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Abstract

Elongated semiconductor nanocrystals with oriented transition dipoles, such as nanorods (NRs) and elongated
nanoplatelets (NPLs), can exhibit emission anisotropy when confined in thin films. In this work, we report
the effect of nanocrystal alignment on thin polymer film optical properties including absorbance, fluorescence
polarisation and light guiding. We find that changes in absorbance after stretching films containing elongated
nanocrystals are associated with changes in nanocrystal alignment. Stretching the NPL films induces
fluorescence anisotropy, which follows an exponential trend that can be approximated as linear within a
moderate range of true strain values. This empirical relationship provides a means to monitor strain in
polymers undergoing deformation. The light guiding properties of polymer films containing luminescent
nanocrystals are also investigated by applying experimental and Monte Carlo simulation methodologies
developed for the luminescent solar concentrator field. We show that drop cast polymer films containing
spherical quantum dots, with isotropic fluorescence, more effectively guide light to the film edges compared
with elongated nanocrystals. The elongated nanocrystals are aligned in the film plane by both stretching and
drop casting processes, resulting in increased fluorescence emission from the film faces due to escape cone
losses.

Keywords: Nanocrystal alignment, fluorescence anisotropy, light guide, nanorod, nanoplatelet, true
strain, luminescent solar concentrator

1. Introduction

There is an ever-expanding use of luminescent nanocrystals in modern technologies. Their applications
include illumination and display technologies, photovoltaics, fluorescent biomarkers, photodetectors and
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luminescent solar concentrators (LSCs) [1-6]. One of the key advantages of luminescent semiconductor
nanocrystals, such as quantum dots (QDs), nanorods (NRs) and nanoplatelets (NPLs), is that they have
tuneable optical, chemical and electrical properties based on their chemical composition, size and shape [7].
The small size of these particles results in the confinement of electron motion giving control over the
electronic structure based on the size and shape of the nanocrystal [7]. The confinement can occur in three
dimensions, such as with QDs, or it can be in only one or two dimensions, such as with NPLs and NRs
respectively [8]. For the latter cases there exists, in general, a major transition dipole along the least confined
direction (the long axis), which results in directional emission perpendicular to the long axis [8]. In addition,
the photoluminescence will tend to be polarised parallel to the long axis for NRs and elongated NPLs in most
cases [8, 9]. Recently, there has also been the development of more complex nanocrystal morphologies such
as nanotetrapods (NTPs), semiconductor nanocrystals with four arms extending from a core, and hierarchical
flower-like structures [10, 11]. Polarised fluorescence is observed from NTPs due to differences in arm
diameter [12]. Additionally, NTPs with long arms exhibit large Stokes shifts, effectively eliminating
reabsorption in thin polymer films, which is beneficial for LSC applications [10]. For the purposes of this
study, we focus on NRs and elongated NPLs and refer to them as elongated nanocrystals.

When elongated nanocrystals are aligned in polymer films they exhibit fluorescence polarised parallel to the
alignment direction of the nanocrystals, shown in Figure 1 (a) and (b) [1]. Alignment of elongated
nanocrystals within polymer matrices has been achieved using various methods. Extrusion and injection
moulding of polymers containing gold nanorods has been shown to be a method to align nanocrystals [13].
Another method investigated to align elongated nanoparticles in a polymer film is stretching a film which
contains initially unaligned particles [14, 15]. The requirement to first disperse the nanoparticles in the matrix
before alignment is common to both alignment methods [13-15]. Alignment of nanorods in a polymer matrix
using electric fields has been attempted, however alignment was not observed [16].
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Figure 1. Demonstration of fluorescence polarisation by (a) unaligned and (b) aligned luminescent
nanocrystals. (¢) Schematic representation of anisotropic nanocrystals, such as nanorods or
elongated nanoplatelets, randomly oriented in a light guide with associated light loss mechanisms
shown. The effects of particle orientation on emission processes and escape cone losses are also
shown.

One method to assess the fluorescence polarisation properties of films is by measuring the fluorescence
2
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anisotropy. Fluorescence anisotropy measurements are conducted by exposing the film to a polarised
excitation light source then measuring the fluorescence polarised parallel and perpendicular to the polarisation
of the excitation. Details of the measurement and calculation of fluorescence anisotropy are included in
Experimental Section 2.5 [17]. Time-resolved fluorescence anisotropy is often utilised in studies of molecular
motion or Forster resonance energy transfer (FRET) between luminophores [17]. However, for the present
study, steady state fluorescence anisotropy measurements have been applied as molecular rotation is
supressed for nanocrystals in solid polymer films and the nanocrystal concentrations are low, so FRET is not
possible.

