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3 Abstract of the Dissertation

Dispersions of Semiconductor Nanoparticles in Thermotropic Liquid
Crystal: From Optical Modification to Assisted Self-Assembly

by
Andrea L. Rodarte
Doctor of Philosophy in Physics
University of California, Merced, 2014
Prof. Tao Ye, Chair

Prof. Linda S. Hirst and Prof. Sayantani Ghosh, Advisors

Abstract

The interaction of semiconducting quantum dot nanoparticles (QDs) within thermotropic liquid
crystalline (LC) materials are studied in this thesis. LC materials are ideal for bottom-up organiza-
tion of nanoparticles as an active matrix that can be externally manipulated via electric or magnetic
fields. In addition, the optical properties of QDs can be modified by the surrounding LC resulting
in novel devices such as a quantum dot/liquid crystal laser. The first system studies the dispersion
of spherical nanoparticles in the phase. The dispersion is investigated with the use of polarized op-
tical microscopy, fluorescence microscopy and confocal scanning microscopy. Quantum dots well
dispersed in the isotropic phase are expelled from ordered domains of LC at the phase transition.
Under controlled conditions, the majority of QDs in the system can form ordered three dimensional
assemblies that are situated at defect points in the liquid crystal. The internal order of the assem-
blies is probed utilizing Forster resonance energy transfer (FRET), combined with small angle X-ray
scattering (SAXS). Furthermore, the location of these assemblies can be predetermined with the use
of beads as defect nucleation points in the cell.

The interaction of QDs in a cholesteric liquid crystal (CLC) is also investigated. The reflection
band created by the periodic change of index of refraction in a planar aligned CLC acts as a 1-D pho-
tonic cavity when the CLC is doped with a low concentration of QDs. A Cano-wedge cell varies the
pitch of the CLC leading to the formation of Grandjean steps. This spatially tunes the photonic stop
band, changing the resonance condition and continuously altering both the emission wavelength
and polarization state of the QD ensemble. Using high resolution spatially and spectrally resolved
photoluminescence measurements, the emission is shown to be elliptically polarized and that the tilt
of the ellipse, while dependent on the emission wavelength, additionally varies with distance across
the Grandjean steps. Using ultrafast spectroscopic techniques the time-resolved emission from QD
ensembles in CLC matrices with either planar or homeotropic alignment is observed. In the case of
planar alignment and a well-defined spectral stop band the emergence of a second, faster decay time
of less than 2 ns is observed. This short recombination pathway is observed only in samples where
the QD emission spectrum partially overlaps the CLC stop band by 50% or more. Samples prepared
with homeotropic alignment do not have a stop band and, consequently, do not lead to spectral or
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dynamical modulation of the QD emission. These observations indicate that coupling between the
excitonic and the photonic cavity modes results in an enhancement and modulation of spontaneous
emission in the liquid crystal medium. This work opens up the possibility of designing new QD
based optical devices, such as tunable single photon sources, where spatial control of wavelength
and polarization of the embedded QDs would allow great flexibility and added functionalities.

For hybrid materials such as soft tunable photonic devices like liquid crystal lasers, stable disper-
sions of nanoparticles in LC are desired. For the system we investigate functionalizing the nanopar-
ticles with LC like ligands. Isotropic and mesogenic ligands attached to the surface of CdSe (core
only) and CdSe/ZnS (core/shell) QDs. The mesogenic ligand’s flexible arm structure enhances lig-
and alignment with the local liquid crystal director, enhancing QD dispersion in the isotropic and
nematic phases. To characterize QD dispersion on different length scales, fluorescence microscopy,
x-ray scattering and scanning confocal photoluminescent imaging are used. These combined tech-
niques demonstrate that the LC-modified QDs do not aggregate into the dense clusters observed
for dots with simple isotropic ligands when dispersed in liquid crystal, but loosely associate in a
fluid-like aggregate with an average inter-particle spacing of >10nm.

The major goal in this research is to identify the strengths and weaknesses of utilizing liquid
crystal materials for hybrid and metamaterials. The techniques developed within this thesis will be
useful for the next step of bottom-up metamaterial fabrication.

XVi



4 Introduction

4.1 Liquid Crystalline Materials

Liquid crystal (LC) materials are a class of materials that exhibit at least one ordered mesophase
that lies between the isotropic liquid phase and the crystalline phase in which the molecules have
short range order. The molecules that create LC phases are anisotropic which means that there is
some sort of directionality to its physical properties. We will consider molecules that have one
axis that is different from the others, though spherical particles can be considered anisotropic if
they are charged on one side or have one side that is more hydrophobic than the other. Liquid
crystalline materials are birefringent, often colorful and can be used in many applications. They
were first observed by Reinitzer in 1888 [6] when he observed that cholesterol appeared to have two
melting points. Heated to one temperature the material would melt from solid into a cloudy liquid
but heated to a higher temperature that cloudy mixture would melt again and become a clear liquid.
The optical and electrical properties of LC materials make them useful for electronic displays [7],
as temperature sensors [8] and as a lasing medium [9} [I1]. Liquid crystal materials can be
grouped into two classifications, thermotropic and lyotropic. Thermotropic LCs change phase with
temperature and have distinct “melting points” like the cholesterol observed by Reinitzer. Lyotropic
liquid crystals are formed by molecules dissolved in a solvent. The phase of the LC is dependent
on the concentration of the solvent. In this dissertation we will work only with thermotropic LC
materials. We use rodlike molecules that form LC phases at room temperature. At high temperatures
the anisotropic molecules have no order and form an isotropic or liquid phase. As the temperature
is reduced the molecules form a fluid but ordered liquid crystal phase
| S—

B IT

Isotropic Nematic Chiral Nematic

> —

[
j-

) — pitch/2

<

< —

Figure 1: Cartoon of liquid crystal phases and the direction of the director, n, denoted by the arrow

The least ordered liquid crystal mesophase is the nematic phase (see Figure[T). In the nematic
phase it is energetically favorable for the molecules to align with one another while remaining fairly
fluid with the ability to diffuse. They have short range orientational order in which the molecules
tend to point in one direction which is called the director axis, n. When placed on a glass slide to
create a cell, the director may shift over long length scales unless the cell is given an alignment layer.
Alignment can be induced in one of two ways, parallel with the cell, planar, or perpendicular to the
surface of the cell, homeotropic. To induce a planar alignment, a thin film polymer such as polyvinyl
alcohol (PVA) is applied and given a rubbing direction usually by dragging a cloth gently over the
surface. The rod shaped molecules will tend to align with the rubbing direction close to the interface.
If the system is cooled slowly from the isotropic phase into the nematic phase, the alignment will
propagate throughout the sample giving a very uniform LC domain. Homeotropic alignment can



be achieved by treating the glass with a surfactant such as hexadecyltrimethylammonium bromide
(CTAB). The treated glass then has hydrocarbon chains oriented perpendicular to the surface which
makes it energetically favorable for the LC to also align perpendicular to the surface.

The chiral nematic or cholesteric phase adds another layer of order. The molecules have an
inherent handedness and as such the director axis rotates through the bulk material. When aligned
in a planar cell the cholesteric forms a helix whose axis of rotation is perpendicular to the surface of
the cell. The distance over which the director rotates 360° is the pitch of the material.[12]] The index
of refraction in the system changes periodically, creating a one dimensional photonic band gap. The
photonic band gap prevents light from propagating within the band gap and selectively reflects light
incident on the device.[13]]

Detector

Aperture

Polarizer

Lens

Sample

Polarizer
Condenser Lens

Aperture

S

Figure 2: a) Schematic of polarized optical microscope setup and b) characteristic Schlieren texture
of nematic LC

Because the molecules are anisotropic the liquid crystal phases are birefringent. When light
enters a birefringent material the component of the light that is parallel to the axis of anisotropy of
the medium is subject to the extraordinary refractive index, n., and propagates at a different speed
than the component of light perpendicular to the axis of anisotropy which is subject to the ordinary
refractive index, n,. The birefringence of the material is defined as An = n, — n, The difference in
propagation creates a phase difference defined by A¢ = Zk—”d (n, —ne) where d is the thickness of the
material and A is the incident wavelength. Because the thickness of the material affects the phase
difference, liquid crystal materials can be used to generate any polarization state by selecting the
adequate thickness. Liquid crystal phases can be characterized by placing them in a polarized optical
microscope in order to view the birefringence textures that are created when viewed between crossed
polarizers as in Figure 2. Without a birefringent sample between the polarizers the incoming light



is extinguished by the analyzer and the sample appears dark. When a planar aligned nematic liquid
crystal is placed between the polarizers the LC acts as a waveguide and rotates the polarization of
light, allowing some light to pass through the analyzing polarizer. The orientation of the molecules
in a planar aligned sample can be visualized using polarized optical microscopy (POM) because dark
and light areas correspond to the orientation of the director. In Figure 2p we see the characteristic
Schlieren texture. The dark areas correspond with the director axis oriented parallel to one of the
polarizers, the bright areas correspond to an area where the director is oriented at another angle
and point defects have two or four brushes surrounding the defect. When white light is used in
the microscope, the polarization of different wavelengths is rotated by differing amounts, creating
a colorful and bright defect texture. Since the retardation of the light is dependent on the thickness
of the sample, the thickness of a sample of known birefringence can be measured by matching the
color with the Michel-Levy chart (Figure [3).[14]
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Figure 3: The Michel-Levy chart can be used to determine the thickness of a known liquid crystal
based on the color observed between crossed polarizers.[14]]

In addition to being birefringent, the anisotropy of the LC molecules leads to the material having
dielectric anisotropy. The dielectric constant or permittivity, €, of a material expresses the extent
to which an insulating material will be polarized by an electric field. Isotropic materials have one
dielectric constant but in an ordered anisotropic material such as a LC, the direction of the electric
field is important. The material has one dielectric constant for electric fields parallel to the long
axis, g, and a different one for electric fields perpendicular to the long axis, .. From these we can
define the dielectric anisotropy for a material, A€ = €| — &, where materials with positive Ae will
align with long axis in the direction of the applied electric field and those with negative Ae will
align with the long axis perpendicular to the applied field[[12]. A threshold exists below which an
electric field can be applied to a bulk LC sample with no change. Above the threshold the molecules
will reorient to align with the applied field. The reorientation of the director with applied field is
call the Fréedericksz transition. This transition is used to create liquid crystal displays.

There are many configurations that can be used to create a liquid crystal display but all of them
exploit the Fréedericksz transition to switch pixels on and off. The twisted nematic is one of the



simplest configurations for an LCD where a 90° twist is induced in the pixel by applying orthogonal
planar alignment layers on the pixel surfaces. The 90° twist acts as a waveguide, efficiently rotating
the polarization of light so that the natural state is a bright state as in Figure@p. When an electric field
is applied the LC molecules rotate to align with the field and the polarization of light is no longer
rotated and the pixel appears dark as in Figure [@p. The twisted nematic displays can be designed
to operate in both transmissive and reflective modes with good contrast. However, they have a poor
viewing angle because they are best viewed from straight on. These displays were used often in
early digital watch and calculator displays. Other display modes such as super twisted nematic, in
plane switching and the vertical alignment display use different orientations of LC molecules and
field geometry but all function from the same idea: the birefringence of a LC can be varied using an
electric field, switching the pixel state from bright to dark.
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Figure 4: Cartoon of a twisted nematic LCD pixel in the a) on and b) off positions.

4.2 Quantum Dots

Quantum dots (QDs), sometimes referred to as ’artificial atoms,” are semiconductor nanostructures
that confine the motion of the electron-hole pairs, or excitons. In a bulk material an electron can
freely move throughout the valence band of the material. When the size of the nanostructure shrinks
to smaller than about 10 nanometers the structure is comparable to or smaller than the natural wave-
length scale of the electron-hole pair. This confines the exciton in one, two or three dimensions de-
pending on the nanostructure (quantum wells, wires and dots respectively) causing the energy levels
to become quantized which can be described by the particle-in-a-box model. [[15] The particle-in-
a box model considers an arbitrary particle of mass m,in a potential well of length L. Where the
potential is V(x) =0 for 0 < x < L and V(x) = o for x < 0 and x > L. Solving the Schrodinger



equation with boundary conditions results in wavefunctions:

Y, (x) = \/Esin (”Lﬂ>

where 7 identifies the energy level. The energy of the particle is given by:

nh?
n=— 3 771
2mlL?

Note that the energy of the particle is proportional to 1/L?and is thus strongly dependent on the size
of the particle. Due to this quantum confinement the material’s band gap is increased over the bulk
band gap as: )
Prrl1l 1
Egp ™ s+ 5 [ﬂ%+m]

where E,;, is the band gap energy of the bulk material, m,is the effective mass of an electron moving
in the material and my, is the effective mass of a “hole” in the material[[16l]. The band gap of the
quantum dot is increased as the diameter of the nanoparticle decreases as seen in Fig[5] This strong
size dependence is an advantage in QDs since the emission can easily be tuned by changing the
nanoparticle size. For example, CdSe quantum dots of different sizes can emit from 450 to 650 nm,
across the visible spectrum.
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Figure 5: Bulk semiconductor has a band gap defined by the material. As the size decreases into
the nanometer range quantum confinement creates discrete energy states and a size dependent QD

energy gap.

There are several ways to synthesize QDs. In general, the dots can be epitaxially grown or
chemically synthesized as colloidal particles. Molecular beam epitaxy (MBE) utilizes the lattice
mismatch of the selected semiconductor with the surrounding material to create small, often ordered,
QD islands. [17] QDs can also be created using lithography techniques. [18] This dissertation
focuses on colloidal QDs. Colloidal QDs can be synthesized with a core of semiconductor material



capped with a shell of another material with a larger band gap. Without the passivation layer the
surface of the quantum dot provides sites for nonradiative recombination, reducing quantum yield
or the ratio of photons absorbed to photons emitted through fluorescence. Capping the QD with
a thin shell of larger bandgap acts to eliminate all the energy levels inside the gap. Additionally,
organic ligands are attached to the surface to confer solubility and prevent aggregation in solution.
(19]

Applications of QDs are numerous due to their tuneability. They have been used in biological
analysis as fluorophores as they are bright and less susceptible to photobleaching than traditional
dyes. [20] QDs have also been used increasingly in next generation solar cells [21]] as well as light
emitting diodes, [22] lasers, [23]] and information processing. [24] Separation between quantum
dots can be indirectly measured using Forster resonance energy transfer (FRET). An excited donor
quantum dot, a smaller dot with a large band gap, may transfer its energy to a larger acceptor
quantum dot with a smaller band galg through non-radiative dipole-dipole coupling. The efficiency

of the energy transfer is Epgpr = ﬁ where Ry is the Forster radius at which the FRET efficiency
is 50% and R is the separation between the donor and acceptor. In addition, the FRET efficiency can
be expressed through the lifetime of the quantum dots. Lifetime is the average time the QD remains
in the excited state before recombining and emitting a photon. FRET efficiency can be expressed in
terms of the donor lifetime, tp, and lifetime in the presence of the acceptor, tpa: Erger = 1 — %
Because the efficiency of transfer is extremely sensitive to small changes in distance, FRET can be

used as a spectroscopic ruler.

4.3 Motivation

It has been discussed that nanoparticles have their own size dependent characteristics that differ
from bulk material, however it is important to note that ensembles of nanoparticles can have proper-
ties that differ even from the individual nanoparticles. For example semiconductor quantum dots are
shown to have high carrier mobility and high conductivity at low separation distances[25]. Metallic
nanoparticles individually act as an insulator but when the inner particle separation is reduce an insu-
lator to metal transition is observed. A material can be constructed using metallic nanoparticles with
a set distance between particle surfaces, around 12A, that acts as an insulator until it is compressed
and the separation drops below 5A. The material can then act as a conductor until the compression is
removed, the particles are returned to their original separation and the material becomes an insulator
again[26]. Because collective particles have characteristics different from individual nanoparticles,
arrays of nanoparticles make a multitude of applications possible. For example, in ordered arrays
of quantum dots discrete energy levels split into minibands which can enhance light absorption and
carrier transport in solar cells allowing for a higher efficiency next-generation solar cell[27]]. Ar-
rays of metallic nanoparticles can be used as a subwavelength microscope sensor allowing us to
observe things that an optical microscope could not[28]. Theoretical simulations indicate that gold
nanoparticles lattices yield a paramagnetic response despite having nonmagnetic constituents[29]].
Many applications require a well ordered superlattice, where lattice points consist of nanopar-
ticles instead of atoms. Current methods for producing high quality super lattices often involve
lithography or focused ion beam technique. These top-down processes can be extremely expen-
sive, time-consuming and it can only be prepared on small scales on specific substrates. Bottom-up
processes colloidal nanoparticles that are manipulated into an ordered array. These processes are
more cost-effective can be prepared on numerous substrates and have the potential for large-scale
production. Bottom-up processes include nano manipulation in which individual nanoparticles are



physically placed into their final position[30]]. Solutions of colloidal nanoparticles can be used to
create ordered arrays by either chemically removing the nanoparticles from the solution [31] or by
evaporation of the solvent in a controlled manner leaving behind ordered nanoparticles[32]]. What is
missing from the current methods is the ability to reconfigure or switch completed assemblies which
is where liquid crystal materials enter the picture. Liquid crystal materials allow for in sifu manip-
ulation via external electric and magnetic fields as well as temperature variation. Early work with
liquid crystal quantum dot mixtures used indirect measurements of the nanoparticles and indicated
the presence of long anisotropic strands of quantum dots[33]]. Work with discotic quantum dots in a
nematic liquid crystal revealed that anisotropic quantum dots aligned in stacks and those stacks can
be rotated by switching the liquid crystal with an electric field[34]. It has been observed that quan-
tum dots in aligned smectic liquid crystals tend to align with the rubbing direction of the cell[33].
The Hegmann group has done extensive work with modifying surface ligands of gold nanoparticles
on dots facilitate better dispersion in liquid crystal materials[36} 37].

