) shows the spectrum of the CdSe

NQDs in the DBR microcavity, showing coupling to the cavity mode. Fig. 5.19(c)

shows a confocal fluorescence image I took of the NQDs in the microcavity using

pulsed 532 nm excitation. The horizontal stripes in the image indicated blinking.

However, when I illuminated single NQDs to look at the second-order coherence, I

found that they were not very photostable: Fig. 5.19(d) is a typical time trace I observed,

showing that the frequency of on times decreased steadily. By summing over the

histograms from six such NQDs I was able to observe the signature of fluorescence

antibunching (Fig. 5.20). Although pulsed excitation was used, the fluorescence decay

time of these emitters appears to be long enough that the second-order coherence

function is in the intermediate regime of γ−1 ∼ R−1, where R−1 = 13.1 ns is the

laser pulse period. Therefore I fit the coincidence histogram using Eq. 2.15. I find

g(2)(0) = 0.41 ± 0.26. It is possible that the poor photostability of the NQDs was

due to the plasma-enhanced chemical vapor deposition process by which the DBR was

deposited above the NQD-doped defect layer. At temperatures above 100 Celsius, the

ZnS shell sustains damage, which could create more trap states and lead to longer off

times.

I also imaged and measured the fluorescence lifetimes of NQD clusters in another
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Figure 5.18: Characterization of a polymer-based distributed Bragg reflector
microcavity. (a) Structure of the polymer DBR microcavity doped with CdSe (λ0 = 620
nm) NQDs. (b) Reflectivity spectrum of the CdSe NQD-doped polymeric DBR
microcavity with a cavity mode at 620 nm. Shown in the inset is the normalized
reflectivity spectrum showing the stop band of the ten-period Bragg reflector without
the defect layer. The data for (b) was measured by our collaborators in the Menon
group. See Ref. 108. (c) Single NQD fluorescence imaging in the polymeric DBR
microcavity under pulsed 532-nm excitation (10 µm x 10 µm scan).
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SiO2/SiNx DBR. Fig. 5.21 shows a double exponential fit to 3 such NQD clusters. The

shorter decay time was ∼ 1.8 ns, and the longer exponential decay varied between ∼ 10

– 19 ns.
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Figure 5.19: Characterization of NQDs doped in a SiO2/SiNx Bragg reflector
microcavity. (a). Structure of the SiO2/SiNx DBR microcavity doped with CdSe
(λ0 = 620 nm) NQDs. (b) Black circles (curve 1): Measured reflectivity spectrum
of the doped microcavity, with a cavity mode at 600 nm. Blue circles (curve 2) show
the fluorescence spectrum of CdSe NQDs in the bare cavity (i.e., without the top DBR
mirror). Red circles (curve 3) show the spectrum of the NQDs doped in the cavity. The
data for (b) was measured by our collaborators in the Menon group. (c). Single NQD
fluorescence imaging in the SiO2/SiNx microcavity under pulsed 532-nm excitation
(25 µm x 25 µm scan). (d). A typical time trace of the fluorescence of NQDs in the
microcavity, showing poor photostability.
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Figure 5.20: Fluorescence antibunching of 6 NQDs doped in a SiO2/SiNx Bragg
reflector microcavity. I summed over the coincidence histograms taken from
illuminating 6 of the individual NQDs shown in Fig. 5.19(c).
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Figure 5.21: Fluorescence lifetime of NQDs doped in a SiO2/SiNx distributed Bragg
reflector. Blue curve: experimental data. Broken red lines: fit to experimental data
using a double-exponential decay model.
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5.4 Observation of Power Law Dependence of Photo-

Blinking

As mentioned in Section 3.1, photo-blinking is a useful indicator that a feature in a

confocal microscopy image may be a single emitter. The time trace of the emitter

fluorescence allows me to look at the photo-blinking behavior of the emitter(s). A

typical time trace that I observed from a single blinking CdSeTe (λ0 = 700 nm) NQD

is shown in Fig. 5.22(a). Also shown is the histogram of count rates (Fig. 5.22(b)). By

defining the measured background count rate as a threshold for the emitter being “on”

or “off”, I can use the measured time trace to plot the relative probability P of the NQD

being on or off for a time t. These probability distributions are plotted in Fig. 5.22(c–

d). Note that the on and off times follow a power law distribution, as discussed in

Section 2.3. The black lines in Fig. 5.22(c–d) show a fit to the experimental probability

distribution using the equation P (ton) = Aont
−αon
on , and similar for the off time. The

fitted values for the power law coefficient were αon = 1.41 and αoff = 1.37.