Fluorescence anisotropy (r) has previously been used to assess the stress and strain of polymer films
containing alignable fluorescent dyes [18-22]. Deformation during biaxial stretching of polymer films can be
monitored by measuring the fluorescence polarisation in the two stretching directions [19]. Similarly, the
uniaxial deformation of polymer films has been measured by utilising fluorescence anisotropy measurements
of fluorescent dyes in polymer matrices [18, 21]. It was shown quantitatively that fluorescence anisotropy
increases with extension, otherwise known as engineering strain, defined as the ratio of the change in
specimen length to the initial specimen length [21]. For that study we have analysed the residuals of the linear
model applied to the data and found that it better follows a curved relationship. A linear relationship between
fluorescence anisotropy and true stress has also been claimed [18]. True stress is the force across the
instantaneous specimen cross-sectional area as it changes during deformation. It must be considered that
fluorescence anisotropy has a possible range of -0.5 <r < 1, therefore the linear relationship demonstrated
was likely a linear portion of a non-linear relationship [18, 19, 23]. The relationship between fluorescence
anisotropy and true strain, the instantaneous change in specimen length, has to our knowledge not been
investigated previously. Additionally, we are not aware of reports using fluorescence anisotropy for
monitoring the strain in polymer films utilising fluorescent nanocrystals.

Light guides are devices that utilise total internal reflection (TIR) to transport light [24]. To study the light
guiding properties of fluorescent films, we are using methodologies and terminology developed in the LSC
field [25]. LSCs typically consist of a fluorescent material embedded in, or coated on, a transparent medium
such as a sheet of glass or polymer [26]. A wide range of fluorescent materials have been investigated
including fluorescent dyes, rare earth ions, QDs and other inorganic semiconductor materials [5, 27, 28]. The
operating principle is that a high proportion of the fluorescence is trapped within the higher refractive index
transparent medium through TIR and is “light guided” to the edge of the sheet where the light can be collected
by photovoltaic (PV) cells to generate electrical power, as shown in Figure 1 (c) [26, 29].

A range of factors limit the light guiding efficiency of films including transmission losses, photoluminescence
guantum yield (PLQY) losses, escape cone losses and reabsorption losses that compound PLQY and escape
cone losses [25, 30]. The transmission and PLQY losses are highly dependent on the properties of the
fluorescent material used, whereas the escape cone losses are dependent on the refractive index of the
transparent medium as well as the directionality of the emission. Films utilising nanoparticles can suffer an
additional scattering loss mechanism if aggregation of the nanoparticles occurs [31, 32]. Ensuring good
compatibility between the polymer matrix and the nanoparticles can significantly reduce aggregation and
scattering in the waveguide [30, 32, 33]. Previous studies have shown that aligning organic dyes so that their
emission is in the plane of the light guide reduces the escape cone losses and improves the internal photon
efficiency (mint) (defined as the number of photons emitted from the waveguide edges relative to the number
of photons absorbed, also commonly referred to as optical quantum efficiency or OQE) [25, 34]. Additionally,
modelling has shown that alignment of fluorescent semiconductor nanorods perpendicular to the film face
should also reduce escape cone losses [35, 36]. However, there is minimal experimental data related to
alignment of semiconductor nanoparticles in polymer matrices for LSC applications [37, 38]. A recent study
showed that stretching polymer films containing nanorods resulted in nanorods aligned in the stretching
direction, however the conclusion that this orientation is the optimal angle for reducing escape cone losses is
not supported by previous modelling results [35, 39].
3
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In the present study, we report the absorption and emission properties of CdSe/CdS core-shell QDs and NRs
and CdSe/CdzZnS core-shell NPLs in poly(vinyl butyral) (PVB) matrices. We examine the alignment of
nanocrystals in drop cast and stretched films, and measure the fluorescence anisotropy of the films, to
understand how alignment affects optical properties. Subsequently we study the relationship between true
strain and fluorescence anisotropy for films containing NPLs. Finally, we examine the effects of aligning the
NRs and NPLs on the light guiding efficiency. Utilising methodologies related to LSCs, we determine the
light guiding efficiencies of films containing fluorescent nanocrystals. The light guiding experiments are
supported by ray-tracing simulations based on theory and simplified assumptions about the nanocrystal
orientations in the films. This investigation establishes a true strain - fluorescence anisotropy relationship
using embedded NPLs that may find general application. In addition, an examination of light guiding
efficiencies of the stretched films provides experimental verification of modelling of aligned nanocrystals
embedded in light guides.