In this dissertation we will use liquid crystal materials as the template for organizing nanopar-
ticles. This is ideal because the molecular orientation can be changed using temperature, electric
field and magnetic fields. Because the size of the nanoparticles is on the same order as the size of
the crystal molecules, by changing the molecular orientation of liquid crystal molecules we should
be able to change the orientation of the quantum dots. We will use quantum dots as the nanoparticle
dopant because it allows fluorescence and confocal microscopy to identify the position and spec-
trum of the assembled nanoparticles. We will not need to rely on indirect measurements to tell us
where the quantum dots may be in the system, the emission will tell us the exact location.

In this work, chapter 5 describes the experimental methods used in this dissertation. Chapter
6 explores a system of quantum dots dispersed in cholesteric liquid crystal. When the cholesteric
stop-band is tuned to the quantum dot emission the intensity of the emission is increased and the
ensemble wavelength shifts due to the resonance condition at the edge of the stop-band. Chapter 7
further explores this resonance, observing the dynamics of the QD emission in the CLC. The cavity
coupling is confirmed for systems tuned to resonance.

Chapter 8 explores a system of QDs dispersed in a nematic LC. Through controlled cooling into
the nematic phase a homogeneous dispersion of QDs can be formed into closely packed clusters
situated at defect points in the LC. The inter-dot spacing within these clusters is determined to be
approximately 7.6 nm. Additionally, the location of the clusters is shown to be controllable by
nucleating defect points in the LC.

Chapter 9 investigates a system in which the fluorophore is required to be homogeneously dis-
tributed in the LC phase. A dye is dispersed in a CLC for use in a luminescent solar concentrator
(LSC). The stop-band of the CLC is integrated into the body of the LSC and acts to confine emission
and prevent escape from the LSC when the stop-band is tuned with the dye emission. Quantum dots
are not suitable for this application and others like it due to their tendency to aggregate in the LC
phase. Chapter 10 addresses this issue and covers our endeavors to increase solubility of QD in LC
by attaching mesogenic ligands to the surface of the QDs. Chapter 11 summarizes our conclusions
and chapter 12 considers future directions for the research.



5 Methods

5.1 Sample Preparation

All samples referenced in this dissertation were prepared with a similar method. CdSe/ZnS core/shell
QDs suspended in toluene (from NN Labs) are added in low weight percentages (.01 to .15 wt %)
to liquid crystal. The nematic LC 4’-pentyl’4-biphenylcarbonitrile (SCB from Sigma Aldrich) is
used without further purification for nematic samples and it is added to cholesteryl oleyl carbon-
ate (COC from Sigma Aldrich) to create a cholesteric liquid crystal with a tuneable pitch. The
LC/toluene/QD mixture is then placed into a bath sonicator that has been heated to 43 °C which is
above the clearing point for both LC materials. The mixture is sonicated for 1 to 8 hours to achieve
a homogeneous dispersion of QD in the isotropic LC while at the same time evaporating the excess
toluene from the system. For low concentrations, below .1 wt %, the amount of toluene added to
a sample will evaporate within 4 hours of sonication. If the toluene is not fully evaporated from
the LC it will lower the isotropic to nematic transition temperature and if enough toluene is present
the LC will not transition into the nematic phase at room temperature. When higher concentrations
are attempted or other solvents are used it is important to test the transition temperature of the LC
to ensure the sovent has been removed. Once the dispersion is complete the mixture is removed
to a 50 °C oven to create sample cells. Glass slides are first washed with soap and then sonicated
in a progression of acetone, methanol and ethanol for 20 minutes each. The glass should then be
rinsed thoroughly with Millipore water and sonicated in the water for 20 minutes. Finally the glass
should be blown dry with ultra high purity nitrogen. Clean glass is prepared with an alignment
layer depending on the desired orientation of the LC. For planar alignment the glass is spin coated
with a 1 wt % aqueous PVA solution and subsequently rubbed with velvet to induce an alignment
direction. For homeotropic orientation clean glass is flooded with 5 uM aqueous CTAB solution
for one hour and then blown dry with ultra high purity nitrogen. All cells are prepared in the 50 °C
oven to maintain the isotropic phase throughout. Once the cells are completed they are moved to
a Linkham LTS350 hotstage in order to control the cooling rate into the LC phase while simulta-
neously observing the QD fluorescence and LC texture with a Leica DM2500P upright microscope
equipped with a Q-image Retiga camera.

5.2 Polarized Optical Microscopy

Polarized optical microscopy (POM) uses the liquid crystal birefringence to observe the characteris-
tic texture associated with each phase brought about by the orientation of the anisotropic molecules.
A nematic liquid crystal sandwiched between glass slides without alignment layers does not have
long range order throughout the sample. The changing director means some areas will appear bright
and some dark, depending on the orientation of the director compared to the crossed polarizers. The
texture shown in Figure[6p is the Schlieren texture and is characteristic of the nematic liquid crystal
phase with planar orientation. The director of the LC can be visualized using optical microscopy
because dark areas correspond to an area where the director is parallel with one of the polarizers
while the brightest areas appear where the director is at a 45° to the polarizers. When a planar
aligned cell is rotated the bright areas become dark when the director becomes parallel with either
of the crossed polarizers. Homeotropically aligned nematic liquid crystal is not birefringent because
it is isotropic with respect to the light traveling through the microscope and thus appears dark at all
times as shown in Figure[6p. Bright points in the birefringence texture indicate point defects.
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Figure 6: Schematic and POM images for a) planar and b) homeotropic orientations of nematic LC.
Defects are observed in the homeotropic alignment as bright points.

Nematic liquid crystal samples have a colorful birefringence texture when observed with white
light. The color of the sample is dependent on the thickness of the sample as discussed in section
4.1. Planar oriented cholesteric liquid crystal (CLC) materials however, have a distinct observed
color regardless of the thickness of the cell. This color is determined by the pitch of the material
and can be tuned by adding nematic LC to the cholesteric LC to expand the pitch as shown in Figure
[7l The color and intensity of the cholesteric remains the same when the sample is rotated, it does
not change or turn dark. The cholesteric can also be observed using reflection microscopy. When
white light is incident upon the cholesteric light outside of the stop band is allowed to pass through
while light whose circular polarization matches the handedness of the liquid crystal is reflected.

When quantum dots are mixed into the liquid crystal the dispersion can be observed using
fluorescence microscopy as shown in Figure [§] The sample is illuminated from above by light
that can excite the quantum dots and the emission from the dots is observed. Figure [8p shows
fluorescence images of a quantum dot/liquid crystal dispersion and the corresponding birefringence
texture of the liquid crystal is shown in Figure 3.
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Figure 7: Schematic of planar aligned CLC and POM images of compounds of increasing pitch.
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Figure 8: Fluorescence image showing emission from QDs and corresponding polarized transmis-
sion image of LC.

5.3 Scanning Photoluminescence Microscopy

For higher resolution imaging we custom built a high-resolution scanning optical microscope to
perform a spectral analysis of the materials (Figure [0). The excitation sources are ultra fast, tun-
able mode-locked lasers that cover the spectral region 350-1200nm. The excitation polarization is
controlled by a linear polarizer, a liquid crystal based variable wave plate and a quarter wave plate.
Using this system we can determine a linear excitation polarization or modify to use circularly po-
larized pulses. The excitation beam is focused on the sample through an objective to produce a spot
size that is diffraction limited (~600nm). The sample is mounted on a heat controlled motorized
3D scanning stage with step size resolution of 40nm. The emission from the NPs is collected by
the same objective and is then directed through polarization analysis optics and is focused on the
100um aperture of a collection fiber. This acts as a confocal microscope with a lateral resolution
of 1um. The fiber then transmits the PL to a spectrometer coupled to a thermo-electrically cooled
CCD camera for spectral analysis. Alternatively, the emission can be directed to a time-correlated
single photon counting (TCSPC) detector coupled to a monochromator for spectrally-resolved time-
resolved analysis. Spectra from the dots is collected as the sample is raster scanned. Once the scan
is completed we analyze the data to produce spatial maps of the peak intensity of the emission as
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well as the peak wavelength.
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Figure 9: High Resolution scanning optical microscope setup.

5.4 Time-Correlated Single Photon Counting

Time-Correlated Single Photon Counting is used to understand the decay profile of fluorophores.
After excitation a quantum dot has a characteristic time before the excitons recombine and light is
emitted. Using periodic excitation from a pulsed laser we can collect data over multiple cycles of
excitation and emission. The excitation pulse begins the timer and fluorescence from the quantum
dot is registered by a single photon avalanche diode. As long as the probability of detecting more
than one photon per cycle is low, over several excitation events a histogram can be created which
will show the exponential drop of photon counts towards later times. Fitting this decay shows the

fluorescence lifetime.
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6 Spectral and polarization modulation of quantum dot emission in a
one-dimensional liquid crystal photonic cavity

6.1 Introduction

In recent years there has been increasing interest in research at the interface of hard and soft con-
densed matter. Soft materials, by definition, are easily modified by external forces, such as those
exerted by relatively weak electric or magnetic fields. Therefore, they can provide a reconfigurable
medium in which nanoscale structures can be assembled and manipulated. One particularly rich
area for investigation in this field is the interaction between dispersed particles and liquid crystal
(LC) materials. [38] Liquid crystals are complex fluids in which the constituent molecules have
orientational and short-range positional order. A large number of distinct LC phases have been ob-
served and the phase exhibited by a specific material depends on several factors, including molecu-
lar structure, temperature, or concentration in a solvent. The well-known thermotropic nematic and
cholesteric phases have found wide commercial applicability in display technologies and optical
modulation devices. One of the key properties of LC materials is their optical anisotropy, which
causes them to be birefringent, which can then be tuned by the application of an external electric
field. LC materials can also be confined in a device to produce macroscopic ordered domains with
a defined optical axis. This combination of molecular switchability and orientational control offers
the potential for novel device geometries with highly tunable optical properties.

Dispersions of a variety of particle geometries such as spherical colloids, [39, |40, 41]] carbon
nanotubes, [42, 43| clay platelets, [44, 45]] and other anisotropic morphologies [46| 47]] have pro-
duced some fascinating results regarding the interplay between particle shape and alignment in the
LC phase. Several studies have additionally shown that various LC phases can be used as a template
for directed nanoparticle assembly [48],|49]] and that the electro-optic response of the LC can be in-
fluenced by the addition of nanoparticles.[50, 136] In addition, nanoparticles and colloids have been
utilized to control and stabilize topological defects in the anisotropic phase. [51] Recently, stabi-
lization of the LC blue phase over a broad temperature range was achieved using gold nanoparticles
localized to the defect cores. [52] While the effects of nanoparticles on an LC host phase have been
studied, less is known about how the LC medium affects the properties of the dispersed nanopar-
ticles, and whether it is possible to use LC materials to achieve new types of directed nanoscale
assemblies that would manifest novel functionality.

6.2 Experimental Details

In this paper, we focus on using the optical activity of an LC host material to influence the photo-
luminescence (PL) from embedded semiconducting quantum dots (QDs). [34] Light-matter inter-
actions in confined geometries can result in a wide range of applications, such as optical commu-
nications, [53] quantum information processing, [54] and quantum computation schemes. [55] The
cholesteric LC phase, composed of rodlike chiral molecules, can be tailored to give rise to such a
confined optical system. Similar to the nematic phase, the cholesteric phase has short-range ori-
entational order defined by the LC director but with the additional feature that the director rotates
through the bulk material [Fig[I0(a)]. [8] The periodicity of this arrangement results in an alter-
nating modulation of the refractive index, creating a one-dimensional photonic band-gap material.
The distance required for the director axis to complete a full rotation is called the pitch (p) and it
determines the spectral stop band (reflection band) of the cholesteric liquid crystal (CLC). In typi-
cal materials with a stop band, all incident light with wavelengths within the band is preferentially
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reflected. In CLCs, the chiral geometry adds a special flavor. Even within the stop band only cir-
cularly polarized light that has the same handedness as the CLC helix is selectively reflected. Light
polarized with the opposite handedness and light with wavelengths outside the stop band are both
transmitted through the CLC film. [13,56] A general case is illustrated in Fig. [I0j(a) where linearly
polarized incident light spectrally matched to the stop band is partly reflected and partly transmitted
(as any linear polarization is a sum of right and left circular polarizations). An added attraction
of the CLC photonic structure is that it can be modified in situ by varying the temperature or ap-

plying an electric field, thereby allowing spectral tuning of its optical properties and confinement
parameters.
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Figure 10: (a) Schematic demonstrating the helical arrangement of the CLC between parallel glass
slides. This device geometry selectively reflects and transmits different circular components of
linearly polarized incident light. (b) The CLC in a Cano-wedge cell. (c) The spectral stop band
(reflection band) of the CLC in the cell at three different points across a single Grandjean step
demonstrating the shift of the stop band. (d) Polarized optical microscopy transmission image of
the CLC in (b) showing the Grandjean steps. The symbols denote the corresponding stop bands of
(c) and the arrows show the corresponding pitch.

If, instead of enclosing the CLC between parallel surfaces, a wedge-shaped arrangement is

used, the pitch can be varied across the film, as shown in Fig. [[0[b). Commonly known as a Cano-
wedge cell, [57, 58] in this device the CLC fills a glass cell where the inside surfaces have been
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treated with a rubbed planar alignment layer, polyvinylalcohol (PVA, Sigma Aldrich). Because the
LC molecules at the surface are constrained by this alignment layer, the helix stretches as more
space is available, elongating the pitch continuously by an amount As. When As = p/2, there is a
discontinuity as the system relaxes to the initial pitch p but with an added extra half turn [dashed
arrow in Fig. [I0[b)], before the stretching repeats again. The spectral effects of the changing pitch
are shown in Figs. [[0(c) and[I0[(d). In Fig. [I0[c), as the pitch increases the corresponding stop band
is observed to red-shift. When the cell is viewed between crossed polarizers the CLC texture shows
the well-known Grandjean steps in Fig. [I0[d). The colors observed from a device placed between
crossed polarizers are dependent on the pitch of the material and, in our case, a color variation from
yellow to orange is seen across each step. The corresponding spatial positions of the stop bands in
Fig. [I0(c) in the Grandjean step of Fig. [I0[d) are marked using symbols.

For our CLC samples we used mixtures of a chiral LC, cholesteryl oleyl carbonate (COC, Sigma
Aldrich), and a nematic LC, 4’-pentyl’4-biphenylcarbonitrile (SCB, Sigma Aldrich). The initial
(unstretched) pitch of the CLC depends on the relative concentrations of the chiral component in
the nematic material. For the sample shown in Fig. [I0[d), a mixture of 60 wt% COC to 40 wt%
5CB was prepared by heated bath sonication. The bath was maintained at a temperature above the
isotropic transition temperature for both COC and 5CB (38°C and 36°C, respectively) and the sample
sonicated for approximately 1 h to ensure complete mixing.To determine the pitch of the material,
the mixture was filled between parallel glass plates coated with a rubbed poly-vinyl alcohol (PVA)
alignment layer to induce planar alignment of the molecules. The stop band was measured using a
Perkin Elmer UV-VIS absorption spectrophotometer. For this sample the pitch was observed to be
approximately 590 nm at the center of the stop band [curve marked with solid circle in Fig. [I0[c)].
After preparation of the desired cholesteric material, CdSe/ZnS core-shell QDs (N-N Labs, emission
peak at 609 nm) were added at a concentration of 0.2 mg/ml and the mixture was sonicated for an
additional 3 h at the same elevated temperature. The final mixture was then filled into a Cano-wedge
cell at 50°C before cooling on a controlled heating stage (Linkam LTS350) at a rate of 1°C/min
to room temperature. On verifying the presence of the Grandjean steps using polarized optical
microscopy, spectroscopic measurements were carried out using a custom-made diffraction-limited
scanning confocal microscope with an optical resolution of 600 nm and a continuous-wave 532-nm
diode laser as the excitation source. The QD PL was collected by an Acton 300i spectrometer and
dispersed onto a thermoelectrically cooled CCD (spectral resolution ~0.18 nm). By raster scanning
selected regions of the sample, spatially resolved PL maps were created to monitor the variation of
both emission intensity and wavelength with position.

6.3 Results and Discussion

Figure (11| shows three spatially resolved maps of the peak wavelength (Apgax) of QD emission
measured across a region of the sample that demonstrated clear Grandjean steps when imaged using
polarized optical microscopy. In Fig. [I1(a) Appak varies across the sample following the Grandjean
step pattern closely. The difference in Appak from the beginning (marked “L”) to the end (marked
“R”) of a step is approximately 7 nm, increasing from left to right. The sample is then heated past
the isotropic transition temperature (to 43°C) and the scan repeated [Fig. [[T(b)]. Now we observe
that the prior systematic wavelength gradient is replaced by a random distribution of Apgaxk, as is ex-
pected from QDs suspended in an isotropic mixture. When cooled back into the CLC phase (25°C),
another PL scan [Fig. c)] shows that the associated Apgax gradient has returned. While the emis-
sion wavelengths appear slightly blue shifted overall in Fig. [[T|c), the pattern and directionality are
similar to those observed in Fig. [IT|a). The blue shift is most likely a result of photo-oxidation of the
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QDs under irradiation. [59] Photoluminescence intensity maps corresponding to each of the three
experimental stages do not exhibit this stripe formation either in the CLC or the isotropic phase.
However, from the clear similarities between the QD spectral emission patterns of Figs. [[T[a) and
@c) and the CLC defect texture of Fig. |1_UKd), it is obvious that there is a connection between the
Grandjean steps and the measured QD PL emission stripes.

(b) T=43°C (c) T 25°C
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Figure 11: Spatially resolved PL scans of QD-CLC mixture at (a) 35°C, (b) heated to 43°C, and
(c) cooled back to 25°C, mapping the emission Apgak. L denotes the left edge of a Grandjean step
where the pitch is at the minimum value within the step and R denotes the right where the pitch is
at the maximum.