5.5 SPS Efficiency

To date, I have demonstrated a SPS with high single-photon purity, based on the

fluorescence of NQD-doped CLC (see Fig. 5.2(a)). As noted, the 20 MHz spontaneous

decay rate for our CdSeTe (λ0 = 700 nm) NQDs is less than the laser excitation rate (76

MHz), so we do not observe fluorescence excited by the separate laser pulses. In this

sense, it is not an “on-demand” SPS, because the probability that the emitter fluoresces

within one excitation pulse repetition period is small. The situation we have is thus

comparable to CW excitation of the emitter, so the definition of SPS efficiency given in

Eq. (1.2), which described the efficiency with which a photon is collected from the SPS
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Figure 5.22: Power law blinking (a) Fluorescence time trace of an NQD. (b) Histogram
of count rates. (c)-(d) Relative probability of the emitter being on or off, respectively.
Blue stars: Probability of the NQD being on or off. Black line: Power law fit to the
probability distribution. The fitted values for the power law coefficient were αon = 1.41
and αoff = 1.37.
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per pulse, is not valid. I define the SPS efficiency for the case of CW excitation, ηCW :

ηCW =
〈Ñd〉

Ñinc ηtd

√
1− g(2)(0), (5.3)

where 〈Ñd〉 is again the mean detected-photon-count rate (seconds−1), and Ñinc is

the rate at which photons are incident on the emitter. The best value of ηCW I have

measured is 0.097, from CdSeTe NQDs doped in monomeric CLC (a chiral host).

Specifically, I measured 〈Ñd〉 = 2.86×104 counts/s and Ñinc = Iσ/(~ω) = 2.35×106

photons/s. Here I = 110 W/cm2 is the measured incident (CW) intensity in the focal

area of the sample, ~ω = 3.73×1019 J for 532 nm light, and σ = 8.0×10−15 cm2 is the

absorption cross section of the quantum dot at 532 nm taken from the measurements

of Leatherdale et al. [174], as well as calculated from the vendor’s measurements of

the extinction coefficient. The measured value of g(2)(0) was 0.11± 0.06 (Fig. 5.2(b)),

and for our setup, the measured transmission and detection efficiency, ηtd, is 0.12. The

probability of two-photon emission is given by g(2)(0)µ2/2, where µ is the average

number of photons emitted per emitter-excitation [68]. For our SPS, the two-photon

emission probability is reduced with respect to that of attenuated coherent (poissonian)

light with the same µ by a factor of 1/g(2)(0) = 9.1.

Regarding the SPS collection efficiency (ηc), I can write in analogy with Eq. (1.2),

which defines the efficiency for a pulsed source, ηc = ηCW/(q
√

1− g(2)(0)). This

allows me to infer a lower bound for the SPS collection efficiency. Then using the

measured values of g(2)(0) = 0.11 and q = 0.59, I have ηc = 0.17. It should be noted

that the NQD in CLC emits photons in both directions; the value of ηc = 0.17 accounts

for only the half of these photons that are collected by the microscope objective. This

value could be at least doubled by placing a CLC mirror behind the sample that reflects

the polarization with the same handedness as the CLC molecules in the microcavity, as

in Ref. 122.
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Chapter 6

Summary and Outlook for Future
Research

6.1 Summary

This thesis describes my experimental progress towards an ideal single-photon source

(SPS), demonstrating SPSs operating at room temperature which produce single

photons with definite linear or circular polarizations. Definite SPS polarization is

important for increasing the efficiency of quantum information protocols such as

quantum key distribution and quantum computation, where a qubit can be encoded

in the polarization of single photons.