2. Experimental
2.1. Nanoparticle Synthesis

A variety of CdSe/CdS semiconductor nanocrystals were synthesised using established methods from the
literature. The CdSe/CdS core shell quantum dots (QDs) were made using a hot-injection synthesis method
[40]. The CdSe/CdS nanorods (NRs) were made in a two-step reaction where an elongated shell is grown
around a spherical core to form dot-in-rod nanoparticles [41]. The nanoplatelets (NPLs) were also grown in
a two-step synthesis starting with CdSe NPL cores then growing a CdxZn1.,S shell around them [42, 43]. The
first synthesis resulted in elongated NPLs with a long and a short axis. The thickness of the particles started
as several atomic monolayers but increased after the shelling process. The absorption and emission spectra of
the nanoplatelets matched the spectra for CdSe/CdxZn:S nanoplatelets with 4 monolayer cores reported
using the same synthesis method [43], confirming successful synthesis of the nanoplatelets. The QDs and the
NPLs were then suspended in hexane and the NRs were suspended in toluene. The ligands on the nanocrystals
were a combination of cadmium oleate and oleylamine resulting in hydrophobic surfaces for all the
nanocrystals.

P as
bintis s’ 2& :

Figure 2. TEM micrographs of the fluorescent nanocrystals as cast from solution on copper

supported carbon grids. The images show (a) quantum dots (QD), (b) nanorods (NR) and (c)
nanoplatelets (NPL).

The size and shape of the nanocrystals are shown in Figure 2. The synthesised QD had a diameter of 10 nm
+ 3 nm, the NRs had a length of 20 nm + 3 nm and diameter of 5.1 nm + 0.9 nm and the NPLs had a length
of 40 nm %= 11 nm, width of 9 nm £ 1 nm and thickness of 4.7 nm £ 0.6 nm. The distribution of dimensions
for each of these particles is presented in the Supporting Information (Figures S1-S6).
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2.2. Film Casting and Stretching

Poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate) (PVB) was the selected polymer film substrate because
it has good compatibility with the oleate and oleylamine ligands chosen in the synthesis step, allowing for
good dispersion of the nanoparticles in the film samples [44]. The material properties that make PVB an
effective substrate in this application are high transparency, good thermal stability and processability
including solubility in a wide range of solvents. PVB (vinyl butyral 88 wt. % - 418412 Sigma-Aldrich) was
dissolved in chloroform at a concentration of 100 mg/mL. The nanocrystals dispersed in hexane or toluene
were dried then redispersed in chloroform. 2.4 mg of nanoparticles in chloroform were mixed with 3mL of
PVB/chloroform solution then drop cast onto glass slides to cover the whole surface area to achieve a
concentration of 0.8 wt %. The slides were then covered and placed in a fume hood overnight to allow the
chloroform to evaporate. The slides were then placed under vacuum for a further 2 hours to remove residual
chloroform. The hydrophobic butyral side groups on the PVB assisted the solubility of the nanoparticles
allowing them to be dispersed within the polymer matrix [45].

Stretching Direction T

Stretching Direction

Figure 3. Schematic representation of the stretching procedure (a) the unstretched film containing
nanocrystals, marked at periodic intervals (initial length = L) to facilitate strain measurements (b)
stretched film containing nanocrystals demonstrating how the spacing between the markings
change (final length = L¢) after stretching. The nanocrystals are aligned during the stretching
process [1]. (c) Side view of the stretched sample defining the sample axes and demonstrating the
angle relative to the z-axis referenced in the transmission electron microscopy (TEM) images and
analysis.