To understand this pattern formation, we make a spectral comparison of the CLC stop band and
the QD emission in Fig. 3 in three samples prepared with different ratios of 5CB to COC to tune
the pitch. Fig. [T2a) shows spectra for a sample prepared with 44 wt% 5CB to COC and a pitch of
approximately 620 nm. Here, the peak emission of the QDs dispersed in the isotropic phase (circle)
overlaps with the short wavelength side of the CLC stop band (square), and the first observations
we make are an overall red shift of the QD emission (triangle) and an increase in intensity when
the sample is cooled into the cholesteric phase. A detailed analysis of the data reveals a more
complicated behavior. It has been predicted that, due to the inherent dichroism, even in the isotropic
phase a cholesteric system can modify optical transmission through it. [60] We notice the effects
of such modifications in the following two ways: (a) although the QD emission in solution occurs
at 608 nm, in the isotropic phase the emission has blue shifted and (b) the peak is not a Gaussian
distribution but has a more asymmetric shape. To understand the latter, we perform a multipeak
fit analysis using a standard nonlinear Levenberg-Marquardt algorithm where the peak positions
and peak widths remain constant and only the relative amplitudes of the peaks are allowed to vary
when fitting data from the same sample under different conditions. We find that both emissions
(in the isotropic and CLC phases) are best explained as a cumulative effect of three subsets of
QDs. These three consist of QDs emitting to the far left and completely outside, at the very edge,
and completely inside the stop band (supplementary material, Fig. [I3)). In the isotropic phase the
emission is dominated by the subset that lies to the far left of the stop band while PL from those
within the band is quenched, accounting for the asymmetric shape. When cooled to the CLC phase,
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the spectral weight shifts to the QDs emitting at the edge of the stop band, causing the spectrum to
exhibit an overall red shift of 5 nm. The typical error in our fits Apgaxk is ~0.5 nm.
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Figure 12: Emission spectra of the QD-CLC mixture in the cholesteric (triangle) and isotropic
phases (circle) superimposed on the corresponding stop bands (square) for (a) 44% nematic and
56% chiral LC, (b) 40% nematic and 60% chiral LC, and (c) 20% nematic and 80% chiral LC.
Proportions are by weight.

Figure [I2[b) plots the emission of the QDs (circle) from an arbitrary spot in the sample shown
in Fig. when it is in the isotropic phase. The multipeak protocol executed above is repeated
and shows a similar result for this phase, with the emission again being dominated by the QDs that
emit outside (but, this time, to the right) of the stop band (supplementary material, Fig. [I6). The
spectrum though still blue shifted from the solution emission, is not as affected as in the previous
sample. As the sample is cooled and the CLC phase forms, we observe that now the QD emission
overlaps with the long wavelength edge of the CLC stop band. The QD spectrum from that same
spot (triangle) is again predominantly from the QDs emitting at the edge of the stop band and, as
a result, blue shifted by 3 nm, with the peak intensity greater than the peak intensity from QDs in
the isotropic phase by a factor of 2. Figure [[2|c) shows the stop band of a mixture of 20 wt% of
5CB to COC with a pitch of approximately 525 nm. The QD emission spectrum in the isotropic
phase (circle) does not overlap with the stop band at all, and we now observe several points. First,
the emission in the isotropic phase now occurs exactly at 608 nm, where the QDs emit in solution.
Second, the distribution of spectral weight among different subsets of QDs is unchanged between
the spectra obtained in the isotropic and the CLC phases (supplementary material, Fig. [I7)), resulting
in no discernible overall spectral shift. And, finally, there is a decrease in the emission intensity of
the QDs (triangle) in the CLC phase compared to that in the isotropic solution. From these results
shown in Fig. [17] it is clear that the spectral modification of the QD emission is caused by the
optical confinement provided by the CLC and that the magnitude of this modification depends on
the extent to which the QD and CLC spectra overlap. When there is an overlap [Figs. [[2(a) and
[12[b)], the QD emission is amplified at the very edges of the stop band, resulting in a small spectral
shift as the intensity weight redistributes. But when there is no overlap [Fig. [I2]c)] there is no such
enhancement. In Fig. [TT|the QD emission lies near the long wavelength edge of the CLC stop band,
similarly to that shown in Fig. [[2(b), and as the stop band shifts toward the red with position from
L to R, it continuously amplifies an increasingly redder portion of the QD spectrum, resulting in the
observed pattern where the emission red shifts across a Grandjean step. When the pitch abruptly
returns to its original value the QD emission pattern repeats itself.

We are effectively utilizing the CLC phase as a one dimensional photonic band-gap material
and tuning the emission of the ensemble of QDs by spatially altering the pitch of the CLC medium
using the wedge cell. When the cholesteric helix is destroyed by raising the sample temperature
above the isotropic phase transition [Fig. [[T(b)], without a well-defined pitch to sustain a stop band,
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the QD emission randomizes. This stripe formation is thermally reversible and robust. The idea
of emission amplification at the long-wavelength edge of the cholesteric reflection band has been
employed previously to create a liquid crystal laser. [9,161] The dyes used in these measurements
have been rod-shaped molecules with emission linearly polarized along their long axis. This leads
to multiple reflections and amplification of the emission that lies only near the long edge of the stop
band. CdSe/ZnS QDs have a more isotropic emission compared to dyes, even when embedded in
nematic LC. [34,162]] The fact that the amplification is still observed, and occurs at both ends of the
stop band, is surprising and suggestive of a more complicated modulation by the CLC medium than
in the case of dyes. [[63]]
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Figure 13: Polarization resolved PL maps of Appax When observed (a) perpendicular (90°) and (b)
parallel (0°) to the rubbing direction. (c) Plot of Apgak for (a) and (b) along the lines shown on the
maps. Apgak Of (a) are plotted as solid circles (top) and (b) as open circles (bottom). Lines are linear
fits to data.

To investigate the transmission of QD emission through the cholesteric phase in detail we have
carried out further work to characterize the emission polarization of the QD-CLC sample. Figures
a) and b) are spatially resolved PL. maps showing the Apgak variations over the same region of
the sample but observed through a linear polarizer aligned vertically and horizontally, respectively.
The horizontal direction, denoted ¥ = 0° in our setup, is parallel to the rubbing direction of the Cano-
wedge cells. Again, as before, a wavelength gradient is observed similar to that in Fig. [TT] However,
while Fig. [I3(a) shows the gradient moving from longer to shorter wavelengths across the step, in
Fig. [[3]b) the gradient is reversed. In Fig. [I3{c) we have plotted data along the lines indicated in
Figs. [I3[a) and [I3|b), where we see the sawtooth pattern of the QD peak emission, and that the
horizontally (4 = 0°) and vertically (0 = 90°) polarized components are essentially reversed. The
corresponding spectrally integrated intensity maps display neither stripes nor any clear difference
between the two polarization configurations, although it is interesting to note that the data collected
without polarization optics in Figs. [IT[a) and [TT|c) resembles the pattern in Fig. [[3[b), implying
the emission intensity along that 0° is slightly larger than that observed along 90°. We attribute this
to the fact that 0° is aligned along the rubbing direction which defines the director of the nematic
component (5CB) in the CLC composite. Emission intensity is typically greater along that direction
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due to reduced scattering irrespective of any other effect (supplementary material, Fig. [T§§).
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Figure 14: (a) PL emission varying with the angle with respect to the rubbing direction, ¥, at the two
edges (L and R) of one step. (b) Schematic of optical path used to analyze emission polarization us-
ing a combination of a quarter wave (A/4) plate and a linear polarizer (LP). (c) Polarization resolved
PL intensity as a function of angle U between the rubbing direction and the LP with (solid circles)
and without (open circles) the A/4 plate. (d) Schematic depicting the QD emission polarization states
changing across the Grandjean steps with increasing path difference d.

To investigate the polarization dependence further, we track the spectrally discrete peak inten-
sities of QD emission for two spots at the beginning and end of a Grandjean step, as a function of
¥, shown in Fig. [I4[a). Here we observed that the peak intensity at the beginning of a step (marked
“L”) is highest when the polarizer is aligned along the rubbing direction and decreases with increas-
ing ¥. At the same time, the intensity at the end of the edge (marked “R”) is initially small but
increases with . Together with the differences between Figs. [13a) and[I3(b), these results suggest
that as the emission from the left edge of a step red-shifts between the 0° and 90° directions, the
intensity simultaneously decreases. The exact reverse occurs at the right edge. These variations are
small (on the order of 6-10%) but systematic. To confirm the effect, a more detailed measurement
of QD PL intensity from an arbitrary region is carried out. Shown in Fig. [[4[c) (open circles) we see
that although the emission intensity exhibits a sinusoidal variation with ¥, the signal does not fall to
zero at any angular position of the linear polarizer. This is a surprising result because it is generally
assumed that the emission from a cholesteric device should be circularly polarized following the
helicity of the CLC. [64] Our results clearly demonstrate that the transmitted PL is not circularly
polarized (in which case there should be zero or negligible variation in intensity with §) but is par-
tially linearly polarized, elliptically polarized, or a mixture of the two. To determine which, we
insert a A/4 plate before the linear polarizer in the collection path [Fig. [I4[b)], with the fast axis of
the \/4 plate aligned along the direction of maximum transmission, which in our case is 145° [Fig.
[I4]c), open circles]. Then we rotate the linear polarizer again and plot the resulting intensity as a
function of 9 in Fig. [14]c) (solid circles). Now we can clearly observe that the resultant intensity
does go to zero, although the maximum occurs at a different angle. This is a definite indication that
the emission is elliptically polarized. We can approximate that the ellipse major axis is tilted by
35° to the rubbing direction, where the emission intensity was maximized prior to inserting the A/4
plate.

This confirmation of elliptically polarized emission implies the CLC medium is exhibiting cir-
cular dichroism in addition to the expected circular birefringence and that it imparts an arbitrary
phase to the electromagnetic radiation traveling through it. This phase & is given by 8 = (tAn/A)d,
where d is the path length through the sample and n is the difference in refractive indices as is typical
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of a birefringent material. [65]] For elliptically polarized light the tilt of the ellipse is a function of o,
and since 0 is dependent of the wavelength A, it follows that the different parts of the QD PL spec-
trum will be polarized at slightly different angles to the rubbing direction. This allows us to come
up with a simple pictorial representation as shown in Fig. [T4(d). At the beginning of a Grandjean
step at “L” d; = p, and from the data in Figs. [I3[a) and[I3|b), this appears to satisfy the condition
where the shortest wavelength of the QD emission is polarized with the major axis closer to the
horizontal direction with reference to our measurement scheme. The other “colors” form ellipses
titled along different angles, ending with the longest wavelength closest to the 90° axis. Moving
across the step, d changes until at the end of a step at R dg — 3p/2. Using typical values of An
in CLC materials, [66] this corresponds to a negligible phase difference between points L and R.
However, in a confined geometry the reflection-induced multiple passes through the CLC medium
enhances the phase difference greatly.A simple approximation for our system gives us an estimate
of a photon confinement time ~10-13 s, which translates to about 25 passes. In turn, this implies
a total phase difference 25 times bigger than the previously calculated 5, which would lead to a
considerable reorientation of the emission ellipses between L to R (as shown by the blue and red
ellipses). This explains why we observe the complimentary spectral maps when viewed along 0°
and 90°.

6.4 Conclusions

We have demonstrated the fabrication of a QD embedded one-dimensional photonic cavity con-
structed from a cholesteric liquid crystal. The liquid crystal medium selectively enhances the PL.
from a subset of QDs whose emission spectrally overlaps with the edges of the stop band. The
mechanism of such amplification is most likely due to the Purcell effect [67] as preliminary time-
resolved data show an increase in the recombination rates in the QD-CLC samples when compared
to the recombination rates of the QDs in solution. However, unlike typical photonic band gap ma-
terials, such as naturally occurring crystalline solids [68]] or those fabricated from semiconducting
structures, [69]] the stop band of the CLC can be easily tuned by altering the ratio of its components
and additionally externally modulated using temperature or electric fields. This greatly enhances
the spectral flexibility of the photonic device. The controllable spatial variation in spectral emission
and polarization that is imparted by the CLC medium provides excellent possibilities for increased
device functionality,making this liquid crystal matrix a very attractive platform for designing new
QD-based optical materials.
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6.5 Supplemental Material
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Figure 15: Multi-peak fits to emission spectra in (a) isotropic and (b) CLC phase for 44% nematic
and 56% chiral LC mixture. In (a) the shorter wavelength peak has more spectral weight but when
the sample is cooled to the CLC phase in (b) the spectral weight shifts to the mid-wavelength subset,
and a longer wavelength peak starts to emerge.
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Figure 16: Multi-peak fits to emission spectra in (a) isotropic and (b) CLC phase for 40% nematic
and 60% chiral LC mixture. In (a) the long and mid-wavelength peaks have more spectral weight
but when the sample is cooled to the CLC phase in (b) the spectral weight shifts is concentrated
in the mid-wavelength subset, while emission from both the long and short wavelength subsets is
suppressed.
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Figure 17: Multi-peak fits to emission spectra in (a) isotropic and (b) CLC phase for 20% nematic
and 80% chiral LC mixture. In both phases, the spectral distribution is the same.
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Figure 18: Peak emission intensity for CdSe/ZnS QDs in 100% nematic LC as a function of relative
angle U between the rubbing direction (aligned to 0°) and a linear polarizer in the collection path,
shown for three different samples. Emission along the rubbing direction is consistently higher in
all three and falls off by 10-15% as ¥ increases from 0 to 90°. As the proportion of nematic LC is
reduced in the CLC samples, this effect decreases but is still present as seen from the similarities

between figs. [IT(a) and [I3[b).
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7 Dynamics of spontaneous emission of quantum dots in a one-dimensional
cholesteric liquid crystal photonic cavity

We have established that the cholesteric liquid crystal can modify the peak emission and modulate
the polarization of QDs that are embedded within. We now consider the resonance condition created
by matching the QD emission to the edge of the CLC’s photonic cavity. We show that we are indeed
coupling the emission to the cavity and stimulating spontaneous emission of the QDs.

7.1 Introduction

Tailoring basic light-matter interactions for advanced applications is a major focus of researchers
in photonics, semiconductor physics and materials science. Advances over the last decade in elec-
tron microscopy, sample fabrication and synthesis have presented the means for manipulation and
control of these interactions with remarkable precision down to micro and nanoscales. A typical
example is the development of optical microresonators, with very high quality (Q) factors, which
interact with light confined within their volumes to create lasing. [[70] Their size makes them attrac-
tive candidates for incorporation in on chip devices that require small footprints and low threshold
powers. [71]] These devices can be fabricated in a variety of geometries, and one of these is the pla-
nar micro-cavity design based on the well-known photonic crystal template. This has the advantage
of a very small mode volume, resulting in ultra-high Q emission. [72] Photonic band gap (PBG)
cavities fabricated from semiconducting materials can support lasing emission of Q . 105 in the near
infrared region.4 In spite of these attractive properties, PBG cavities are very fabrication intensive
and cannot be tuned easily in situ. An alternative approach to PBG cavities with micron scale active
regions was developed in the last decade using liquid crystal (LC) materials. [[73|[74] [75] Certain
chiral LC molecules self-assemble to form the cholesteric phase, characterized by a helical rotation
of the director axis with a characteristic pitch (Fig. [[9A, left inset). [8] This helical pitch results in
a spectral stop-band (the reflection band) analogous to that seen in photonic crystals, and therefore
cholesteric liquid crystal (CLC) materials can act as a fluid one-dimensional photonic cavity. CLCs
have the advantage of not only being far easier to fabricate than their semiconducting counterparts,
but their stopbands can be spectrally tuned using either temperature or LC composition. Further-
more, the cavity effect can be reversibly switched on and off by an externally applied electric field.
Dye doped CLC films exhibit resonant emission at the long wavelength band-edge of the stop-band,
which has led to the development of LC-based dye lasers. [[76,[77, 9]

In this paper we investigate modulation of the dynamical spectral properties of chemically syn-
thesized quantum dots (QDs) dispersed in CLC photonic cavities. QDs can be more suitable than
organic dyes for certain applications, especially given the optical tuneability offered by their size-
dependent energy band-gaps and their higher photo-stability compared to most dyes. [[78] Further-
more, they are isotropic emitters and therefore are not subject to the polarization constraint that
allows efficient amplification only at the long wavelength edge in anisotropic dyes. [79,61]] The
study of chemically synthesized QDs dispersed in LC materials is a relatively new research area.
While it is expanding rapidly, prior work has been limited to nematic [36] and smectic [80] LC
materials, where greater emphasis has been given to the effect of the QDs on the LC electro-optic
properties. Most recently, we have demonstrated that in these systems QD emission is enhanced at
both edges of the CLC stop-band, accompanied by a spectral red shift at the short wavelength edge
of the stop-band and blue shift at the long edge. In addition, the resonant emission is elliptically
polarized by the CLC cavity, with the ellipticity being a function of the emission wavelength. [1]]
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As aresult, in a set-up such as a Cano-wedge cell, [81] the polarization phase of the QD emission
is both spatially and spectrally controllable. This last property is especially attractive. It not only
opens up new possibilities to use these materials as novel opto-electronic and photonic components,
but also has important implications for QD-based quantum information processing schemes where
precise modulation of emission frequency and phase is vital.

7.2 Experimental Procedures
7.2.1 Sample Preparation

CLC samples were prepared by mixing cholesteryl oleyl carbonate (COC, Sigma Aldrich) and the
nematic liquid crystal, 49-pentyl’4-biphenylcarbonitrile (SCB, Sigma Aldrich) in varying propor-
tions by weight. The LC mixtures were sonicated at 43 °C (above the isotropic transition temperature
for both compounds) for 1 h to ensure good mixing. CdSe/ZnS QDs with octadecylamine ligands
(NN Labs) and an emission in toluene solution centered at 609 nm, were added to the LC mixtures
at a concentration of 0.01-0.02 wt%, then sonicated again for 1-6 h to obtain the final QD-LC
composite.