To produce single photons exhibiting antibunching, an excitation laser beam should

be focused on a single emitter. Single emitters can only fluoresce single photons at

a time, because the emitter must first fluoresce a photon before subsequent excitation

and fluorescence. For this purpose, I built an experimental setup based on a confocal

fluorescence microscope with diagnostics placed in several output ports, e.g., a Hanbury

Brown-Twiss interferometer for photon antibunching measurements and a spectrometer

with an electron-multiplying CCD. This setup permitted raster-scanning of single

emitters through the laser focus and confocal fluorescence imaging. I was also able
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to do wide-field imaging using the electron-multiplying CCD. Several laser sources

were used for excitation of different types of single emitters.

My approach for sample preparation utilized planar-aligned liquid crystals hosts

doped with single emitters to provide definite fluorescence polarization. Whereas

single-photon sources based on the fluorescence of epitaxial quantum dots require

cryogenic operating temperatures and sample preparation employing molecular-beam

epitaxy and nano-fabrication, my method utilizes a relatively simple, cost-efficient

technology. I used planar-aligned cholesteric liquid crystals (CLC) to form chiral 1-D

photonic bandgaps. In these environments, selective reflection occurs for circularly-

polarized light with an electric field vector that rotates in the same sense as the

orientation of the liquid crystal molecules. In addition, emitters doped in these

structures can experience fluorescence enhancement for wavelengths along the band

edge, where there is an increased density of states. To align molecules with linear

dipole moments and achieve definite linearly-polarized fluorescence, I used planar-

aligned nematic liquid crystals.

Although liquid crystal alignment technology is well-developed, these are the first

experiments to use it with single emitters. This requires the avoidance of impurity

fluorescence as well as the liquid crystal background fluorescence. In addition, confocal

fluorescence microscopy with a high numerical aperture objective (short working

distance) only allows using substrates with thickness of ∼ 100 – 200 µm. These thin

substrates present challenges when using standard liquid crystal alignment procedures,

but I developed methods to overcome them. I used both monomeric and glassy-

oligomeric liquid crystals.

The emitters I used in working with CLCs were nanocrystal quantum dots (NQDs)

of various sizes, N-vacancy centers in nanodiamonds, and nanocrystals doped with

rare-earth (Yb3+, Er3+) ions. For each of these emitters, I prepared CLCs with

selected concentration such that, when planar-aligned, they formed photonic stop bands
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with band edges tuned to the emitter fluorescence maximum. When working with

nematic liquid crystals, I used terrylene dye and DiIC18(3) dye. To perform liquid

crystal alignment, the doped liquid crystal was placed between two glass coverslips.

Planar-alignment of the liquid crystal was accomplished by one of two methods: uni-

directional mechanical motion of the two slips (shearing), or by buffing a Polyimid

layer that was spin-coated on each of the glass slips, followed by shearing. When

using glassy-oligomeric CLCs, I first heated the CLC to above its melting temperature

(∼ 135◦C) before performing the alignment. After alignment, the liquid crystal was

slowly cooled to the glassy state, preserving planar-aligned liquid crystal order.

I presented experimental evidence that planar-aligned liquid crystal environments

can provide definite fluorescence polarization from dopant emitters. Specifically, in

CLC microcavities, I observed definite circularly-polarized fluorescence from NQDs

and rare-earth-ion nanocrystals dopants. Polarization dissymmetry factors as high as

ge = −1.6 were reported. Furthermore, I observed circularly-polarized fluorescence

resonances from emitters within the CLC microcavity coupling to the photonic band

edge, with cavity quality factors of up to Q ∼ 250. In nematic liquid crystal cells,

I noted definite linearly-polarized fluorescence from DiIC18(3) dye molecules, with a

degree of polarization of ρ = −0.58 ± 0.03. I demonstrated the dependence of the

linear polarization on the orientation of the excitation polarization: as the excitation

polarization is rotated away from the direction perpendicular to the liquid crystal

orientation, the degree of polarization decreases.