The films were then separated from the glass slides resulting in ~100 um thick films. Film deformation is
commonly described by elongation, which is defined by the ratio of the final length (Ly) to the initial length
(Ls) expressed as a percentage. The central region of the films was stretched to 400% elongation using gravity
and heat, which was measured using the periodic markings on the samples shown in Figure 3 (a) and (b). A
51.5 g mass was attached to the bottom of the film and allowed to hang, which corresponded to a force of
approximately 0.5 N, while heat was applied with a heat gun at the centre of the film until it stretched to 400
% elongation. While elongation is a convenient and easily understood term, a better measure of deformation
is strain, specifically true strain (g). In cases where there is a significant change in the length and cross-
sectional area, as is the case with these experiments, true strain is the most representative value to describe
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the deformation [46]. True strain is defined as the increase in sample length relative to the instantaneous
length as opposed to engineering strain which is the increase in sample length relative to the original sample
length [46]. By integrating dL/L we arrive at the mathematical description of true strain is shown in Equation
1 [46].

e=In (i—’:) (Equation 1)

where L is the final length of a film section and L, is the initial length of the same length section.

As the deformation of the films was mediated by heat, the location of the deformation could be controlled.
Resultantly, different regions of the film had different strains which could be calculated by measuring the
change in the spacing of the periodic marking and applying Equation 1. For example, an area with elongation
of 400% corresponds to a true strain value of 1.39. This allowed for the investigation of the effect of strain
on fluorescence anisotropy for a film sample containing fluorescent NPLs.

2.3. Optical Characterisation

The absorption and fluorescence properties were characterised with an Agilent HP8453 UV-VIS spectrometer
and a Horiba Jobin-Yvon Fluorolog-3 fluorimeter respectively. The absorbance of the films was measured
before and after stretching but to be able to correctly compare the films the effect of the film thickness needs
to be accounted for. As a result, the absorbance spectra are presented as absorbance per mm which allows
determination of the effect, if any, the stretching has on the absorbance properties of the film. The
fluorescence spectra were normalised for comparison purposes.

2.4. Transmission Electron Microscopy (TEM)

Transmission electron micrographs were obtained using a FEI Tecnai F20 microscope. Images of
nanoparticles cast from solution were obtained to examine the morphology of the particles. Solutions of
nanoparticles were dropped on carbon film supported copper grids and allowed to dry. Additionally, TEM
was utilised to examine the dispersion and alignment of particles within the polymer films. This required the
films to be mounted in a polymer resin block before they were sectioned by an ultra-microtome. The film
samples were then cross-sectioned such that the y-z plane could be imaged, which contains both the stretch
direction and thickness direction. The sections were then mounted on carbon film supported copper grids and
imaged in the TEM to observe the dispersion and alignment of the nanocrystals.

2.5. Fluorescence Anisotropy

Fluorescence anisotropy measurements were undertaken to assess the effect of stretching on nanocrystal
alignment. The fluorescence anisotropy measurements were performed on a scanning confocal microscope
(IX71 and FV300, Olympus) to map the anisotropy at high spatial resolution. The samples are illuminated
with the frequency doubled output of Ti:Sapphire laser (MIRA 900, Coherent) at 400 nm, polarised in the y-
axis (stretch) direction and the fluorescence intensity polarised parallel and perpendicular to the stretch
direction was measured. The fluorescence anisotropy was spatially resolved using an EMCCD camera, with
fluorescence measurements being used to calculate fluorescence anisotropy on a per pixel basis. The
fluorescence anisotropy (r) is given by Equation 2.
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Iyy—GI .
r= L VH (Equation 2)
Iyy+2Glyyg

where lvv is the fluorescence polarised parallel to the stretch direction, excited in the stretch direction, lvy is
the fluorescence polarised perpendicular to the stretch direction, excited in the stretch direction and G is the
factor to correct for differential transmission of the orthogonal polarisations through the optical components
of the instrumental set-up. The G value was calibrated on a pixel-by-pixel basis using a Rhodamine 6G
reference solution. The measured G values were normally distributed with a mean value of 0.89 and standard
deviation of 0.10.

2.6. PLQY and Light Guiding Efficiency

The photoluminescence quantum yield (PLQY) and internal photon efficiency (nin)) measurements were
obtained using a Horiba F-3018 integrating sphere accessory for the fluorimeter. The internal photon
efficiency was calculated using a methodology from the LSC literature that involves measuring the total
emission from the film and emission from the face [30]. The internal photon efficiency can be calculated from
Equation 3.