LC films were deposited between glass plates using two different alignment layers, planar
(molecules lie parallel to the glass substrate) and homeotropic (molecules lie perpendicular to the
substrate). To prepare a planar alignment coating, glass slides were spin coated with a 1 wt%
aqueous polyvinyl alcohol (PVA) solution (Sigma Aldrich), dried in air and rubbed to establish the
required orientation. To prepare a homeotropic alignment layer, glass slides were dip coated for 5
min in 0.5 mM aqueous hexadecyltrimethylammonium bromide (CTAB, Sigma Aldrich) solution.
The isotropic liquid crystal mixture (at 40.0 °C) was then pipetted onto the prepared glass slides,
arranged to form a Cano-wedge cell and then cooled at 0.1 °C min™! to 30 °C to form the CLC phase
using a Linkam LTS350 hot-stage. Several different formulations were used in this study. Sample
S1 contains 0.02 wt% QDs, dispersed in 59.6 wt% COC and 40.4 wt% 5CB. Samples S2, S3 and
S4 contain 0.01 wt% QDs, dispersed in 59.4 wt% COC and 40.6 wt% 5CB. Sample S5 contains
0.01 wt% QDs dispersed in 59.1 wt% COC and 40.9 wt% 5CB. The control sample contains 0.01
wt% QDs dispersed in 74.8 wt% COC and 28.2 wt% 5CB. The purpose of varying the proportion of
different LC compounds in the mix is to change the spectral position of the stop-band. After cool-
ing into the CLC phase, all samples were allowed to anneal for the same time prior to beginning
measurements.

7.2.2 Measurement Techniques

We verify the formation of the CLC phase in our samples using Polarized Optical Microscopy
(POM). Fig. (right inset) shows a transmission image of a QD-LC sample with planar align-
ment. The LC molecules are forced to align parallel to the glass slides, as shown in the schematic
representation in Fig. (left inset), but the increasing distance between the two slides forces
the pitch to continuously elongate, which changes the spectral position of the stop-band and, hence,
the colour of the CLC transmission. Once the distance between the glass plates is large enough to
fit in another half-pitch, the colour gradient repeats itself, a pattern known as Grandjean steps. The
stopband of an arbitrary region of this sample is plotted in Fig. [[9}A, measured using a UV-Vis spec-
trophotometer. Fig. [T9B shows the corresponding results for a homeotropicaly aligned sample. The
helices are now randomly oriented in a focal conic texture (Fig. [T9B, left inset) and the transmission
image in Fig. [[9B (right inset) does not show the Grandjean steps. Initially after preparation, the
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homeotropic samples appear white in colour, implying wavelength independent scattering. How-
ever, as these samples anneal, a characteristic length scale forms and, as a result, the reflectivity
(Fig. [[9B, main) shows a much weaker, broad peak instead of a well-defined stop-band.
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Figure 19: (A) Reflectance showing a well-defined stop-band in a CLC sample with planar align-
ment. A schematic representation (left inset) demonstrates the helical arrangement of the CLC in a
Cano-wedge cell. The changing pitch creates the stripe pattern observed under POM (right inset).
(B) Reflectance of a CLC sample with homeotropic alignment. A schematic representation (left
inset) depicts the random orientation of helices, which results in a homogenous transmission (right
inset).

Further spectral characterization is done using a custom designed scanning photoluminescence
(PL) confocal microscopy system. The excitation source used is a 532 nm continuous wave laser
focused on the sample through a high NA objective to produce a diffraction-limited spot size (~600
nm). The samples are mounted on a heat controlled motorized 3D scanning stage with lateral
resolution of 40 nm. The PL from the QDs is collected by the same objective and dispersed by
an Acton 300i spectrometer onto a thermoelectrically cooled CCD (spectral resolution ~0.18 nm).
Using this arrangement, we raster scan selected regions of the sample to create spatially resolved
PL maps. For the time-resolved measurements we use an ultrafast Ti:Sapphire laser with 76 MHz
repetition rate and pulse width of 150 fs as our excitation source. The laser output frequency is
doubled to produce an excitation wavelength of 400 nm with the final power reduced to 7 mW. The
spectrometer is coupled to a single photon avalanche detector with a time-correlated single photon
counting system (PicoHarp 300) with an instrument response function of 12 ps.

7.3 Results and Discussions

In Fig. we show the spatially-resolved maps of the peak QD emission wavelength (Apgak)
for sample S1. Fig. 20A and B correspond to the planar aligned sample when the emission is
polarization-resolved at 0° and 90° to the rubbing direction (black arrow) from the same region. The
dotted line in Fig. 20JA highlights the QD emission red-shifting across a Grandjean step. It has been
recently shown17 that this effect results from a coupling between QD emission and the cholesteric
stop-band. When viewed from an orthogonal polarization, the Apgak blueshifts across the same step
in Fig. 20B. This complimentary pattern can be explained by the elliptical polarization of the QD
cavity coupled emission. [1l [82]] The ellipticity is both wavelength and position-dependent and is
therefore dominated by the short (long) emission wavelength in the case of parallel (perpendicular)
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polarization set up at the start of each step. Fig. and D are similar PL scans of the same area
in a QD-LC sample with homeotropic alignment, taken along one spatial axis (which we designate
0°) and then along another after a 90° sample rotation. As expected, without the presence of a
well-defined stop-band and resulting Grandjean steps, the QD emission is uniform and polarization-
independent.
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Figure 20: Scanning PL images of the QD—CLC sample S1. Spatially resolved QD peak emission
wavelength is plotted for a planar alignment with collection polarization direction (A) parallel and
(B) perpendicular to the rubbing direction. The images show a complementary color change across
a step along the dotted lines. Similar scans for homeotropic alignment with (C) parallel and (D)
perpendicular polarization configurations showing homogenous and polarization-independent QD
emission.

Spectral modulations of QD emission, as observed in Fig. 20} are often accompanied by changes
in the recombination rate. When suspended in solution, chemically-synthesized QDs have a recom-
bination process described by an exponential decay with a single time-scale I(¢) = Aexp(—t/T;)
and the recombination rate, which is wavelength independent, is given by K; = 1/1;. For the QDs
used in our samples, the recombination lifetime (in solution) was tg ~13 ns.20

We begin our investigation of QD recombination lifetimes in the CLC photonic cavity with a
control sample where the CLC stop-band does not overlap with the QD emission spectrum. Fig.
(inset) shows the QD emission spectrum at 43 °C when the CLC is in the isotropic phase. The
arrows indicate the points along the spectrum where time-resolved data is presented in the main part
of Fig. 2TA. The normalized curves for 590, 610 and 630 nm show that the recombination lifetime
is now wavelength dependent and increases monotonically with the emission wavelength (inset,
solid circles). This variation is most likely not a result of dispersion in the CLC, as it is typically
observed in any ensemble where the QDs are not isolated, but have dipole— dipole inter-particle
interactions that allow non-radiative energy transfer from the smaller QDs to the larger ones. This
energy transfer introduces an additional relaxation channel for the smaller QDs, increasing their total
recombination rate. [83] We can estimate the efficiency of this energy transfer as € = 1 — (13 /1)
where T is the recombination lifetime in the CLC sample at a particular wavelength and T is the
lifetime in solution. [84] This gives us an € of 62% at 590 nm, which decreases to 38% at 610 nm
and by 630 nm is a very small 6%. In comparison, a close packed film of these QDs would have
almost 90% efficiency at the lowest wavelengths. [85] Since dipole—dipole interactions fall off as
~1/r3, the comparative smaller e values in the QD—CLC samples are not surprising. Fig. shows
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spectra and recombination lifetimes when the control sample is cooled to 25 °C. The CLC has a
distinct stop-band that has no overlap with the QD spectrum. As a result, the recombination process
is relatively unperturbed and follows a single exponential decay. Across the spectral range of the
emission curve, the lifetime t varies from 4-11 ns (solid circles), similar to that observed in the
isotropic phase.
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Figure 21: (A) Spectrally resolved, time-resolved PL taken at three points along the QD emission
spectrum (indicated by arrows in the inset) for the control sample at 43 °C. Recombination times
obtained from exponential fits are plotted in the inset and show the QD lifetime increasing with
wavelength as a consequence of inter-QD resonant energy transfer. (B) The CLC stop-band and QD
emission spectrum for the control sample at 25 °C. QD recombination decay shows one character-
istic lifetime (solid circles).

As in the case of the dipole—dipole coupling between QDs, coupling between the photon of an
emitter and the resonance mode of the cavity it is embedded in also causes faster decay of sponta-
neous emission, a phenomenon known as the Purcell effect. [86, [87, |88] Given that QD emission
is amplified in the cholesteric phase due to photonic confinement, it is possible that recombination
dynamics would be modulated as well. In Fig. we plot the CLC stop-band and the QD emission
spectra for sample S2, and superimposed on these are the recombination lifetimes extracted from the
corresponding spectrally resolved, time-resolved PL curves. In the spectral region where the nor-
malized QD emission has 50% or more overlap with the stopband, the QD PL has two characteristic
lifetimes. The longer of the two, 1| (circles), is consistently shorter than the single recombination
lifetime observed in the control sample, although it increases with emission wavelength as well.
Furthermore, it is now accompanied by a faster lifetime, T, (squares), less than 2 ns. The recombi-
nation process can now be described by the function, 1(r) = Ajexp(—t/11) + Azexp(—t/12), with
a total recombination rate equal to K = 1/7; + 1/7. We note that the spectral region outside the
stop-band still has a single decay rate. Fig. shows the time-resolved data from the two extremes
of the emission spectra, at 590 nm and 640 nm, on a semi-log scale. The recombination curve at
590 nm clearly has two distinct slopes, signifying the two lifetimes, while the curve at 640 nm has
a single lifetime. Fig. 22C and D show similar data from sample S4, and we again observe two
recombination lifetimes in the spectral region where there is partial overlap between the stopband
and QD emission spectra.

To correlate the lifetime changes to cavity effects further, we examine samples where the CLC
cavity modes and alignment are different from those studied above. Fig[2ZE shows the results
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from sample S3, where the QD emission spectrum lies entirely within the stop-band. In this case,
there is suppression of the entire QD emission by the photonic cavity indicating no QD- cavity
coupling. The time-resolved data is now characterized by a single exponential decay over the entire
QD emission spectral range, as seen in Fig. 22JF. Furthermore, the decay times in these QDs are
consistently longer than the long lifetime t1 in the other two samples, where the cavity modulates
the QD emission. In this sample, at the longest emission wavelength, the recombination time is
almost equal to the average isolated QD lifetime observed in solution and similar to that observed
in the control sample (Fig. 21IB). In Fig. 23] we compare results from the planar and homeotropic
versions of sample S5. The planar sample has a well-defined stop-band where the long edge overlaps
with the QD spectrum. As a result, we observe the stripe pattern in the spatially-resolved PL map
(Fig. 23B) signifying the expected QD spectral modulation, as well as a second decay time in
the wavelength range that lies within the stop-band (Fig. 23A, solid circles). In comparison, the
homeotropic sample does not exhibit a clear reflection band and shows a broad peak much lower
in absolute intensity (Fig. 23|C). While that peak does overlap with the QD emission, it does not
result in either the stripe formation (Fig. @D) in Appak oOr in introducing a second recombination
pathway. As expected, the time-resolved data shows a single lifetime similar to Fig. 2TB.
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Figure 22: Recombination times for QD—-CLC samples S2, S4 and S3, (planar alignment) superim-
posed on QD emission spectra and the CLC stop-bands. (A, C) QD emission in samples S2 and S4
have partial overlap with the CLC stop-band and can be resolved into two curves. Time-resolved QD
PL demonstrates two characteristic lifetimes (solid circles and squares) for the wavelength range that
has substantial spectral overlap with the stop-band. (B, D) The corresponding time-resolved data
at 590 and 640 nm plotted on a semi-log scale. Linear fits show the presence of two lifetimes at
590 nm and one lifetime at 640 nm. (E) Sample S3, where the QD emission has complete overlap
with the stopband and exhibits a single recombination time (solid circles) across all wavelengths.
(F) The corresponding time-resolved data at 590 and 640 nm.
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The data shown in Fig. 22E-F and 23A-B lead us to conclude that the alteration of recombi-
nation dynamics is not solely due to the emission suppression inside the stop-band, nor due to the
presence of the CLC medium. The second, faster lifetime observed in Fig. 22JA-D appears only in
samples where two conditions are simultaneously satisfied. First, the CLC forms a photonic cavity
with a well-defined spectral stop-band, and second, the QD spectrum has partial overlap with the
stop-band to allow band-edge amplification. Analysis of the QD emission in Fig. 2ZJA and C show
that, while the QD spectra in the isotropic phase can be fitted by a single curve, each spectrum in the
CLC phase is actually a superposition of two emission spectra. These fits, shown in Fig. 22JA and
C, suggest these are the contributions from two subsets of QDs, ones that emit inside and ones out-
side the stop-band. Emission from the former subset is amplified and these constitute the ‘resonant’
modes that dominate the total emission. The other subset is the collection of the ‘non-resonant’
modes. The cavity coupling enhances the spontaneous recombination rate, associated with the Pur-
cell effect, only in the QDs that emit in the resonant modes, while the non-resonant modes are left
unaltered.
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Figure 23: A comparison of recombination times in sample S5 with (A) planar and (C) homeotropic
alignment. The corresponding spatially resolved PL maps of peak emission wavelengths are shown
in (B) and (D).

7.4 Conclusions

Photonic cavities based on LC materials are attractive because their optical characteristics are easily
tunable. For example, the spectral position of the stop-band can be altered by varying the proportion
of different LC compounds in the mix, or the cavity effects can be switched on-off using temperature
to change the LC phase or electric fields to disrupt the cholesteric texture. These properties have
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been exploited to design LC-based dye lasers. Unlike these dyes, QDs are quantum systems that
possess unique functionalities that allow them to function as ideal qubits in quantum information
processing devices. The ability to control QD properties is therefore an important capability, and we
have shown that these CLC cavities can control both the phase and the peak emission wavelengths
of an ensemble of embedded QDs. In addition, here we have demonstrated dynamical modulation
of QD spontaneous emission by the CLC photonic cavities, with Purcell factors between 3.8—4.2
for our samples (see Table[T)), when expressed as the ratios of recombination times with and without
cavity coupling. This rate increase is spectrally selective, as it is only observed for the subset of QDs
that emit resonantly with the stop-band. This dynamic control can lead to the development of QD-
based opto-electronic devices, such as single photon sources. Given the additional functionalities
that the liquid crystal matrices can provide, the systems we have investigated can form the basis of
other new applications, such as faster, interactive displays, and tunable and flexible components for
4th generation photovoltaics.

Sample | QD (% by wt.) | Composition (COC/5CB % by wt.) | Purcell factor

S1 0.02 59.6/40.4 39
S2 0.01 59.4/40.6 4.2
S3 0.01 59.4/40.6 none
S4 0.01 59.4/40.6 4.0
S5 0.01 59.1/40.9 3.8
Control 0.01 74.8/28.2 N.A.

Table 1: Calculated Purcell factors for samples
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8 Quantum dot/liquid crystal composite materials: self-assembly driven
by liquid crystal phase transition templating

Now instead of modifying the optical properties of the QDs we will use the phase transition of a
nematic LC to create ordered clusters of QDs from an initially well dispersed solution. Because a
QD forces the ordered LC molecules to undergo elastic deformation, the LC prefers to exclude QDs
from well ordered domains. When the phase transition is controlled this forces the QDs into tight
packed clusters where the interparticle spacing is such that the ligands of the QDs interdigitate. We
find that the clusters have consistent interparticle spacing throughout the cluster and are not packed
more tightly in the center.

8.1 Introduction

Ensembles of nanoparticles (NPs) demonstrate collective behaviors that are fascinating variations
on their bulk and single particle properties. These include novel electronic, magnetic and photonic
effects [89,90] originating from inter-particle interactions, such as plasmonic resonances in metallic
NP arrays, [91] superparamagnetism in assembled magnetic NPs [92] and Forster resonance energy
transfer (FRET) between semiconductor NPs such as Quantum dots (QDs). [83] Controlling the
assembly of interacting nanoparticles (NPs) is therefore an important goal in materials science as
we aim to develop organized and close-packed two and three-dimensional NP superlattices to form
metamaterials. Among all the NPs, QDs are particularly interesting for new metamaterials as these
have unique size-tuneable properties arising from quantum confinement. Semiconducting particles
are currently used in a wide variety of applications, including opto-electronic devices, [93]] bio-
chemical sensors, [94] photovoltaics, and as labels for biological microscopy. [95] This enhances
the attractiveness of designing new multifunctional QD based materials.

The assembly of QDs (or any NPs) into clusters with a uniform packing density has been previ-
ously demonstrated in two and three dimensions using solution-based approaches, [96,97] but these
methods produce static arrays that are not amenable to any kind of ixn sifu manipulation. Creating
macroscopic ordered assemblies of QDs with actively tunable properties is a challenging problem
that we can address by leveraging the spatial and orientational flexibility offered by a liquid crys-
talline template. In this paper, we report a novel method to control the assembly of CdSe/ZnS
core/shell QDs into both (1) uniformly packed assemblies of both spatially separated clusters and
(2) interconnected web-like patterns using a templating method based on the isotropic to nematic
liquid crystal phase transition. The structural and spectral features of the cluster assemblies are fully
characterized, revealing a well-defined particle separation with corresponding distinctive FRET and
PL lifetime characteristics.
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34.2°C 34.1°C

Figure 24: Schematics of a QD in the (a) isotropic and (b) nematic phase, (c—f) fluorescence mi-
croscopy images of QD ensemble emission and (g—j) polarized microscopy images of the liquid
crystal texture throughout the transition from isotropic (40 °C) into the nematic phase (34.1 °C).