Distributed Bragg reflector microcavities are another potential microcavity envi-

ronment in which to realize SPSs. I investigated fluorescence from NQDs doped in

two different types of distributed Bragg reflectors: one made from polymer (poly-

vinylcarbazole and poly-acrylic acid), and another from SiO2 and SiNx. In the

polymer microcavity, the low polymer-host fluorescence background indicated that the
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structure is suitable for single-photon source applications. I also observed fluorescence

antibunching of emitters in the SiO2/SiNx microcavity.

The fluorescence of single-emitter-doped liquid crystals exhibited photon anti-

bunching, which proves their usefulness as an SPS implementation. Photon anti-

bunching was observed from NQDs and nanodiamond color-centers doped in CLC

microcavities, and also from terrylene and DiIC18(3) dye molecules doped in nematic

liquid crystal. Importantly, a value of the zero-time second-order coherence as low as

g(2)(0) = 0.001±0.03 was measured. These results represent an important step forward

in the realization of room temperature single-photon sources with definite polarization

for secure quantum communication applications.

6.2 Outlook for Future Research

My research provided a way for increasing the efficiency of a quantum cryptography

system, using definite polarization of single photons. Microcavity resonances with

definite polarization showed coupling between the photon and the cavity. Fluorescence

antibunching with a low g(2)(0) value was obtained from an emitter inside the liquid

crystal microcavity, which shows that the liquid crystal background fluorescence can

be avoided, provided spectral filtering is used. The next steps in this work should be to

increase the SPS efficiency and bit rate by: (1) finding emitters with high photostability

and with fluorescence outside the spectral region of the liquid crystal background; (2)

improving the collection efficiency; and (3) improving the coupling of the photon to

the cavity mode. The first goal could be achieved by using new types of photostable

single emitters which fluoresce in the near infrared, e.g., Si- and Xe- vacancy centers in

diamond nanocrystals. With regards to the second goal, for CLC microcavity SPSs, the

collection efficiency could be increased by using a CLC mirror on the back side of the
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cavity to selectively reflect the desired circular polarization back toward the collection

optics.

The third goal, improving the photon coupling to the cavity mode, can benefit the

SPS in two ways. As the photons couple more efficiently to a spatial cavity mode, the

collection efficiency increases. Also, as the ratio of cavity quality factor to the cavity

mode volume becomes large, the spontaneous emission lifetime decreases. This allows

for faster laser excitation rates and consequently higher bit rates. For CLC microcavity

SPSs, improving the CLC microcavity preparation should improve the photon-cavity

coupling.

Other interesting experiments based on this work are possible. Given the compati-

bility of liquid crystals with electro-optical displays, it could be possible to demonstrate

a liquid crystal-based SPS with electrical pumping of the emitters.

Our group also has plans to study other SPS implementations. The use of

plasmonic materials and metamaterials are another route toward achieving fluorescence

enhancement of single emitters. Another desirable SPS feature is compactness: toward

this end, fiber-optical based SPSs have been explored [75], where the emitter is excited

and the fluorescence collected through the same fiber. Using this approach with a

single-emitter doped photonic crystal fiber could also be used to achieve fluorescence

enhancement.
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photonic crystal cavities at room temperature,” Appl. Phys. Lett. 87, 241102

(2005).

[101] Z. Wu, Z. Mi, P. Bhattacharya, T. Zhu, and J. Xu, “Enhanced spontaneous

emission at 1.55 µm from colloidal PbSe quantum dots in a Si photonic crystal

microcavity,” Appl. Phys. Lett. 90, 171105 (2007).

[102] P. Lodahl, A. F. van Driel, I. S. Nikolaev, A. Irman, K. Overgaag, D.

Vanmaekelbergh, and W. L. Vos, “Controlling the dynamics of spontaneous

emission from quantum dots by photonic crystals,” Nature 430, 654 (2004).