Nint = MpLoyNedge (Equation 3)

where nint is the internal photon efficiency, ne gy is the photoluminescence quantum yield of the film and nedge
is the edge efficiency which is defined as the ratio of edge emitted photons to the photons emitted from all
film faces.

Film samples with 1 cm x 1 cm dimensions were prepared for each nanoparticle type in PVB, taken before
stretching and after stretching to 400% elongation. Each sample was placed inside the integrating sphere,
illuminated with 450 nm light, and their fluorescence intensity measured. The experimental values required
to calculate medge are the total number of photons emitted from all sides of the film (Ntar) illuminated inside
the integrating sphere and the number of photons emitted only from the film faces (nraces) that can be measured
by coating the film edges with a highly absorbing black paint such that fluorescence can only leave the film
via the faces. To reduce light lost due to light in the sphere hitting the black paint, a surface layer of white
paint was applied on top of the black paint. The number of photons emitted from the edges (nout) can then be
inferred by subtracting the Nfaces from Ny, The edge efficiency (nedge) Can then be calculated using Equation
4,

n n -n .
nedge — Mout __ Ttotal faces (Equatlon 4)
Ntotal Ntotal

where noy is the number of photons emitted from the edges, Nt IS the number of photons emitted from all
sides of the film and nraces is the number of photons emitted from the faces.

The internal photon efficiency provides a metric for how effectively the emitted photons are reaching the edge
of the film and therefore can identify the effect of nanocrystal orientation on the light guiding of the
fluorescence.

2.7. Monte Carlo Ray-Tracing Simulations

Monte Carlo ray-tracing simulations were used to help interpret the experimental results. These simulations
7
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were conducted using a modified version of an open-source ray tracing program [47]. The modifications allow
for simulation of anisotropic absorption and emission by NRs in addition to isotropic luminophores such as
QDs [48]. The basic steps in the simulation are as follows. First, an input photon wavelength is selected with
intensity probability weighted by the AM 1.5 G solar flux spectrum. A ray normal to the film is then generated,
which represents the photon, and it is either reflected, absorbed or transmitted by the film, with the likelihood
of these events dependent on the non-polarised reflection of the waveguide material, the concentration and
absorption spectrum of the luminophores, in this case semiconductor nanocrystals, and the thickness of the
waveguide. In addition, the absorption strength of the NRs depends on alignment between the polarisation
vector of the incoming photon and the axial dipole of the NRs [38]. The fate of each absorbed photon is then
based on the energy either being emitted or lost, with probability depending on the PLQY of the luminophores.

For QDs, the emission was generated isotropically, with equal likelihood in all directions. For NRs, the
emission is anisotropic, with the probability of emission proportional to sin®(0) where 0 is the angle between
the emitted ray and the axis of the rod. The result of this profile is a significant preference for emission
perpendicular to the axis, with 88% of rays being directed within 45 degrees of the normal of the rod axis (see
Figure S17 in the Supporting Information) [49]. Depending on the direction that the ray is emitted, and the
refractive index of the matrix, the photon can be lost from the faces, reabsorbed by another luminophore, or
trapped by total internal reflection and emitted from the edge of the film. Compared to QDs, the anisotropic
absorption and emission of the NRs results in different reabsorption properties and ray transport within the
light guide.

3. Results and Discussion
3.1. Absorption and Fluorescence

The properties of fluorescent films are highly dependent on the light absorption and fluorescence properties
of the fluorophore used. The absorption and emission spectra of the QDs and NRs are typical of CdSe/CdS
nanocrystals with large CdS shells [31] (Figure 4 (a) and (b)). Absorption properties are predominantly
derived from the CdS shell whereas fluorescence occurs due to energy transfer to the CdSe core resulting in
the observed Stokes shift relative to QDs without this core shell structure [31]. The cores of both the QDs and
NRs are spherical and made of CdSe and the cores are coated with large CdS shells with the main difference
being that the QDs have a spherical shell whereas the NRs have an elongated shell. The absorbance and
emission spectra for the NR films can be seen in Figure 4 (b). An important feature of both films is the small
overlap between the absorption and fluorescence spectrum of the fluorophore leading to low reabsorption
losses [31]. This large Stokes shift minimises reabsorption losses for both nanocrystals, allowing for more
effective light guiding in these films. The NPLs, however, shown in Figure 4 (c), display absorption peaks
that exbibit considerable spectral overlap with the fluorescence. This will increase reabsorption losses hence
reduce the number of photons reaching the edge of the films.