Thermotropic liquid crystals exhibit different thermodynamic phases between the isotropic lig-
uid and the solid crystalline phase as a function of temperature. The most well known LC mesophase
is the nematic phase, where anisotropically shaped molecules exhibit short-range orientational or-
der, defined by a local vector (the director). Surface functionalized NPs can be designed to disperse
or assemble in different liquid crystal solvents. This behavior is critically dependent on the interac-
tion between the NP surface ligands, the molecular details of the LC material and the LC phase. In
an LC, it is not enough just to consider solvent properties of the individual molecules, we must also
look at the effect of including a particle on liquid crystalline order. Fig. 24 demonstrates this idea.
In an isotropic liquid phase, the rod-like LC molecules are randomly oriented and a particle with
alkyl chain ligands will disperse in this mixture, with the LC molecules close to the particle orient-
ing in a radial arrangement (Fig. [24p). If this same particle is placed into a medium with nematic
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order, there will be a competition between the tendency of the LC molecules to orient in a uniform
direction as defined by the director and the radial distribution of molecules around the particle. This
creates a topological mismatch between the director field at the particle surface and the nematic di-
rector far from the particle. The particle often creates a defect of +1 topological charge, [98] known
as a radial hedgehog defect (Fig. 24p). There is much literature concerned with topological defects
around colloidal particles included in a liquid crystal phase. [39] Most of these studies however,
focus on the regime in which the particle is micron scale. Large colloidal particles have been shown
to form structures such as linear chains, [41,199] clusters, [[L00] arrays of defects [101] and particle
stabilized gels [[102] when dispersed in liquid crystal. Recently defects around colloidal particles
were used to create controlled arrays in a liquid crystal matrix. [103]

There is an elastic energy cost whenever spherical particles are included in a nematic phase.
Because of this effect we can expect the nematic phase to be a poorer solvent for our QDs than
the isotropic phase, therefore promoting particle clustering in the nematic phase as a mechanism to
minimize the free energy of the system. While there have also been some recent studies on liquid
crystal-NP mixtures, these have generally been more focused on the effects of the dispersed NPs
on the optical and electrical properties of the host LC phase. [36, (104, 105} [106] Some of this has
looked at NP assembly in the defects of discotic [[107]] and nematic LCs. [[108} (109, [110] Recently
our group has reported progress in QD dispersion in LC using GaAs and CdSe QDs, including their
effects on the optical properties of cholesteric and nematic LCs. [48} 134} 1} 2} [111]

In this paper, we take advantage of the solvent properties of a nematic liquid crystal to orga-
nize and assemble QDs with octadecylamine surface ligands. At the transition, QDs preferentially
localize to the shrinking isotropic phase domains, producing spatial patterns templated by nematic
phase nucleation. We observe that after the phase transition is complete, QD clusters, localized at
defect points in the LC texture are formed. By combining small angle X-ray diffraction with FRET
measurements we are able to perform a more complete structural characterization than previously
reported in similar systems and find that the QD clusters are at least 50 mm in diameter with an av-
erage inter-dot spacing of 7.6 nm. With the goal of assembling these clusters in an ordered array, we
also demonstrate that cluster location can be controlled by the inclusion of additional micron-scale
particles in the system, designed to nucleate defect points. These points attract the QD clusters as
the system cools, providing a method to organize cluster assembly in a controlled fashion.

8.2 Results and Discussion

For our study CdSe/ZnS core/shell QDs were chosen with octadecylamine surface ligands (NN
Labs, core diameter 6.2 nm, absorption peak 600 nm) to promote homeotropic LC ordering at
their surface. Fig. [24c—j show sequences of images collected almost simultaneously on the same
QD/LC sample using fluorescence imaging and polarized optical microscopy (POM). We begin the
experiment with an evenly dispersed distribution of QDs in the isotropic LC phase. On cooling
slowly into the nematic phase, correlations between QD distribution and nematic phase formation
are evident. The two imaging techniques are complementary; fluorescence reveals QD distribution
in the LC medium, whereas POM provides a birefringence image, revealing liquid crystal alignment
and orientation, including the location of defects. Fig. 24c—f are fluorescence images that show the
distribution of QDs as the system is slowly cooled into the nematic phase. Fig. 24jg through j show
the corresponding defect texture of the liquid crystal. Notice that at 40 °C (in the isotropic phase)
the QDs are uniformly distributed across the imaged area. The small points of light are assumed to
be clusters of QDs in the isotropic phase. On cooling to 34.3 °C, the isotropic to nematic transition
begins and some LC areas nucleate, as seen in Fig. 24h. The corresponding fluorescence image
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for this temperature (Fig. [24[d) clearly shows that the growing ordered domains expel most of the
quantum dots from the nematic areas into nearby domains still in the isotropic phase. As the nematic
domains grow and coalesce the QDs are seen to move into the remaining isotropic regions. The final
locations of the QDs are in clusters located at defect points in the liquid crystal texture (Fig. 24f
and j).

PL
(a.u.)

Figure 25: (a) Confocal images of the sample at depths indicated and spatially resolved PL maps
of the sample imaged in Fig. 1. Large scale scan showing (b) QD emission intensity and (c) peak
emission wavelength. All figures have the same scale bar.

To further characterize QD distribution in an 8 mm thick LC cell we carried out scanning con-
focal microscopy. Using this technique we can see that the QD clusters are not localized to the
center of the cell in a spherical aggregate, but in fact have a more columnar shape, bridging between
the glass surfaces. Fig. [25h shows several individual confocal slices taken from a z-stack image of
QDs in the LC cell. In these images, we also observe trails of lower-concentration QDs forming
a network connecting the bright QD clusters similar to results observed for gold NPs by Milette e?
al. These networks are likely formed during the early stages of phase transition similar to
those seen in Fig. 24d. It is not surprising that all the QDs are not able to migrate to the defect
points before the nematic phase transition is complete. From the images in Fig. [24] and 23] it is
clear that the LC phase transition can be used to spatially organize QDs in the mixture, however
optical microscopy alone cannot reveal further detail on QD cluster structure. For a deeper look at
QD assembly structure on smaller length-scales, we used two different techniques, scanning pho-
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toluminescence (PL) confocal microscopy and small angle X-ray scattering (SAXS). Scanning PL
confocal microscopy provides a high resolution image that includes spectral information. Fig. 25p
shows a map of the spectrally-integrated peak intensity of the QD emission from the same sample
shown in Fig. 24] From Fig. 25b we can note that there is PL emission across the entire imaged
area. The clusters of QDs have an intensity ~2.5 times larger than the background, indicating that
although there are clusters of QDs present, not all QDs are localized at those points. Fig. 25k shows
a map of the corresponding peak wavelength for the sample. Comparing Fig. 25p and ¢ we can see
that the QDs assembled in clusters are redshifted by 3 nm compared to those in the background,
indicating that they are close enough to exhibit Forster resonance energy transfer (FRET). [112]
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Figure 26: (a) Spatially resolved PL maps of peak emission wavelength focused on a single QD
cluster. Line cuts of (a) along (b) horizontal and (c) vertical directions (d) Spectral data from dis-
perse and clustered QDs in nematic liquid crystal. Recombination times for dispersed (squares)
and clustered (circles) have been overlaid. (e) Small angle X-ray scattering data from pure LC and
QD-LC mixture. Data has been offset for clarity. (f) Schematic model of a QD aggregate.

Fig. [26] shows more detailed characterization of a single QD cluster. A higher resolution PL
scan was performed on one cluster (Fig. 26p). Intensity mapping of QD emission reveals that the
clusters are more intense at their center but the emission wavelength map in Fig. [26p reveals a
relatively uniform red shift throughout the cluster core (Fig. [26b and c). It is interesting to note that
areas of higher emission intensity do not produce a larger redshift. This suggests that although there
are areas of higher QD concentration in the material, the relative spacing, and hence, the packing
density, between QDs within that area remains constant. We can explain this effect by considering
the likely structure of a cluster. The QDs used in this study are functionalized with octadecylamine
surface ligands that define a minimum spacing between adjacent QDs. In addition, QD clusters
likely form by an aggregation process, that may result in a fractal-like structure (Fig. [26f). Such
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a cluster, at the resolution of our imaging technique here, would appear uniform in intensity as a
function of radius.

To further probe inter-particle distribution, spectrally and time-resolved PL data was collected
in order to determine QD recombination times. Fig. 26{d shows emission spectra for dispersed
QDs (black) and for a cluster of QDs (red). Corresponding recombination times at specific emis-
sion wavelengths are plotted across the spectrum. We observe that in both cases the recombina-
tion lifetimes increase with emission wavelengths, an indication of some energy transfer from the
smaller (lower wavelength) QDs to the larger (longer wavelength) ones. Additionally, while both
the dispersed and clustered QDs exhibit exponential decay with a single characteristic lifetime, the
clustered QDs recombine at a faster rate at shorter wavelengths while appearing to catch up to, and
even surpass (on extrapolation), the recombination rates at longer wavelengths. These observations
imply there is increased FRET in the clustered QDs, in agreement with the red-shift seen in Fig.
[26. The efficiency of energy transfer, Errer, can be determined by comparing the lifetime of the
QDs in the cluster, tc, and in solution, Ts;

Epper =1— (TC> (D

Ts

Using the lifetimes in Fig. 26{d, we estimate a transfer efficiency of between 30.0 and 31.5%
across the entire spectrum. The efficiency of the energy transfer can be related to the separation of

donor and acceptor, r, by:
1

6
1+(RLO)

where Ry is the Forster radius, the distance at which the efficiency is 50%. Values for Ry between
separate donor and acceptor CdSe/ZnS QDs [113]] should be modified to account for intra-ensemble
energy transfer. [[114] Taking these modifications into account we can estimate an Ry of approxi-
mately 6.7 nm. Utilizing the measured efficiency we calculate an inter-dot spacing of 7.7 nm.
SAXS was carried out to complement the PL characterization of the QD clusters. A comparison
of LC samples with and without QD clusters can be seen in Fig. 26¢. The lower curve (blue) in
Fig. 26k shows characteristic scattering from a nematic liquid crystal. The broad peaks correspond
to average correlation distances between LC molecules. In the upper curve (red), QD clusters are
present and a third peak is present at a lower q. We conclude that this peak, at 0.082 Al represents
the scattering from QDs located in the clusters with an average QD correlation distance of 7.6 nm.
This calculated value seems to indicate close-packing between the QDs. The nematic peaks are
unchanged in this QD sample, as expected, since such a low concentration of QDs when dispersed,
should have no significant effect on the bulk structure of the LC phase. In general, our nematic
liquid crystal medium forms clusters containing QDs close enough to allow energy transfer, but in
a typical sample (Fig. [24), the clusters nucleate with a fairly random spatial distribution, guided by
the kinetics of the phase transition. For device applications it would be desirable to predict where
QD clusters will form and to direct their assembly. To work towards a controllable mechanism for
QD cluster assembly, we used a sample geometry in which defects are located in particular spots —
prefabricated liquid crystal test cells (Instec Inc.). Randomly scattered 5 um polystyrene beads are
used to maintain an even spacing between the glass plates and for our purposes, each bead acts as a
nucleation point for a defect in the LC texture. Now, instead of allowing the QD clusters to form in
an uncontrolled distribution, we observed the QD clusters to preferentially locate at the pre-seeded
defect points in an otherwise well aligned nematic phase. Fig. shows fluorescence imaging
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of the 5CB-QD mixture cooling in a homeotropically aligned LC cell. The spacer beads can be
identified as black dots in these images in Fig. 27p—d and it is clear that each bead visible in the
image nucleates a QD cluster. These images also reveal an interesting web-like pattern connecting
the final clusters also seen in Fig. 25p. The PL maps in Fig. 27 and f from another area in the
same sample show numerous small clusters each with a stronger but more localized redshift than
observed for the samples prepared without large beads.

When small particles are introduced into an LC phase, the local orientation of the molecules is
disturbed. The LC molecule responds to the particle’s surface and the presence of a particle creates
an elastic deformation of the nematic phase (Fig. 24b). The QDs with octadecylamine ligands used
here generate a local splay deformation of the LC director when dispersed and a hedgehog defect.
The elastic energy cost of including particles can be minimized by clustering. This explains the
difficulty often encountered in trying to disperse different nanoparticles in a liquid crystal phase.
In the isotropic phase this elastic deformation problem is eliminated and particles can disperse
more readily provided the LC acts as a reasonably good solvent. In our experiments, as the LC
phase begins to nucleate and regions of ordered molecules appear and grow, we also observe that
previously uniformly dispersed QDs move to occupy the remaining and shrinking isotropic domains.
This ‘steric sorting’, similar to phase separation is explained by considering the energy cost of
inserting a single QD into the nematic phase any deformation of the uniform director field will
result in an increase in free energy. An additional consequence of this sorting phenomena is that
nanoparticles tend to form web-like networks reminiscent of the patterns seen as the nematic phase
forms, with QDs concentrated at certain points in the material (Fig. 25 and [27)).
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Figure 27: (a—d) Fluorescence microscopy images of a QD ensemble cooling in a cell seeded with
polystyrene beads (dark spots in (a)). The QD clusters are centered around the beads. Corresponding
QD PL maps showing peak intensity (e) and peak wavelength (f) for a section of the cell. All figures
have the same scale bar.

Arrays of large colloidal particles have recently been seen to assemble into well-defined col-
loidal crystals mediated by the attractive potentials between different topological defects that form
around the particles.18 Experimentally, the idea of using defect attractive potentials to assemble
particles has not yet been extended to defects containing particles as small as QDs. In a recent
study, however, the interactions between 150 nm particles were shown to be long ranged (~1 um)
and relatively weak (<5 kgT), therefore appropriate for mediating reversible associations. [115]
We expect that these effects contribute to observed nanoparticle clustering in the LC phase since
particle-containing defects may be weakly attracted to each other. Quantification of this effect will
make a fascinating subject for future work as we move toward the idea of directing the assembly of
different nanoparticles into more well-defined lattice structures.
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8.3 Conclusions

In conclusion, we demonstrate a method for the soft assembly of quantum dots in a composite ma-
terial. Such materials, incorporating the optical properties of nanoparticles with the processability
of liquid crystal are desirable for applications where solutions can be used to generate materials
in a desired geometry or coated on a surface. The interaction between LC ordering and particle
distribution is used to direct QD pattern formation at the phase transition, resulting in web-like net-
works, including columnar structures between the glass plates and QD clusters. Inside the clusters
the QDs have a consistent interparticle spacing of approximately 7.6 nm, allowing for FRET effi-
ciencies of approximately 30%. We also demonstrate a mechanism for controlling localization of
the QD clusters, using defect-generating beads. Ordered clusters of nanoparticles created by liquid
crystal templating represent a new class of soft-assembled metamaterials, similar to nanoparticle
superlattices. The ideas presented in this paper can easily be expanded to metallic and magnetic
nanoparticles by carefully selecting for particle size, surface ligands and the liquid crystal host,
creating a wide variety of new materials and applications.

8.4 Experimental Section
Composite material preparation and imaging

Nematic liquid crystal 4’-pentyl-4-biphenylcarbonitrile (SCB, Sigma Aldrich) is mixed with 2 mg
ml™! octadecylamine coated CdSe quantum dots (NN Labs) in toluene to a concentration of 0.02-0.04
wt%. Some residual toluene can be left in the material using this method, reducing the isotropic
transition temperature by a few degrees. The QD-LC mixture is bath sonicated above the LC clear-
ing temperature (43 °C) for a minimum of 5 hours to obtain even QD dispersion in the isotropic
medium — verified by optical microscopy. A nematic material can be aligned such that the director
is uniform over a large area using an alignment layer. A glass slide is cleaned, dip coated with
aqueous hexadecyltrimethylammonium bromide (CTAB, Sigma Aldrich) and dried under nitrogen.
This coating induces a homeotropic liquid crystal alignment (molecules oriented with their long axis
perpendicular to the glass). Samples are sealed with a similarly coated glass cover slip. A Linkham
LTS350 hotstage maintained at 40 °C is used to initially keep the material in the isotropic phase.

Images are captured using a Leica DM2500P upright microscope equipped with a Q-image
Retiga camera. This system allows us to observe QD dispersion in the isotropic fluid, while imaging
the liquid crystal texture using polarized optical microscopy (POM). LC materials are optically
anisotropic, therefore spatial variation in director orientation can be imaged using POM. In the
homeotropic geometry used in this experiment, a uniformly aligned nematic appears dark when
viewed between crossed polarizers. Defect points are visible and typically take the appearance of
bright crosses. Confocal imaging was also carried out using a Nikon Eclipse Ti microscope with a
561 nm excitation laser and a z resolution of ~0.75 ym.

Photoluminescence spectroscopy

A 532 nm continuous wave excitation laser is focused on the sample through a high NA objective
to produce a diffraction-limited spot of diameter ~600 nm. Thin LC-QD films similar to those used
for microscopy and enclosed in glass slides were mounted on a motorized 3D scanning stage with a
40 nm lateral resolution. Emitted PL from the QDs is collected by the same objective and dispersed
by an Acton 300i spectrometer onto a thermoelectrically cooled CCD detector (spectral resolution
~0.18 nm). A selected sample area is raster-scanned to create spatially resolved PL maps.
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Time resolved photoluminescence spectroscopy

A 420 nm photo-excitation pulse using the frequency-doubled output of a tunable Ti:sapphire laser
with a 76 MHz (13 ns) repetition rate and 150 fs pulse width was used. The excitation power
density is kept constant at 45 W cm™. Time-resolved data are collected using a single photon
avalanche detector coupled to a time-correlated single photon counting system (PicoHarp 300) with
an instrument response function of 12 ps. Time-resolved PL traces are extracted at a series of
emission wavelengths for the sample.