BIBLIOGRAPHY 118

[103] C. J. Barrelet, J. Bao, M. Lončar, H. Park, F. Capasso, and C. M. Lieber, “Hybrid

single-nanowire photonic crystal and microresonator structures,” Nano Lett. 6,

11 (2006).

[104] V. M. Menon, M. Luberto, N. V. Valappil, and S. Chatterjee, “Lasing from InGaP

quantum dots in aspin-coated flexible microcavity,” Opt. Express 16, 19535

(2008).

[105] C. B. Poitras, M. Lipson, H. Du, M. A. Hahn, and T. D. Krauss,

“Photoluminescence enhancement of colloidal quantum dots embedded in a

monolithic microcavity,” Appl. Phys. Lett. 82, 4032 (2003).

[106] L. Martiradonna, M. D. Giorgi, L. Troisi, L. Carbone, G. Gigli, R. Cingolani,

and M. D. Vittorio, in 2006 International Conference on Transparent Optical

Networks (IEEE Press, Nottingham, U.K., 2006), Vol. 2, pp. 64–67.

[107] M. Kahl, T. Thomay, V. Kohnle, K. Beha, J. Merlein, M. Hagner, A. Halm,

J. Ziegler, T. Nann, Y. Fedutik, U. Woggon, M. Artemyev, F. Perez-Willard,

A. Leitenstorfer, and R. Bratschitsch, “Colloidal quantum dots in all-dielectric

high-Q pillar microcavities,” Nano Lett. 7, 2897 (2007).

[108] N. Valappil, M. Luberto, V. Menon, I. Zeylikovich, T. Gayen, J. Franco, B.

Das, and R. Alfano, “Solution processed microcavity structures with embedded

quantum dots,” Photonics Nanostruct. Fundam. Appl. 5, 184 (2007).

[109] L. J. Bissell, S. G. Lukishova, R. A. Smith, M. Lahiri, C. R. Stroud, and

R. W. Boyd, in The Conference on Lasers and Electro-Optics/The International

Quantum Electronics Conference (Optical Society of America, Washington, DC,

2009), p. ITuJ5.



BIBLIOGRAPHY 119

[110] L. J. Bissell, S. G. Lukishova, A. W. Schmid, M. A. Hahn, C. M. Evans, T. D.

Krauss, C. R. Stroud, and R. W. Boyd, “Chiral photonic bandgap microcavities

doped with single colloidal semiconductor quantum dots,” Proc. SPIE 7993,

79931N (2010).

[111] S. Chandrasekhar, Liquid Crystals (Cambridge University Press, Cambridge,

1992).

[112] V. Belyakov, Diffraction Optics of Complex-Structured Periodic Media

(Springer-Verlag, New York, 1992).

[113] J. Schmidtke and W. Stille, “Fluorescence of a dye-doped cholesteric liquid

crystal film in the region of the stop band: theory and experiment,” Eur. Phys. J.

B 31, 179 (2003).

[114] J. P. Dowling, M. Scalora, M. J. Bloemer, and C. M. Bowden, “The photonic

band edge laser: A new approach to gain enhancement,” J. Appl. Phys. 75, 1896

(1994).

[115] V. I. Kopp, B. Fan, H. K. M. Vithana, and A. Z. Genack, “Low-threshold lasing

at the edge of a photonic stop band in cholesteric liquid crystals,” Opt. Lett. 23,

1707 (1998).

[116] I. P. Il’chishin, E. A. Tikhonov, V. G. Tishchenko, and M. T. Shpak, “Generation

of a tunable radiation by impurity cholesteric liquid crystals,” JETP Lett. 32, 24

(1980).

[117] I. P. Il’chishin, A. G. Kleopov, E. A. Tikhonov, and M. T. Shpak, “Stimulated

tunable radiation in an impurity cholesteric liquid crystal,” Bulletin of Acad. Sci.

of USSR. Phys 45, 13 (1981).



BIBLIOGRAPHY 120

[118] K. Dolgaleva, S. Wei, S. Lukishova, S. Chen, K. Schwertz, and R.