o
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Figure 4. Absorbance and fluorescence spectra of (a) CdSe/CdS QDs (b) CdSe/CdS NRs and (c)
CdSe/CdZnS NPLs. The absorbance per millimetre thickness is shown before and after stretching.
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It has been shown previously that alignment of NRs parallel to the propagation direction of the incident light
source reduces the absorbance of the NRs [50, 51]. It can therefore be implied that NRs oriented perpendicular
to the incident light source should show an increase in absorbance relative to a random arrangement of the
nanocrystal. In this way absorbance can be used to verify if the stretching has changed the orientation of the
NRs relative to the z-axis, parallel to the light source and thickness direction.

The initial thicknesses of the QD, NR and NPL unstretched films were 111 uym, 129 um and 123 pum
respectively while the stretched films were 80 um, 93 pm and 78 pm thick respectively. As expected, we do
not observe any change in the thickness corrected absorbance for the QD film in Figure 4 (a). There is a very
small increase in absorbance after stretching the film containing NRs in Figure 4 (b), which includes a
thickness corrected absorbance increase of 0.034 mm™ at 600 nm. There is a still small, but larger, increase
in absorbance in the NPL film seen in Figure 4 (c) including a thickness corrected absorbance increase of
0.143 mm* at 600 nm. From this we can conclude that there is no alignment effect on the spherical QDs and
that stretching has induced only a small increase in thickness corrected absorbance for the NR and NPL films
implying that there were only minor changes in the angle of the particles relative to the z-axis. To investigate
this result further it is necessary to observe the alignment of the nanocrystals in the y-z plane before and after
stretching using TEM, see Figure 3 (c) for reference to the defined angles and planes.

3.2. Transmission Electron Microscopy

Imaging the nanocrystals inside the polymer matrix is crucial to understanding how the particles disperse in
the polymer and how they are aligned relative to the z-axis. A statistically relevant selection of over 100
nanocrystals was made from TEM images of film cross-sections (y-z plane) to examine trends in the
nanocrystal alignment and observe the dispersion of nanocrystals. To assist with the interpretation of the TEM
images, Figure 3 shows how the axes relate to the lightguide geometry and defines the axes x, y, and z in the
context of these samples. The thickness direction (z-axis) is defined as parallel to 0° and the stretching
direction (y-axis) is defined as parallel to 90°.

Unstretched NR Film
5 7’

Stretched NR Film

a

d | =swcheanrrim

80

\
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) o @ & 80
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Figure 5. TEM images show representative cross-sectional areas of (a) an unstretched film
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containing CdSe/CdS NRs (b) a stretched film containing CdSe/CdS NRs. The axis labelled 0° is the
thickness direction (z-axis) of the films whereas 90° is the direction which will be stretched (y-axis)
for (a) and the stretch direction (y-axis) for (b). The x-axis is defined as being directed into the page.
The angle deviation of the NRs from the thickness direction (z-axis) is shown for the two different
film samples in (c) and (d). See Figure 3 for axes directions.

It can be seen from Figure 5 and Figure 6 that there is a good dispersion of the NRs and NPLs in the PVB
films both before (a) and after (b) stretching with the majority of particles being monodisperse with some
small aggregates present. The z-axis (0°) and y-axis (90°) in the NPL films were identified by first finding the
interface between the PVB/NPL film and the mounting resin. There was no visible interface for the NR
samples however the thickness and stretching direction could be identified from the relative alignment of the
NRs.

unstretched NPL Film Stretched NPL Film

a

C [ Unstretched NPL Film d 301 [CStretched NPL Film |
N

& 8

60 80 20

20 a0 W0
Angle (°) Angle (°)

Figure 6. TEM images show representative cross-sectional areas of (a) an unstretched film
containing CdSe/CdZnS NPLs (b) a stretched film containing the same nanocrystals. The axis
labelled o° is the thickness direction (z-axis) of the films whereas 9oe is the direction which will be
stretched (y-axis) for (a) and the stretch direction (y-axis) for (b). The x-axis is defined as being
directed into the page. The angle deviation of the NPLs from the thickness direction (z-axis) is
shown for the two different film samples in (c) and (d). See Figure 3 for axes directions.