Small angle X-ray scattering (SAXS)

Measurements were carried out on Beamline 4-2 at Stanford Synchrotron Radiation Laboratory.
LC.QD mixtures were prepared as described earlier with 0.04 wt% quantum dots dispersed in ne-
matic liquid crystal and pipetted into 1.5 mm quartz X-ray capillaries for unaligned (powder) scat-
tering and exposed to an 11 keV X-ray beam for 0.5 s. Diffraction patterns are recorded on a
CCD detector, then plotted as integrated intensity as a function of g, the scattering vector using the
SASTOOL analysis software available at the beamline.
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9 Dye-integrated cholesteric photonic luminescent solar concentrator

Clustering nanoparticles using the liquid crystal is useful for many applications, but there are other
applications that benefit from an even dispersion of fluorophores in the liquid crystal. This chapter
explores just such an application using rod shaped dye molecules instead of QDs in order to maintain
a high concentration as well as minimize the disruption of the LC director.

9.1 Introduction

First designed and studied in the 1970s, [[116, [117] luminescent solar concentrators (LSCs) have
recently regained prominence, although with a modified focus. At the time of their initial invention,
the most advantageous premise of these devices was that they used smaller amounts of expensive
silicon (Si) in comparison with the traditional solar panels. [[118] Now, with Si being much cheaper,
LSCs have lost that advantage. However, they have other unique properties, including flexibility,
[119, [120] and functionality that covers both direct and diffuse lighting, removing the need for
tracking mechanisms. [121] This makes them ideal candidates for incorporation in a typical city,
where buildings have small footprints but large vertical areas. [[122}[123]] The usual design of an LSC
consists of a transparent glass or polymer sheet, doped with a fluorescent material. The fluorophores
are chosen to optimise broadband solar absorption and emission (quantum yield), minimise self-
absorption and provide good spectral overlap with the electric band-gap of the photovolatic material
located at the edges for the final photocurrent generation. [[124,[125][1261[127,[128]] While the choice
of fluorophores varies between a wide range of organic dyes, semiconducting polymers and quantum
dots, the host is usually an inert matrix. [129} 130, (131} [132] Recently, photonic luminescent solar
concentrators (PLSCs) have been developed, in which photonic crystal films are externally applied
to an LSC to assist in photon management [[133] [134] by reducing escape cone losses. In this
configuration, the photonic films act as reflectors across a particular spectral band, enhancing photon
confinement within the device. An alternate strategy for creating a PLSC is to use the photonic
material itself as the concentrating slab — a concept that was recently explored theoretically. [1335]]
In this work, we have developed a PLSC consisting of a slab of cholesteric liquid crystal (CLC)
material. Organic dye molecules are dispersed in the cholesteric film, forming an active fluid one-
dimensional photonic cavity with a tunable stop band.

A schematic representation of our LSC is shown in Figure 28(a). In the chiral CLC phase,
the rod-like component molecules have short-range orientational order [12] and in our device, are
arranged with their rotational axis perpendicular to the top and bottom glass surfaces (planar align-
ment). The distance over which the LC molecules complete a 360° orientational rotation about
this axis is denoted the ‘pitch’ of the material. The CLC phase exhibits a spectral band-gap when
the direction of incident radiation (bold green arrows) is parallel with the chiral rotational axis,
therefore acting as a one-dimensional photonic cavity. [1]] One critical variation between typical
photonic band-gap materials and this CLC-based one is that here the band-gap is 50% reflective
[136l 137, [138] as circularly polarized light matching the handedness of the CLC will propagate
through the device. An important advantage of using a CLC in this application is that the spectral
position of the band-gap can be easily tuned by varying the chirality of the CLC. The dye molecules
dispersed in the CLC matrix absorb the incident light and the down-converted emission is wave-
guided to the edges by total internal reflection (red arrows) where it generates photocurrent in the
attached Si PV cells. Normalised absorption and emission spectra of the dye used (Lumogen F Red
300) are shown in Figure 28(b). Figure [28]c) and (d) shows schematics representing the expected
differences in device behaviour as the cholesteric band-gap changes. A photonic band-gap centred
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on the absorption band will trap incident light more effectively (Figure 28{c)) but be unable to con-
fine the emission, while a band-gap resonant with the emission will not be a very effective absorber,
though it will allow better confinement of emitted photons that otherwise would escape the LSC.

Incident solar radiation Si PV cell

(a) 1 1 1 (b)

500 600 700
Wavelength (nm)

Figure 28: (a) Schematic representation of CLC-dye-based LSC; (b) Normalised absorption and
photoluminescence (PL) of the dye. The double headed arrow denotes the spectral range over
which we vary the photonic band-gaps for different LSCs; (c) Schematic representation of LSC A
showing high absorption of incident radiation, but low confinement of emitted light; (d) Schematic
representation of LSC B showing low absorption but high confinement of emitted light.

Lumogen F Red 300 has a planar molecular structure and is therefore expected to exhibit some
tendency to align with the cholesteric host molecules. In a recent publication, [[132] this effect was
shown to enhance the output current of an LSC using a homeotropically aligned polymerisable ne-
matic LC host slab with the dye Coumarin 6. In that device configuration, the dye molecules aligned
with the LC and emitted preferentially to the edges of the device, reducing escape cone losses. In
our device configuration, the planar configuration of the cholesteric molecules may produce a dye
anisotropy that will act to reduce device efficiency if significant dye alignment occurs. However,
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such losses could be offset by the action of the reflection band.

In this study, we design a dye-incorporated composite liquid crystalline LSC where we track
optimal performance not only by varying dye concentration and LC phase, but also by tuning the
photonic bandgap over the spectral region indicated in Figure [28[(b) (double arrows), which allows
us to address the contributions of device absorption, surface losses and self-absorption systemati-
cally.

9.2 Results and Discussion

The CLC used in the LSC devices is prepared using varying concentrations of the nematic LC,
4’-pentyl’4- biphenylcarbonitrile (SCB, Sigma Aldrich) mixed with the cholesteric LC, cholesteryl
oleyl carbonate (COC, Sigma Aldrich). These room temperature LC materials are used as proof
of concept only, and ultimately, the device would require LC materials with a significantly higher
clearing point. Varying the proportions by weight of COC in 5CB allows us to tune the photonic
band-gap of the CLC. Liquid crystal A contains 68% wt COC to create a photonic band-gap centred
around 500 nm. Liquid crystal B contains 48% wt COC to create a photonic band-gap centred
around 690 nm. The mixtures are sonicated in a heated bath above the clearing point for both
component materials (43°C) for 1 h to achieve a homogeneous mixture. The dye, Lumogen F Red
300 (BASF), dissolved in toluene, is then added to the LC mixture to create concentrations of 4
mM, 9 mM and 14 mM composite LSCs. These are again sonicated in a heated bath for 1 h and
subsequently removed to a 50°C vacuum oven and maintained at 635 Torr overnight in order to
remove residual solvent. The samples are then sonicated one more time in a heated bath for 1 h
prior to preparing the LSC.

For LSC production, 1 mm-thick clean glass slides are treated with a 1 wt% aqueous polyvinyl
alcohol (Sigma Aldrich) solution on the active side. Once the slide is dry, the surface is rubbed
with velvet to create a planar alignment layer for the CLC. Prepared glass is then glued together
using Mylar spacers to create cells approximately 10 ym thick. Finished LSCs have an active area
of 20 ~ 20 mm and are filled via capillary action while maintaining the isotropic phase and subse-
quently cooled at a rate of 1°C/minute to a final temperature of 25°C on a Linkam LTS350 hot-stage.
Formation of the CLC phase is verified by using polarised optical microscopy to observe the char-
acteristic birefringence texture. Once the cholesteric phase has been verified, we use transmission
and reflection data to calculate the absorptance of the LSC. These are measured using a Motic- 150
halogen 150 W cold light source. The LSC is mounted on an Instec HCS302 hot and cold stage to
maintain a constant 30°C temperature for cholesteric phase measurements and 40°C for isotropic
phase measurements. Spectra collected by an Acton 300i spectrometer are dispersed onto a ther-
moelectrically cooled CCD with a spectral resolution of ~0.18 nm. The absorptance calculated for
a 4 mM dye concentration in LSCs A (band-gap centred at 500 nm) and B (690 nm) is shown in
Figure[29(a and b), for both the CLC (black, 30°C) and the isotropic (grey, 40°C) phases. In LSC A,
where the band-gap overlaps the dye absorption spectrum, the CLC phase shows a clear increase in
absorptance compared to the isotropic phase. In LSC B, there is a peak in the absorptance, but that is
a result of the incident white light trapped by the LSC and does not enhance the dye properties. For
this reason, for photocurrent measurements shown in Figure we use a low-pass filter that cuts
off at 650 nm in the incident path. In addition to absorptance, Figure[29|also compares the emission
from the edge of the LSCs. While both LSCs have higher-intensity edge emission in the cholesteric
phase than the isotropic, the increase is much larger in LSC B, as expected. In all other LSCs with
intermediate photonic band-gaps, similar enhancements are seen in absorption and/or emission in
the CLC phase when compared to the isotropic.
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Figure 29: Dye absorption and emission spectra in isotropic (grey) and CLC (black) phases for stop
band-gaps centred on (a) 500 nm — overlapping dye absorption and (b) 690 nm — overlapping dye
emission. The dashed lines indicate the spectral positions of the band-gaps.

Apart from incident absorption and emission, self absorption is an additional factor that impacts
the efficiency of any LSC. It is the result of spectral overlap between the absorption and emission
bands (Figure [28(b)), which causes reabsorption of emitted photons by the dye molecules them-
selves. Self-absorption worsens with length of travel of the emitted photons and manifests itself as
reduced emission intensity and overall spectral redshift in the light that finally reaches the edges.
[139] To assess the role of concentration and photonic band-gap position in self-absorption in our
cells, we perform spatially resolved spectral measurements. The cell is mounted on a motorised
translation stage and coupled to an optical fibre at the edge. A collimated incident beam is used to
excite a 2-mmdiameter spot on the cell. The distance between the excitation point and the collection
fibre at the edge is continuously varied by translating the LSC.

Figure[30(a and b) shows the dye emission spectra at different distances between the excitation
and collection spots for LSCs A and B, at 4 mM dye concentration. The emission is spectrally
bimodal and as the distance between excitation and collection increases, we observe the weight dis-
tribution shifting from lower (labelled ‘Peak 1) to higher (labelled ‘Peak 2’) wavelengths, accom-
panied by a decrease in intensity, both typical signatures of self-absorption by the dye molecules.
Dye concentration is an additional parameter that influences self-absorption considerably. In Fig-
ure [30(c and d), we show the spectral weight of each peak for 2.5 mm and 10 mm separations for
two different concentrations obtained from fits to spectral curves as shown in Figure [30(a and b).
At 4 mM, (Figure [30(c)), the spectral shift is very similar in both LSCs, as is the overall intensity
drop (ranging from22%to 23%). At 9mMof dye, differences show up. For LSC A, 15.2% of the
lower peak weight shifts to the higher one, but for LSC B this shift is 23%, which would imply
greater self-absorption. However, the weight shift does not correlate to overall decrease in intensity.
The intensity loss for LSC A is 55% for 9mM, while for LSC B it is only 46%. This is unusual
in typical LSCs, where greater relative spectral weight redshift almost always indicates increased
self-absorption and corresponding loss of yield. [[140] We speculate that most likely LSC B does
have more self-absorption, but this effect is masked by the higher degree of confinement due to the
photonic band-gap.
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Figure 30: Evaluation of self-absorption losses using pump-probe technique. The emission spectra
are shown for different pump-probe separations for (a) LSC A and (b) LSC B. Dotted and dashed
lines indicate the spectral positions of the two peaks, designated Peak 1 and Peak 2. The comparative
weights of each peak for the two devices with pump-probe separations of 2.5 and 10 mm are shown
for (¢) 4 mM and (d) 9 mM dye concentrations.
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After these fundamental optical characterisations, we move onto photocurrent measurements.
These are carried out by mounting a Si photovoltaic cell with an active area of 2 x 30 mm to the
edge of the LSC using index-matched adhesive (Norland 78). To control the phase of the CLC,
the LSCs are then mounted on an Instec temperature stage with a reflective white backing layer
between the LSC and the stage. The LSC is maintained in the CLC phase (30°C) for 6 minutes and
the photocurrent, (I sc) is measured every 10 seconds. The variation in Iy gc with time is shown
in Figure [31] Incident light is blocked periodically, indicated by breaks in the data. At the end of
the 360 seconds, the LSC is heated to the isotropic phase (40°C) and data are taken for another
360 seconds. Figure |3;1'ka) shows the normalised /1 sc for a well-aligned cell (transmission image in
Figure [31](b)) in which the current drops 2% after being heated to the isotropic phase. The observed
current jump immediately after 360 seconds in Figure 3Tfa) is a result of the phase change at that
point. By comparison, Iy sc of a poorly aligned LSC in which many defects disturb the planar
alignment, as verified by the defect-rich disordered transmission image in Figure [31[d), is shown
in Figure @c). Poorly aligned LSCs showed a less-consistent /1 sc that increases when the LSC is
heated into the isotropic phase. Clearly, the presence of a photonic band-gap in a well-aligned LSC
leads to improved performance.

(a) (b)

1.00
0.99
0.98

Normalized |py,

0.97

1.00

0.98

Normalized Ipy,

0.96

Figure 31: Photocurrent as a function of time for (a) a well-aligned device with a photonic band-gap
centred on 690 nm (b) and a poorly aligned control LSC. (c, d) Transmission images of the well-
and poorly aligned LSCs, respectively. The dashed line indicates the time when LSCs were heated
to the isotropic phase. Scale bar is 50 ym.
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Next, we investigate how this improved performance varies with the spectral position of the
photonic band-gap, with particular focus on whether absorption or emission plays the greater role in
device efficiency. We define the absorption efficiency for different LSCs as the total light absorbed
by the LSC divided by the total light incident upon the LSC:

At = A 1(0)Ap(A)dA/ /A 1(A)dA 3

where /(1)) is the light incident upon the LSC and Ayg (2) is the absorptance, calculated from mea-
sured absorption spectra, such as in Figure The absorptance for different LSCs is normalised to
the peak of the dye absorption to remove effects of concentration or thickness. Optical efficiency is
defined as:

Norr = (Itsc X Apy)/(Ipv X ALsc), “4)

where Iy sc is the current generated by the LSC attached to the PV cell, Ipy is the short circuit current
of the bare PV cell, A sc is the area of the top of the LSC and Apy is the active area of the PV cell.
The ratio of Ajsc/Apy is referred to as the geometric factor for the LSC. We calculate naps and nopr
for all our LSCs in both the CLC and isotropic phases and observe a maximum nopt of ~12% in LSC
B. However, here we show the percentage change for each of the efficiencies between the two LC
phases in Figure [32{a) and (b). For most LSCs, naps is higher in the CLC phase, and, as expected,
this improvement diminishes as the photonic band-gap shifts to higher wavelengths. The LSCs with
a band-gap >650 nm show barely any change between the isotropic and the CLC phase. The optical
efficiency, on the other hand, shows the opposite trend. We observe that despite exhibiting higher
absorption in the CLC phase, LSC with band-gaps centred in the 500— 600 nm range do not have
a corresponding increase in nopr. Instead, the most consistent increase in nopr comes from the
LSCs with photonic band-gaps centred above 650 nm, even though those devices have lower 1aps in
the CLC phase and additionally suffer from higher self-absorption. The effect of dye concentration
on device efficiency shows the most dilute LSC performs the best. With increasing concentration
self-absorption gets worse (as seen in Figure[30) and usually that is compensated by higher incident
absorption. In these LSCs even that is not the case, which is most likely due to the CLC phase (and
in effect, the band-gap) being less uniform and well defined as more dye is added to the LC.

46



3.0
_ ® 4mM ®
S 15 @ momM | T | i,
8 A 14 mM =
= O ;
c 0" m EC 0 T
S 51 S *
S A S-1.5F
© 0 s ® 5 1
1 1 1 1 é . _3.0 1 1 1 1 1
500 550 600 650 700 500 550 600 650 700
Band-gap position (nm) Band-gap position (nm)

Figure 32: (a) Change in absorption efficiency (naps) and (b) change in optical efficiency (nopr)
from CLC to isotropic phase.

9.3 Conclusions

Our studies establish the important result that when using a photonic band-gap type material to
enhance performance of an LSC, matching its spectral stop band to maximise emission confinement
is more advantageous than trying to enhance incident absorption. In addition, the use of a thin-film
composite material that performs the dual functionality of providing both the down conversion of
absorbed photons and the photonic band-gap-related confinement of emitted photons makes our
devices viable candidates for solution-based processing of LSCs that can be easily incorporated as
thin-films onto windows and other similar surfaces.
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10 Tuning quantum-dot organization in liquid crystals for robust pho-
tonic applications

In order to create photonic LSCs with QDs or QD/LC lasers, a high concentration of QDs is re-
quired. In this section we discuss our efforts to modify the ligands of the stock QDs to make it
more energetically favorable for QDs to remain dispersed in the LC with minimal disruption to the
director.

10.1 Introduction

Semiconductor nanoparticles (quantum dots, QDs) have generated significant interest because of
their unique size-tunable properties arising from quantum confinement effects. Such particles have
been shown to be useful as building blocks for a wide variety of applications, such as in optoelec-
tronic devices, drug-delivery systems, and biochemical sensors. [141,[142,143|(144.,(145] Recently,
significant work has been carried out on developing hybrid liquid crystal (LC)/nanoparticle materi-
als. Studies have looked at creating stable dispersions of metallic, magnetic, and semiconductor par-
ticles in the nematic, [146, [147]] smectic, [148[149] and columnar [107, [150] thermotropic phases.
[L11] Different nanoparticles have been shown to readily localize in regions of low order in the LC
phases and to stabilize the defect-rich blue phases [151]] and the twist grain boundary phase [152]
over a wide temperature range.