Boyd, “Enhanced laser performance of cholesteric liquid crystals doped with

oligofluorene dye,” J. Opt. Soc. Am. B 25, 1496 (2008).

[119] S. K. H. Wei, S. H. Chen, K. Dolgaleva, S. G. Lukishova, and R. W. Boyd,

“Robust organic lasers comprising glassy-cholesteric pentafluorene doped with

a red-emitting oligofluorene,” Appl. Phys. Lett. 94, 041111 (2009).

[120] J. Schmidtke, W. Stille, H. Finkelmann, and S. Kim, “Laser emission in a dye

doped cholesteric polymer network,” Adv. Mater. 14, 746 (2002).

[121] P. V. Shibaev, V. Kopp, A. Genack, and E. Hanelt, “Lasing from chiral photonic

band gap materials based on cholesteric glasses,” Liq. Cryst. 30, 1391 (2003).

[122] Y. Zhou, Y. Huang, and S. Wu, “Enhancing cholesteric liquid crystal laser

performance using a cholesteric reflector,” Opt. Express 14, 3906 (2006).

[123] R. H. Brown and R. Q. Twiss, “Correlation between photons in two coherent

beams of light,” Nature 177, 27 (1956).

[124] F. Davidson and L. Mandel, “Photoelectric correlation measurements with Time-

to-Amplitude converters,” J. Appl. Phys. 39, 62 (1968).

[125] S. Chopra and L. Mandel, “An electronic correlator for photoelectric correlation

measurements,” Rev. Sci. Instrum. 43, 1489 (1972).

[126] S. C. Kitson, P. Jonsson, J. G. Rarity, and P. R. Tapster, “Intensity fluctuation

spectroscopy of small numbers of dye molecules in a microcavity,” Phys. Rev. A

58, 620 (1998).

[127] M. Yu and A. V. Orden, “Enhanced fluorescence intermittency of CdSe-ZnS

Quantum-Dot clusters,” Phys. Rev. Lett. 97, 237402 (2006).



BIBLIOGRAPHY 121

[128] C. W. Hollars, S. M. Lane, and T. Huser, “Controlled non-classical photon

emission from single conjugated polymer molecules,” Chem. Phys. Lett. 370,

393 (2003).

[129] T. Sauter, W. Neuhauser, R. Blatt, and P. E. Toschek, “Observation of quantum

jumps,” Phys. Rev. Lett. 57, 1696 (1986).

[130] F. Cichos, C. von Borczyskowski, and M. Orrit, “Power-law intermittency of

single emitters,” Current Opinion in Colloid & Interface Science 12, 272 (2007).

[131] F. Vargas, O. Hollricher, O. Marti, G. de Schaetzen, and G. Tarrach, “Influence

of protective layers on the blinking of fluorescent single molecules observed by

confocal microscopy and scanning near field optical microscopy,” J. Chem. Phys.

117, 866 (2002).

[132] M. Kuno, D. P. Fromm, H. F. Hamann, A. Gallagher, and D. J. Nesbitt,

“Nonexponential “blinking” kinetics of single CdSe quantum dots: A universal

power law behavior,” J. Chem. Phys. 112, 3117 (2000).

[133] M. Kuno, D. P. Fromm, H. F. Hamann, A. Gallagher, and D. J. Nesbitt,

““On”/“off” fluorescence intermittency of single semiconductor quantum dots,”

J. Chem. Phys. 115, 1028 (2001).

[134] J. P. Hoogenboom, J. Hernando, E. M. H. P. van Dijk, N. F. van Hulst, and

M. F. Garca-Paraj, “Power-law blinking in the fluorescence of single organic

molecules,” ChemPhysChem 8, 823 (2007).

[135] K. T. Shimizu, R. G. Neuhauser, C. A. Leatherdale, S. A. Empedocles,

W. K. Woo, and M. G. Bawendi, “Blinking statistics in single semiconductor

nanocrystal quantum dots,” Phys. Rev. B 63, 205316 (2001).