There visually appears to be a bias in the alignment of the nanocrystals away from the z-axis in all the samples
and to verify this a statistical analysis of the particle alignment was conducted on at least 100 particles over
several images (Figure 5 and Figure 6 (c) and (d)). The absolute count differences between samples relates to
the statistical sample size and does not relate to the density of particles within the samples. There is a distinct
trend of nanocrystals being aligned away from the z-axis, shown in (c) and (d) of Figure 5 and Figure 6, for
both samples with and without stretching. The alignment of the nanocrystals within the x-y plane, away from
the z-axis, likely occurs as a result of the alignment of the polymer during the solvent drying process and has
significant implications on the absorbance and light guiding of the films [52]. This observation agrees with
previous 3D single-particle orientation measurements, which show that elongated nanocrystals were aligned
within the x-y plane in solvent cast polymer films [39]. We can use the nanocrystal alignment observations
to validate our conclusions about the absorbance data presented in Figure 4.
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Using the statistical information from Figure 5 and Figure 6, we quantitatively analysed the nanocrystal
alignment, shown in Figure 7. The nanocrystal counts from Figure 5 and Figure 6 were normalized and
grouped into intervals of 30°, represented by the relative proportions shown in Figure 7 (a). It can be observed
that the NR samples have a greater proportion of nanocrystals aligned greater than 60° compared to the NPL
sample, both for unstretched and stretched samples. This indicates that the NRs are more susceptible to
alignment than the NPLs, both during the drying process and during stretching. The change in orientation,
shown in Figure 7 (b), was calculated by subtracting the relative proportion of the nanocrystal orientations
before stretching from the value after stretching. The increase in nanocrystals with orientation greater than
60°, and conversely decrease in nanocrystals with orientation less than 30°, is a measure of how much the
alignment increased after stretching. We observe that the alignment of the NPLs increased by a greater degree
than the NRs during stretching, despite the overall lower alignment. This explains the larger increase in
thickness corrected absorbance for the NPL sample, seen in Figure 4 (c).
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Figure 7. Quantitative analysis of the nanocrystal alignment. (a) The nanocrystal counts in Figure 5
and Figure 6 were normalized and the relative proportions grouped into intervals of 30° for the
unstretched (US) and stretched (S), NR and NPL films, where 0 is the angle relative to the thickness
axis (z-axis). (b) Change in orientation (difference between relative proportions before and after
stretching) for the NP and NPL films across the 30° intervals. (¢) Proportion of nanocrystals aligned
away from the z-axis by more than 48, the critical angle for total internal reflection. (d) Percentage
change in nanocrystals aligned away from the z-axis by more than 48 after stretching.

In addition to absorbance, the nanocrystal angle has consequences on the light guiding of the fluorescence in
the films. PVB has a refractive index of 1.486 therefore when we apply Snell’s law we obtain a critical angle
for total internal reflection of 42° [53]. Considering that the majority of the fluorescence is directed
perpendicular to the long axis for elongated nanocrystals, such as nanorods and elongated nanoplatelets, then
there will be a significant decrease in total internal reflection for nanocrystals angled greater than 48° away
from the z-axis, or from another perspective, for nanocrystals angled less than 42° away from the x-y plane
[8]. Figure 7 (c) shows that the majority of both nanorods and nanoplatelets, stretched and unstretched, are
higher than the critical angle therefore it is expected that light guiding will be reduced compared to randomly
aligned nanocrystals or isotropic emitters. Furthermore, there was an 11.8% increase in NPLs aligned in an
orientation unfavourable for TIR after stretching, compared with an 8.0% increase for NRs. This is
advantageous for applications where light guiding should be avoided, such as liquid crystal displays, but a
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disadvantage when light guiding is beneficial, such as for LSCs [1]. Studies have previously shown that
fluorophores with anisotropic fluorescence produce the highest internal photon efficiencies in LSCs when
aligned parallel to the z-axis (6 = 0°) [34].