One of the key challenges in designing nanoparticle/LC hybrid systems for photonic appli-
cations is their stabilization as a composite material over long time periods. Nanoparticles ex-
hibit properties not seen in their bulk phase, and bare nanocrystals (not surface-functionalized) are
strongly attracted to each other by electromagnetic forces, producing effectively permanent particle
aggregates and complete separation from the solvent. Nanoparticles incorporating surface ligands
can avoid this fate if there is an entropic cost to close particle-particle approach. By considering
the thermodynamics of the LC/ nanoparticle system, surface ligands can be carefully designed to
act as a surfactant between particle and solvent. In general, the surface ligands on a particle will
define the alignment of the surrounding LC molecules. In the case of large particles (greater than
1 ym in diameter), this interaction is analogous to the surface-anchoring conditions of an LC de-
vice. For example, simple single-chain ligands, such as octadecylamine (ODA), coating a large
particle surface will induce homeotropic LC alignment for typical calamitic materials and therefore
a radial distribution of LC molecules at the particle surface, producing a defect around the particle
in the nematic phase. [48| 3] The inclusion of microscale particles in the nematic phase has been
explored extensively in recent years. For large colloidal particles (< ~500 nm in diameter), different
topological defects have been shown to form and can be imaged optically [[103} 153, 41]] and even
manipulated using the focused light beam of an optical trap. [51] Such work relies primarily on
optical imaging and although recently smaller colloids (~100-500 nm diameter) [154] have been
examined, detailed characterization of particles less than 50 nm in liquid crystal solvents is still a
challenge and must be deduced by more indirect means.

For large particles, elastic deformation of the host LC phase dominates the physical behavior,
but in the case of small nanoparticles approaching the length scale of LC molecules, bulk elasticity
descriptions must give way to consideration of discrete interactions between the surface ligands and
the LC molecules. Entropic forces, excluded volume effects, and local order parameter perturbations
become important in understanding the phase behavior of the system. [109]
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The free-energy cost of adding nanoparticles to an LC phase typically promotes either particle
clustering, in which particles are depleted from a local area into a small aggregate, or total phase
separation. The particles are recruited to regions of low order in the case of existing defects, and
across the isotropic to- nematic phase transition, particles preferentially locate in the disordered
isotropic phase, leading to pattern formation. [48l 3} [109]

A lack of control over nanoparticle aggregation in LC materials has hampered fundamental
research efforts to produce composites with a well-defined structure. Possible material outcomes
range from well-separated “colloidal” dispersions of isolated particles to dispersions that include
ordered nanoparticle clusters. Even at relatively low particle concentrations (less than 1 wt%),
nanoparticles readily aggregate into large flocs and precipitate out of the LC over a period of hours,
unless their surface properties are carefully designed.

To address this problem, there have been recent attempts to design nanoparticles with meso-
genic liquid-crystal-like ligands using gold [37, [155] [106] and semiconductor [156] nanocrystals.
These strategies have proved effective in modulating nanoparticle dispersal in the nematic phase.
In general, it has been shown that a rodlike mesogenic segment built into the ligand can align with
the surrounding phase, decreasing the free-energy cost of inserting a single nanoparticle when com-
pared to non-mesogenic ligands, such as ODA.

49



‘. Ligand exchange ',

(d)

Figure 33: Schematic representation of (a—d) the different quantum dots used in this study including
non-mesogenic ODA ligands and the LC ligand (green). e) Molecular structure of the mesogenic
ligand (11) and f) nematic phase of 11 at 130 °C, imaged by using polarized optical microscopy.
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Designing surface-modified QDs for colloidal dispersal or controlled cluster assembly in LC
phases is an important goal in the development of soft switchable meta-materials for photonic ap-
plications. Recently, our group has investigated ODA— QDs as emitters in a cholesteric cavity.
(82, [1} 34] These nanoparticles tend to form reversible microsized clusters when dispersed in the
LC solvent. [3] A finer control of QD assembly either by complete dispersal or controllable clus-
ter packing will greatly enhance the possibilities of these materials for fluid based self assembling
meta-materials.

In this Article we describe the synthesis of new QDs functionalized with a mesogenic ligand
(LC-QDs). We use both core-only (CdSe) and core/shell (CdSe/ZnS) dots, characterizing their
dispersion in the nematic and cholesteric phases after ligand exchange. A flexible ligand arm is
designed to allow the rodlike mesogenic segment to align with the surrounding LC molecules in
the nematic phase, minimizing local deformation of the LC director. Polarized and fluorescence
microscopy studies show that the addition of mesogenic ligands prevents particle clustering in the
nematic phase at low concentrations when compared to ODA—QDs. At higher concentrations, QD
rich clusters form, and by using a combination of X-ray diffraction and photoluminescence (PL)
imaging we demonstrate that LC—QD cluster packing in the nematic phase is significantly different
to that seen for ODA-QDs. Combining different techniques in a multiscale approach allows us to
completely characterize the hybrid material, probing particle packing and interactions for different
LC/QD combinations.

10.2 Results and Discussion
10.2.1 Quantum-Dot Synthesis and Characterization

To investigate the effects of mesogenic ligands on QD dispersion and the photonic properties of
QD/LC hybrid materials, we prepared four different particles, core only and core—shell QDs with
either mesogenic (LC—QDs) or ODA ligands (ODA- QDs), as depicted in Figure[33] The ODA lig-
and has been previously shown to promote nanoparticle clustering on both gold and semiconductor
particles, [3|] whereas mesogenic ligands attached to gold particles have been recently demonstrated
to promote more uniform dispersion in the nematic phase. Recently, dendrimer-like ligands were
also successfully designed to optimize QD dispersion in a liquid crystal. [156]
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Figure 34: Synthesis of the liquid-crystal ligand: a) H,SO4, MeOH; b) 1-bromooctane, K,COs3, 2-
butanone; ¢) (BOC),0, DCM; d) MsCl, TEA, DCM; e) KOtBu, KI, 2-butanone; f) NaOH, MeOH;
g) DMAP, EDCI, TEA, THF; h) SOCl,, toluene

ODA -functionalized QDs were supplied by NN Labs Inc. The mesogenic ligand (11) was syn-
thesized as shown in Figure[34] Compound 11 (Figure [33f) is liquid crystalline, forming a nematic
phase in its pure state. A liquid-crystal texture for this phase is shown in Figure [33f. The rigid
core of compound 11 consists of a typical mesogenic unit, while the flexible arm segment allows
rotation of the core once attached to a particle surface. Starting with ODA-QDs, a ligand exchange
was performed on both core only and core/shell QDs to replace ODA with compound 11.

Figure [35] shows absorption and emission spectra for each of the four particle types, that is,
before and after the ligand exchange. Comparing data before and after the exchange process high-
lights some important differences between the core-only and core/shell semiconductor particles.
These plots reveal that the core-only QDs exhibit a significant blue shift in both the absorption and
emission spectra after attachment of the new ligand (Figure [33a,b). In contrast, the core/shell parti-
cle spectra are almost unchanged after the ligand exchange. QDs prepared without a shell are highly
susceptible to oxidation of the core, and this leads to an effective reduction of the QD size. Since
the spectral properties of QDs depend on the particle size, a blue shift in absorption and emission
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can be attributed to core oxidation. In addition to this blue shift, we also observed that the core-
only QDs’ emission intensity was significantly reduced after the exchange. This effect may be due
to oxidation-induced surface-defect states that trap electrons, quenching PL emission. For these
reasons, core/shell QDs should be preferred for photonic applications where stability and quantum
efficiency are important performance factors. The use of a protective ZnS shell does increase the
overall particle size; however, the additional bulky ligands will increase the minimum obtainable
QD separation, a possible factor in applications.
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Figure 35: Absorption (a, c) and emission (b, d) spectra for ODA- and LC—QDs in toluene with
core-only (a and b) and core/shell (c and d) QDs. Each graph shows spectra taken before and after
the ligand exchange.

10.2.2 Quantum-Dot Organization in the Isotropic and Nematic Phases

The goal of this investigation was to characterize the differences between LC-QDs and ODA-QDs
when dispersed in nematic and cholesteric liquid crystals with a view towards their use in photonic
applications. Therefore, we began by looking at the structure of particle dispersions in the isotropic
and nematic phases of the nematic liquid crystal (4-cyano-4’-pentylbiphenyl, 5CB). Using a suite of
techniques we cannot only probe QD organization on the microscale, but also characterize particle
separation and spectral characteristics on the nanoscale.

Our particles are dispersed in an anisotropic fluid, and so the structure of the composite material
is expected to depend on the surface properties of the particle and the liquid-crystalline properties of
the host phase. Here, we compare two different cases of surface anchoring, homeotropic alignment
using ODA-QDs and LC anchoring using LC-QDs. In the latter case, the rodlike molecule (11)
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attached to the particle surface is expected to locally align with the host LC director.

Mixtures were prepared at different QD concentrations in SCB and imaged using fluorescence
microscopy over a range of different concentrations from 0.02 wt% up to 0.15 wt%. In general
we found that none of the particle types prepared dispersed uniformly in either the isotropic or the
nematic phase above 0.02 wt%. Clear differences could be seen, however, between the ODA-QD
and LC—QD particles, particularly at low concentrations. Figure[36|shows a comparison of mixtures
prepared with the core/shell QDs in the isotropic phase at two different concentrations after 6 hrs
of sonication at 43°C. These fluorescence images highlight micron-scale QD spatial organization in
each of the mixtures. Figures[36p,b and 36k,f demonstrate that in the isotropic phase the LC-QDs
show enhanced dispersion at both 0.02 wt% and 0.10 wt% with no large clusters visible under the
microscope. We observed that the ODA—QDs were only fully dispersed in the isotropic phase (as
can be determined by optical microscopy alone) at concentrations <0.05 wt% with sonication of up
to 18 hrs. In comparison, the LC—QDs dispersed well up to concentrations of 0.15 wt% with a 6 hr
sonication time.

0.02 wt

0.10 wi? If

Figure 36: Fluorescence microscopy images of different surface-functionalized QDs in the isotropic
and nematic LC phase (5CB). a) ODA-QD, 0.02 wt%, isotropic. b) LC-QD, 0.02 wt% isotropic. c)
ODA-QD, 0.02 wt%, nematic. d) LC-QD, 0.02 wt%, nematic. e) ODA-QD, 0.10 wt%, isotropic. f)
LC-QD, 0.10 wt% isotropic. g) ODA-QD, 0.10 wt%, nematic and h) LC-QD, 0.10 wt%, nematic.

When we compare the macroscopic differences between ODA—-QDs and LC-QDs in the nematic
phase (Figurg36f,d,g,h) we can immediately see that dispersion is less favorable for the ODA-QDs.
At the lower concentration (0.02 wt%), LC-QDs disperse uniformly, but ODA-QDs do not; mi-
crosized quantum dot clusters form throughout the material. We observed that the cluster size is
a function of cooling rate (from the isotropic to the nematic phase) and concentration. This is ex-
pected, since clusters nucleate as a result of thermal particle motion and subsequent depletion from
a local area.

For nanoscale particles dispersed in a liquid crystal, entropic effects arising from discrete inter-
actions between surface ligands and surface-localized LC molecules become increasingly important
to the phase behavior. [154] The results shown in Figure [36] support this hypothesis, as we can note
that in the isotropic phase there are still dispersion differences between QDs with different ligands
despite the fact that the nematic director is no longer present. These differences can be attributed to
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local ligand-L.C interactions near the particle surface.

Fluorescence imaging cannot provide any information on QD organization within clusters be-
low the resolution of light microscopy; therefore, to investigate the material structure in more detail,
we performed scanning confocal PL. microscopy on the different mixtures. This technique, applied
previously by our group, [1} 34, 2] produces PL intensity maps of a 1 um thick slice combined with
emission spectra for each pixel recorded. PL microscopy provides a unique method for characteriz-
ing the distribution of fluorescent particles in liquid crystals, as energy-transfer processes, such as
Forster resonance energy transfer (FRET), can be detected. In this case, if two particles are close
together (<12 nm), FRET produces an average red shift in the QD peak emission as a function of
the particle separation. This information can be used to determine the average particle separation
within a cluster. [48]]

Figure 4 shows PL intensity maps with the corresponding peak-wavelength maps for four dif-
ferent materials: ODA-QDs and LC—QDs in the nematic phase at both 0.02 and 0.1 wt%. In each
of the images shown, we focus on a large microscale QD cluster where present. By mapping the
peak emission wavelength across a QD cluster, differences in nanoscale particle packing can be
elucidated.

Starting at a low concentrations of QDs, the images in Figures [37a,e are consistent with the flu-
orescence microscopy images shown in Figure 36| The ODA—-QDs cluster into defined aggregates
whereas the LC-QDs do not. Notice that in Figure 37b, (the peak emission wavelength map cor-
responding to [37p), there is a significant red shift inside the cluster compared to isolated particles
outside the cluster. This indicates that the QDs inside the cluster are relatively closely packed and
consistent with recently reported X-ray scattering and PL data, [48], 2] giving an average QD-QD
separation of 8.7 nm. Similar results are also seen at higher concentrations (Figures 37c,d).

In Figure 36] we see that the LC—QDs show cluster formation at 0.1 wt%. By comparing the
PL spectra with those of the ODA-QD clusters, differences become apparent. Figures [37ig,h clearly
show that LC—QD clusters exhibit a minimal red-shift. From this result we can conclude that the
particles must be 10 nm apart within the assembly.

55



0.02wt%

0.10wt%

=LA,
LG
LT k%

Int. (arb. units)

[r] w ) 0z [¥]
q/nm q/nm1

Figure 37: Photoluminescence confocal microscope images of CdSe/ZnS QDs in nematic LC (5CB)
are shown for two different concentrations. a) Intensity map and b) peak wavelength map for 0.02
wt% ODA-QD. c) Intensity maps and d) peak wavelength maps for 0.1 wt% ODA-QD. e) Intensity
map and f) peak wavelength maps for 0.02 wt% LC-QDs. g) Intensity maps and h) peak wavelength
map for 0.1 wt% LC—QDs. Small angle X-ray diffraction data is also shown for i) ODA-QDs at
different concentrations in a nematic liquid crystal and j) LC-QD. k) Fluorescence microscopy
image of nematic-like LC—-QD-rich droplets at 0.1 wt% in S5CB. 1) Polarized microscopy image of a
similar sample both taken with a 10x objective.

Figures 37},j show small angle scattering data for the core only QDA-QDs and LC-QDs, dis-
persed at 0.05, 0.10, and 0.15 wt% in 5CB. Figure shows a clear scattering peak at 0.13 nm’!
for all three concentrations. In a disordered particle aggregate with a characteristic particle—particle
separation, such a peak corresponds to the average distance between neighboring particles.
This peak indicates that the particles have a relatively well-defined separation within the aggregates
of 4.8 nm. In the case of core QDs with ODA ligands, this indicates a gap of ~1.7 nm between QDs
with some interdigitation of the ODA chains. Carrying out the same measurement on dispersions
prepared with the LC-QDs reinforces our conclusions from the PL imaging. The correlation peak
is no longer present (Figure [37)) at any of the concentrations studied. Despite the clear presence of
the aggregates visualized using fluorescence microscopy, no X-ray peak was detected after scanning
multiple samples and sample regions. This result indicates that the LC—QD aggregates seen with
microscopy are more disordered and fluid-like than those observed in the ODA-QD system, with
no well-defined inter-dot spacing.

Above 0.05 wt%, close-up fluorescence imaging carried out using a 40x microscope objective
reveals that the LC-QD clusters are actually spherical liquid-crystalline droplets and not the irreg-
ular aggregates more characteristic of the ODA-QDs. This can be seen by looking at fluorescence
(Figure[37k) and polarized (Figure [37]) microscopy images of the same sample area. The LC-QDs
form luminescent droplets within the host nematic phase and using a planar alignment for the host
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phase aligned with one of the polarizers birefringence from the QD-rich structures can be seen with
characteristic nematic extinction crosses clearly visible.

These results, when combined with findings from the X-ray measurements and PL spectra pro-
vide evidence of fluid—fluid phase separation into a SCB-rich phase and an LC—QD-rich phase. This
result is consistent with observations of LC phase formation in systems of pure LC functionalized
nanoparticles [155} [106] and demonstrates how LC ligands much as these can lead to a rich phase
behavior. The results described in this section also highlight the importance of carrying out a mul-
tiscale characterization of these hybrid materials.

On much larger length scales, QD/LC mixtures have been recently demonstrated to produce
interesting patterns, as the materials are slowly cooled from the isotropic to the nematic phase. [3,
109] Particles dispersed in the isotropic phase will seek regions of low order at the phase transition,
clustering at defect points. Figure [38| shows an example of this phenomenon for the ODA- and
LC-QDs. Figures [38p—c show fluorescence and PL images of ODA-QD clusters in the nematic
phase. The PL maps of intensity and peak wavelength reveal that these clusters are relatively densely
packed with an average QD spacing of 8.7 nm within the cluster as characterized by their FRET red
shift. In comparison, imaging the LC-QDs as the mixture is cooled slowly (Figures [38d-f) reveals
some bright clusters with an additional diffuse wormlike pattern. The diffuse pattern forms as
the QDs move into the remaining isotropic regions as the material is cooled to the nematic phase.
Similar patterns for ODA-QDs have also been observed on very slow cooling. [48]] The PL images
for this mixture (Figures [38,f) show that neither the brightest clusters or the diffuse pattern exhibit
any significant red shift, demonstrating that the LC-QDs are at least 12 nm apart across the sample.
Analysis of such pattern formation using a combination of fluorescence and PL imaging should
provide an interesting probe into the thermodynamics of these systems and will be the subject of
future investigations.
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Figure 38: Images characterizing large-scale pattern formation in nematic/QD mixtures comparing
the ODA and LC ligands. Fluorescence microscopy (a,d), photoluminescence intensity (b,e), and
peak emission wavelength (c,f) for ODA—QD and LC-QDs at 0.1 wt% in 5CB are shown (scale
bars=200 um).