BIBLIOGRAPHY 122

[136] J. Tang and R. A. Marcus, “Diffusion-controlled electron transfer processes and

power-law statistics of fluorescence intermittency of nanoparticles,” Phys. Rev.

Lett. 95, 107401 (2005).

[137] R. Verberk, A. M. van Oijen, and M. Orrit, “Simple model for the power-law

blinking of single semiconductor nanocrystals,” Phys. Rev. B 66, 233202 (2002).

[138] A. L. Efros and M. Rosen, “Random telegraph signal in the photoluminescence

intensity of a single quantum dot,” Phys. Rev. Lett. 78, 1110 (1997).

[139] X. Wang, X. Ren, K. Kahen, M. A. Hahn, M. Rajeswaran, S. Maccagnano-

Zacher, J. Silcox, G. E. Cragg, A. L. Efros, and T. D. Krauss, “Non-blinking

semiconductor nanocrystals,” Nature 459, 686 (2009).

[140] Y. Chen, J. Vela, H. Htoon, J. L. Casson, D. J. Werder, D. A. Bussian, V. I.

Klimov, and J. A. Hollingsworth, ““Giant” multishell CdSe nanocrystal quantum

dots with suppressed blinking,” J. Am. Chem. Soc. 130, 5026 (2008).

[141] S. Hohng and T. Ha, “Near-complete suppression of quantum dot blinking in

ambient conditions,” J. Am. Chem. Soc. 126, 13241325 (2004).

[142] C. Kurtsiefer, P. Zarda, S. Mayer, and H. Weinfurter, “The breakdown flash of

silicon avalanche photodiodes - back door for eavesdropper attacks?,” J. Mod.

Opt. 48, 2039 (2001).

[143] W. Becker, Advanced Time-Correlated Single Photon Counting Techniques

(Springer Verlag, Berlin, 2005), p. 174-175.

[144] PicoQuant GmbH., “TimeHarp 200 Users’s Manual and Technical Data”,

(unpublished).



BIBLIOGRAPHY 123

[145] http://wwww.horiba.com/us/en/scientific/products/optics-tutrial//?Ovly=1. Ac-

cessed 8 Nov 2008.

[146] Roper Scientific, Inc., “Etaloning in Back-Illuminated CCDs”, 2000, (un-

published). see http://www.princetoninstruments.com/ Uploads/Princeton/Doc-

uments/ Whitepapers/etaloning.pdf. Accessed 1 August 2011.

[147] A. Yariv and P. Yeh, Photonics: Optical Electronics in Modern Communications

(Oxford University Press, New York, 2007), p. 21 - 23.

[148] C. B. Murray, D. J. Norris, and M. G. Bawendi, “Synthesis and characterization

of nearly monodisperse CdE (E = sulfur, selenium, tellurium) semiconductor

nanocrystallites,” J. Am. Chem. Soc. 115, 8706 (1993).

[149] L. Qu, Z. A. Peng, and X. Peng, “Alternative routes toward high quality CdSe

nanocrystals,” Nano Lett. 1, 333 (2001).

[150] W. J. Kim, M. Nyk, and P. N. Prasad, “Color-coded multilayer photopatterned

microstructures using lanthanide (III) ion co-doped NaYF4 nanoparticles with

upconversion luminescence for possible applications in security,” Nanotechnol-

ogy 20, 185301 (2009).

[151] R. Kumar, M. Nyk, T. Y. Ohulchanskyy, C. A. Flask, and P. N. Prasad,

“Combined optical and MR bioimaging using rare earth ion doped NaYF4

nanocrystals,” Adv. Funct. Mater. 19, 853 (2009).

[152] S. G. Lukishova, R. Knox, P. Freivald, A. J. McNamara, R. W. Boyd, C. R.

Stroud, A. W. Schmid, and K. L. Marshall, “Single-Photon Source for Quantum

Information Based on Single Dye Molecule Fluorescence in Liquid Crystal

Host,” Mol. Cryst. Liq. Cryst. 454, 1 (2006).