10.2.3 Performance in Soft Photonic Devices

The ability to stably disperse QDs in a liquid-crystal host material provides us with the possibility
of soft-assembling photonic devices. In cholesteric devices, embedded QDs can act as emitters
coupled to a tunable fluid cavity, producing applications such as the quantum dot liquid crystal
laser and switchable cavities able to spatially modulate QD emission. [1} 2] The efficiency
of such devices will depend on our control of co-operative effects between adjacent particles. For
example energy transfer processes such as FRET can reduce the efficiency of QD cavity coupling
if the particles are closely packed in aggregates. Therefore by designing appropriate QD ligands,
particle clustering and dispersion can be tuned to optimize device performance.

Figure [39] shows a comparison of the ODA-QD and LC-QD emissions in a cholesteric cavity.
The plots include the emission spectra (separated into left and right circular polarizations) of the
embedded QDs and the cholesteric stop band. The QD emission spectra reveal clear resonances with
the cholesteric cavity for the right-handed component only, as expected. Heating to the isotropic
phase removes the resonant structure and the blue (right handed) curve becomes smooth (results
not shown). Higher power densities should lead to lasing in a high quality cavity, but in this system
lasing was not observed at any applied power. This result may be due to a reduction in cavity quality
caused by the large QD-rich aggregates in the system. A large number of Grandjean defects where
seen for these materials. In addition, a low concentration overall of emitters when compared with
LC/dye lasers is used. These results however demonstrate that the LC ligands do not adversely
impact cavity resonance effects. Therefore, by modifying the mesogenic ligand design to produce a
uniform QD dispersion at high concentrations it may be possible to induce lasing in these materials.
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Figure 39: Emission spectra for ODA- and LC-QDs dispersed in a cholesteric material (see Ex-
perimental Section) at 0.1 wt% and separated into left handed (black peak) and right-handed (blue
peak) components. The cholesteric stop band (transmission spectrum) is also shown (grey) for the
righthanded component.

10.3 Conclusion

LC/QD hybrid materials can be potentially applied to new photonic device technologies. Before
such ideas can be realized, a clear understanding of particle organization within the host material
should be established. Elastic deformations of the nematic director play an important role in phase-
separation phenomena and can lead to clustering, aggregation, and even disruption of the host liquid-
crystal phase. In addition, at very small length scales, entropic effects can contribute significantly
and should be taken into account. We have designed and synthesized a new QD incorporating a
mesogenic ligand on a flexible arm capable of aligning with local nematic ordering. We report that
core/shell QDs incorporating the LC ligand show excellent dispersion in the isotropic phase and
reduced clustering in the nematic phase, with a good dispersion at low concentrations and stable
optical performance on ligand attachment. Looking deeper into the structure of the QD clusters
for the different ligands, scanning confocal PL. microscopy and small angle X-ray diffraction reveal
that the LC-QD clusters observed at concentrations above 0.05 wt% are phase-separated liquid-
crystalline domains, rich in LC—QDs with an inter-particle separation >12 nm. In a cholesteric
device, the new LC-QDs perform comparably to the ODA—QDs but may find use in applications
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that take advantage of their fluid like structure for tunable QD assembly.

10.4 Experimental Section
Quantum Dot/Liquid Crystal Mixture Preparation

The different quantum dots are first sonicated in toluene in a sealed glass vial for ~10 mins, then
added to a nematic (SCB) or cholesteric (SCB (4-cyano-4’-pentylbiphenyl) and COC (cholesteryl
oleyl carbonate) liquid crystal at the required wt%. The mixture is heated to the isotropic phase
(above 35°C for 5CB) and bath-sonicated for eight hours in a glass vial with the cap removed.
This method allows the toluene to gradually evaporate from the liquid crystal mixture as the QDs
are dispersed. Almost complete toluene removal is verified by measuring the nematic-to-isotropic
phase transition point by using differential scanning calorimetry, as this transition is very sensitive to
the presence of small amounts of additional solvent. The composite material can then be transferred
to a microscope slide or glass capillary. Materials are kept above the isotropic phase transition and
carefully cooled at the desired rate for microscopy or X-ray diffraction experiments.

Microscopy and Spectroscopic Methods

Polarized optical microscopy is carried out on a Leica DM2500P upright microscope in the transmis-
sion mode with a 10 or 20 objective and Linkam heating stage. Fluorescence microscopy (reflection)
can also be carried out on the same microscope without polarizers. For fluorescence imaging of the
QDs with a peak emission at 620 nm, a 515-560 nm band-pass filter with white-light mercury lamp
illumination was used. Emission was detected using a 580 nm dichroic mirror and a 590 nm Long
pass filter. The samples were mounted on standard glass slides under a cover slip, homeotropic
liquid crystal alignment was achieved using a CTAB surface coating. Absorption spectral measure-
ments for particles in toluene were performed using a PerkinElmer UV/Vis spectrophotometer.

Photoluminescent scanning confocal microscopy was performed using a custom-built high-
resolution scanning confocal microscopy system, as described previously. [[1] The excitation sources
are several ultrafast, tunable mode-locked lasers that cover the spectral region 350—1200 nm, a high-
power Ti:Sapphire laser (MIRA 900), and two optical parametric oscillators (OPO). The excitation
is focused on the sample with a high numerical aperture objective. The spot size is diffraction-
limited (~600 nm). Glass slides containing the QD/LC material are mounted on a heating stage
(Instec Inc.) on a computer-controlled 3D scanning stage. The emission (PL) is collected by the
same objective (100X) used for excitation. A spectrometer coupled to a thermo-electrically cooled
CCD camera produces spectral images with 1 ym spatial resolution.

X-ray Diffraction

Measurements were carried out at the Stanford Synchrotron Radiation Lightsource, beamline 4-2.
Liquid crystal/QD mixtures were prepared at the beamline and filled into 1 mm quartz capillaries;
measurements were taken 30 hrs after preparation. The capillaries were mounted in transmission
configuration using a custom chamber. Measurements were taken at 11 keV for 1 s per exposure
at three spatially separated points on each capillary with a beam size of 0.3x0.1 mm at the sample.
The area detector data was analyzed at the beamline using the custom SasTool software.
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11 Conclusions

We have demonstrated the viability of using thermotropic liquid crystal materials as an active matrix
for quantum dot dispersions. The optical properties of the liquid crystal are capable of manipulating
the emission of the quantum dots dispersed within by tuneing the observed peak wavelength of the
ensemble as well as amplifying the emission. We have shown that heating the CLC past the isotropic
transition temperature is an effective switch for turning off the optical modification but because
CLC molecules have a dielectric anisotropy we can also use an applied electric field to switch off
the amplification. The cavity created by quantum dots in the cholesteric liquid crystal cavity is weak
relative to dye doped LC lasers, so although we have shown that coupling QD emission to the CLC
photonic cavity is possible, we still have modifications to do in order to create room temperature
QD/LC lasers.

Through replacing the standard octadaecylamine ligands with mesogenic ligands, we have in-
creased our ability to disperse QDs in a nematic liquid crystal with minimal disruption of the LC
director. The functionalized QDs more readily disperse in the isotropic LC than the stock QDs, re-
quiring less sonication time, though we observe that high concentrations of QDs persist in creating
clusters in the nematic phase. These clusters appear to be more fluid and less close packed than
the clusters observed with stock QDs. Preliminary work was done to create a dispersion of these
functionalized QDs in a cholesteric liquid crystal. The QDs do cluster in the CLC but the cavity
appears to be slightly stronger than that observed in the stock QDs.

Dye doped CLC has been used to create a photonic luminescent solar concentrator. When the
CLC stopband is tuned to the absorption of the dye we observe an increase in absorption efficiency
but do not see a corresponding increase in PV efficiency. We find that by tuning the stopband of
the CLC the emission is more efficiently trapped into the waveguide, minimizing the emission lost
though the escape cone due to the planar orientation of the dye molecule.

In addition to making steps toward a homogeneous mixture of QD/LC, we have also demon-
strated that the isotropic-nematic LC phase transition can be used as a template for creating clusters
of nanoparticles. These micron sized clusters exhibit consistent inter particle spacing which is close
enough to allow energy transfer between quantum dots via FRET. This procedure can be expanded
for use with different types of nanoparticles, enabling us to create binary clusters with consistent
inter particle spacing. The next step in this research is to explore binary systems, moving towards
bottom-up fabricated metamaterials.
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12 Future Directions

The ability to create ordered clusters of nanoparticles in nematic LC defect sites can be expanded
significantly in future work. Our group is currently exploring the addition of magnetic nanoparticles
into the clusters[[158]. We observe that under a magnetic field the intensity of the QD emission is
increased, indicating that the magnetic nanoparticles reorient the cluster, making it more dense
while not changing the interparticle separation. These soft assembled clusters respond to low fields
of several hundred Gauss which makes them candidates for biosensors.

12.1 Micropillars

We are exploring the potential to further direct the clusters into ordered arrays of columns using
micropillars with a homeotropic anchoring surface. Arrays of micropillars of Su-8, an epoxy based
negative photoresist, filled with LC have been shown to induce defects in the LC depending on the
height of fill. When filled to the top of the LC, defect lines are created at the vertices between
pillars. When filled above, the defects are located on top of the pillars[[159]]. The defect lines should
allow us to create columns of nanoparticles. Preliminary work has been started with pillars supplied
by Professor Shu Yang’s group at the University of Pennsylvania. Table 2]shows a summary of the
samples received from Professor Yang’s group. The pitch of the pillars determines the defect pattern
when filled with LC. Larger pitch lattices induce disclination rings around the top and bottom of the
pillar (as seen in Figure @1k), while a short pitch induces defects at interstitials.

’ Sample ‘ Pillar Diameter (um) ‘ Pitch (um) ‘ Height (um) ‘ Lattice Type

1 10 30 20 square
2 10 40 20 square
3 10 20 50 square
4 10 20 16 square

Table 2: Table of Su-8 pillars received from Professor Yang’s group
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Figure 40: a) PL collected from bare Su-8 pillars on silicon substrate when excited with 409 nm
laser and b) PL intensity map of bare pillar sample

To begin preliminary work, I scanned the bare pillars on Si substrate and observed fluorescence
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when a 409nm excitation was used as shown in Figure @0h. When scanning the bottom of the
substrate, the base of the pillars can be visualized, creating an intensity map shown in Figure B0p.
Due to the delicate nature of the pillars, the substrates cannot be cleaned after LC application. For
this reason, only a quarter of each substrate should be used at a time. A mixture of 0.02% wt QDs
in 5CB was sonicated for 8 hours to create an even dispersion. In a 50 °C oven, 2 uL. of the mixture
was dropcast onto two areas of the substrate. One section was covered with a small coverslip and
the other was left uncovered. The sample was then cooled at a rate of 0.01 °C/minute overnight to 25
°C. The samples were then imaged using polarized optical microscopy and fluorescence microscopy
as shown in figure [41]
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Figure 41: Fluorescence microscopy image of pillars with a) isotropic QD/LC mixture and b) after
cooling to the nematic phase as well as ¢) POM image of the nematic defect texture

Peak Intensity Peak Wavelength

arb

|
2000 [

500

£

Figure 42: QD/LC mixture over pillars covered by cover slip a) fluorescence microscopy image and
b) intensity and c) peak wavelength PL scans showing QD emission

63



Peak Intensity

A7 N
LA

Figure 43: QD/LC mixture over pillars left uncovered a) fluorescence microscopy image along with
b) POM image of nematic texture as well as c) intensity and d) peak wavelength PL scans showing
QD emission

The samples were then scanned using 409 nm excitation, resulting in the PL. maps shown in
Figure [42] for the area covered by the coverslip and Figure fi3] for the area left uncovered. In these
samples we observe that the QDs do collect around the pillars though the effect is much cleaner for
the area with the coverslip. There is an asymmetry of the intensity around the pillars due to the fact
that the substrate was held at a slight angle off of normal to the laser. Future scans should take care
to mount the sample normal to the incident laser. Another difficulty arose because of the emission
observed in figure @0p. In future experiments it would be preferable to use a 532nm excitation
source to eliminate the background emission.

12.2 LC/QD Laser

With our new QDs functionalized with mesogenic ligands we hope to be able to take steps toward
a quantum dot/liquid crystal laser. Preliminary work has been done to assess the coupling between
QDs and the CLC photonic cavity. Due to the handedness of CLCs, linearly polarized light does
not uni formally observe the photonic cavity. The light with the circular component that matches
the handedness of the CLC will observe a reflection band when incident upon the CLC and will
observe the photonic cavity when produced inside the CLC. Light with the circular polarization
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opposite to the handedness of the CLC will observe neither the reflection band nor the photonic
cavity. We probe the QD emission by separating out the two circular components as shown in
Figure[d4h. The circularly polarized light is first converted to linearly polarized light using a quarter
wave plate, resulting in two linear polarizations orthogonal to one another. We separate the linearly
polarized light with a Glan laser polarizer which allows us to collect light from either leg. As control
samples we prepared films of QD suspended in PMMA and toluene at 0.8 wt% QD in PMMA. The
QD/PMMA solution was deposited on glass via spin coater and cured at 140 °C for one hour. After
curing, an alignment layer of PVA was deposited on top of the film as is done for clean glass.
The film was then covered with 57.5%, 42.5% COC/5CB mixture to create a photonic cavity that
overlaps with the QD emission. A schematic of the cell is shown in Figure #4b. When excited
with 532 nm laser light we observe emission from both legs of the setup. It is clear in Figure @4k
that one leg contains emission (pink) that is not affected by the reflection band (green) and one that
encounters the reflection band of the CLC (blue). It is apparent that the the QD emission within the
reflection band is prevented from transmitting through the CLC and we also observe a small amount
of coupling and amplification from the edge of the cavity.
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Figure 44: a) Schematic of setup used to collect polarization resolved QD emission, b) schematic of
PMMA/QD sample and c) emission collected from both legs overlayed with CLC reflection band

We postulate that the coupling should be stronger when the emission of the QDs originates
inside the cavity instead of traveling through it. To test this hypothesis we prepare 0.1 wt% mixtures
of stock QDs in CLC as well as 0.1 wt% mixtures of QDs functionalized with mesogenic ligands.
Samples were mounted on glass prepared with a planar alignment layer in a 50 °C oven. The samples
were cooled at a rate of 1 °C/min from the isotropic phase into the nematic phase and left to anneal
at 30 °C overnight. Figure #5h and b show POM images of the cholesteric texture for the stock
and functionalized QDs respectively. Notice that the functionalized QDs have formed significant
aggregates in the CLC, leading to large defects. When excited by a 532 nm laser we observe the
emission of the QDs that couple with the CLC cavity in Figure @5k and d. Both samples appear to
couple with the CLC cavity rather than just the functionalized ligands. However, the functionalized
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QDs more readily show coupling with the cavity and the amplification is consistently larger than that
observed in stock QDs. Moving forward with this project we need to start with a slightly different
ligand. At all but very low concentrations we observe significant aggregation in both the stock and
functionalized QDs. In order to create a much stronger cavity we must first have an even dispersion
that does not foster aggregation due to the disruption of the CLC director. It should also be noted that
the collection setup is not as robust as it could be. Some areas of samples display no coupling while
others show very strong coupling despite that the sample appears uniform throughout. Through
iterations of the setup we were able to increase the consistency of measurements but more work

should be done.
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Figure 45: POM images of 0.1 wt% mixtures of a) stock (bw) and b) functionalized QDs (color) in
CLC. Emission of embedded QDs in ¢) stock and d) functionalized QDs

12.3 LC Templated Shells

Though new ligands need to be tried to realize the QD/CLC laser, the current ones can be used
to template a new self-assembled structure. Under specific conditions we found that we can form
shells of QDs in a nematic LC that are micron sized and hollow in the center which can be seen in
Figure [46] The concentration of the QDs in LC must be high, around 0.15 wt% or higher, and the
sample must be rapidly cooled. The current technique that consistently creates shells is to transfer
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a sample on a planar aligned glass slide from the 50 °C oven to a 20 °C plate. The LC undergoes a
phase transition in a matter of seconds and the QDs go from an even dispersion to hollow shells. The
concentration appears to control the number of shells present and possibly the size of the resulting
shells. A confocal scan of the shells can be seen in Figure[#6] where the hollow structure is observed.
It should be noted that in order to achieve the best resolution from the scanning setup a collection
fiber with a 50 um diameter core must be used. This fiber must then be butt coupled to the standard
spectrometer fiber for best results. The preliminary work on the QD shells is very promising, but the
ligand exchange process and characterization must be perfected and a concentration study must be
performed to determine the true nature of the concentration dependence on the formation of shells.
It is possible that instead of concentration, the thickness of the cell may determine the size of the
shells, where thicker cells allow for larger shells to form.
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Figure 46: a) Fluorescence and b) POM image of QD shells as well as ¢) PL. map of peak intensity
of a shell

From soft assembled metamaterials to three dimensional ordered nanoparticle clusters, using LC
materials to assist self-assembly of nanoparticles has shown itself to be a rich field. In addition to
creating the clusters, we can modify them by changing the molecular orientation of the LC material
either with temperature or electric or magnetic fields. The ability to exchange the stock ligand for a
mesogenic one has allowed us to consider many applications that previously could not be realized.
More work is needed to allow QDs to integrate more fully into a cholesteric LC though early results
are promising. We also have discovered a new structure that can be created with functionalized
QDs and the isotropic to nematic phase transition. Once we fully understand the formation of
the shells we can experiment with using them to create novel metamaterials that possibly contain
magnetic nanoparticles inside the shell or have the outside of the shell decorated with a layer of
gold nanoparticles. We have shown that thermotropic liquid crystal materials are a novel and useful
matrix for organizing and modifying colloidal nanoparticles.
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