BIBLIOGRAPHY 124

[153] H. Shi, B. M. Conger, D. Katsis, and S. H. Chen, “Circularly polarized

fluorescence from chiral nematic liquid crystalline films: theory and

experiment,” Liq. Cryst. 24, 163 (1998).

[154] S. H. Chen, D. Katsis, A. W. Schmid, J. C. Mastrangelo, T. Tsutsui, and

T. N. Blanton, “Circularly polarized light generated by photoexcitation of

luminophores in glassy liquid-crystal films,” Nature 397, 506 (1999).
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Appendix A

Code for Numerical Model of g(2)(τ )
Under Pulsed Excitation

1 %all times are in ns

2 nrep=2000; % # of experiments

3 T=15; %laser period

4 nper=14; %number of laser periods - choose to be even

5 tau=1; %fluor. lifetime (1/gamma)

6 eta=1; %overall single photon det. efficiency

7 dt=.1; %time step

8 tmax=nper*T; %max time in ns

9 t=-tmax:dt:tmax;

10 numpoints=tmax/dt+1; %length of the iterated experiment

11 midind=numpoints+1; %middle index of coincidence histogram

12

13 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

14 %initialize arrays

15 ps=zeros(1,numpoints);

16 ps_avg=ps;

17 start_counts=ps;

18 stop_counts=ps;

19 autocorravg=zeros(1,2*numpoints-1);
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20

21 %build delta function the length of t with peaks every period T

22 delta=zeros(1,numpoints);

23 delta(1:T/tmax*(numpoints-1):numpoints)=1;

24 midshind=(numpoints-1)/2+1; %middle index of delta array

25 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

26 sig_counts=0; %tracks detected photon counts

27 bkg_counts=0;

28 b_dec=dt/tau; %constant decay probability bound

29

30

31 for n=1:nrep

32 rndm_photon=rand(1,numpoints); %used to evaluate whether emitter

33 %will decay at t(m)

34

35 for m=1:numpoints

36

37 if delta(m)

38 decay=0; %when the laser pulse is incident, the decay

39 %variable is reset to false

40 end

41

42 if (delta(m) | ˜decay)

43 ps(m)=1;

44 end %ps=1 if there is a laser pulse or a decay has not

45 %occurred since the last pulse

46

47 %if the excited state is populated, a decay can occur in time

48 %interval dt with probability dt/tau.

49 emitter_decay=((rndm_photon(m)<=b_dec) & ps(m));

50

51 if emitter_decay
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52 ps(m)=0;

53 decay=1;

54

55 %signal photon event is detected with probability eta.

56 if rand(1,1)<=eta

57 sig_counts=sig_counts+1;

58

59 %determines if the decayed photon goes to the

60 %start detector (r<.5) or else the stop. We

61 %will store the start or stop event at the

62 %corresponding time in the respective

63 %start_count/stop_count arrays and compute

64 %the autocorrelation at the end of the m loop.

65 to_start=(rand(1,1)<=.5);

66 if to_start

67 start_counts(1,m)=1;

68 else

69 stop_counts(1,m)=1;

70 end

71

72 end %end signal photon detection

73 end %end emitter_decay

74 end %end m loop

75 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

76 %update ps_avg

77 ps_avg=ps_avg+ps;

78

79 %approximate a stationary process over 2*m_{trunc} excitation

80 %pulse periods.

81 m_trunc=5.5;

82 startcttrunc=zeros(1,numpoints);

83
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84 startcttrunc(midshind-(nper/2-m_trunc)*T/dt:midshind+(nper/2-m_trunc)...

85 *T/dt)=start_counts(midshind-(nper/2-m_trunc)*T/dt:midshind+...

86 (nper/2-m_trunc)*T/dt);

87 autocorravg=autocorravg+xcorr(startcttrunc,stop_counts);

88 %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

89 %re-initialize arrays

90 ps=zeros(1,numpoints);

91 start_counts=zeros(1,numpoints);

92 stop_counts=zeros(1,numpoints);

93 end %end of experiment

94

95 ps_avg=ps_avg/nrep;