When considering nanocrystal containing films for LSC applications, this means that drop casting produces
non-optimal orientation for elongated nanocrystals, resulting in reduced light guiding and increased photon
losses from the film face. Polymerisation methods can produce polymer films containing randomly oriented
nanorods and therefore polymerisation should be the preferred fabrication method for minimizing escape cone
losses [16]. Orienting the nanocrystals parallel to the z-axis would produce the highest internal photon
efficiency but aligning fluorescent nanocrystals in this orientation for LSC applications is yet to be achieved
[35, 37]. Orientation of elongated nanoplatelets has previously been observed while spin coating thin films
and should also be investigated for other solvent evaporation methods such as doctor-blading to determine if
the same orientation effect is present [8].

It should be noted that there was an observable difference between the distributions of the NPLs and NRs
between angles of 80° and 90°. Specifically, the count for the unstretched NPL film between angles of 80°
and 90° is lower than between angles of 70° and 80° or angles of 60° and 70°. Something not yet considered
is the possibility of nanocrystals oriented towards the x-axis, perpendicular to both 90° and 0°, which on the
TEM images would be observed as nanocrystals directed into the page. NPLs, which have a length, width and
thickness, could present as a different angle when oriented into the page. When observing NPLS from this
angle, the width of the NPL would be observed, rather than the length obscuring the true alignment of the
particles. After the NPL sample is stretched, this is not observed which could indicate that there has been an
alignment of NPLs from the x-axis towards the y-axis, denoted as 90°. To investigate this effect and to better
understand the optical effects of stretching the films, the fluorescence anisotropy was measured and analysed.

3.3. Fluorescence Anisotropy

The fluorescence anisotropy spatial maps of the QDs, NRs and NPLs in unstretched and stretched films are
shown in Figure 8 (a) to (f). There is minimal change in fluorescence anisotropy of the QD sample after
stretching seen by comparing Figure 8 (a) and (d). There was a significant increase in anisotropy for both the
NR samples (b) & (e) and the NPL samples (c) & (f). In both Figure 8 (¢) and (f) there are regions where the
anisotropy is lower than the surrounding areas which is caused by micro-tears in the polymer film generated
during stretching.
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Figure 8. Fluorescence anisotropy (r) images calculated using Equation 2 on a pixel-by-pixel basis
for unstretched PVB films containing (a) QDs, (b) NRs and (c) NPLs. Fluorescence anisotropy
images of the three sample after stretching are shown in (d), (e) and (f).

The differences in fluorescence anisotropy can be better assessed when the pixels are statistically analysed
and plotted. Figure 9 shows quantitatively the changes in fluorescence anisotropy after stretching for the QD
film (a), NR film (b) and NPL film (c). As expected, there is a minimal change for the QD samples but
significant shifts to higher anisotropy values for the NRs and NPLs after stretching.

While the TEM images in Figure 5 and Figure 6 do not show a significant change in the alignment of the
nanocrystals relative to the z-axis after stretching, the fluorescence anisotropy results imply there is significant
rotation of the NRs and NPLs around the z-axis, from the x-axis towards the y-axis (stretching direction),
during stretching resulting in larger fluorescence anisotropy values. The QD particles are spherical, isotropic
emitters and therefore, they are unable to be reoriented by elongational flow of the polymer. On the other
hand, reorientation of the NRs and NPLs within the x-y plane of the film towards the y-axis (stretching
direction) has occurred. The NPLs, despite having a significantly different geometry to the NRs, have similar
polarisation properties. This has been previously attributed to quantum confinement of the exciton in the
smaller lateral direction leading to linearly polarised light being emitted parallel to the long direction of the
NPL [1].

The results obtained here in polymer films indicate the alignment mechanisms of the two types of nanocrystals
are similar. It can also be seen that both the NRs and NPLs have a fluorescence anisotropy of approximately
0.15 in unstretched films, consistent with previous reports that these types of nanocrystals, when randomly
dispersed, display wavelength dependent anisotropy values between 0.05 - 0.15 [1, 54].
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Figure 9. Statistical analysis of fluorescence anisotropy values for the unstretched and stretched
films for a) QDs, b) NRs and ¢) NPLs.

3.4. Fluorescence Anisotropy — True Strain Relationship

The fluorescence anisotropy — strain relationship can be investigated further by determining the degree of
fluorescence anisotropy change as a function of the film true strain. A previous study has also reported the
fluorescence polarisation increase from stretching polymer films containing elongated nanocrystals, however
only two elongation conditions (unstretched and at 400% elongation) were investigated warranting further
study [1]. The fluorescence anisotropy of a PVB film containing NPLs was measured at a range of true strain
values between 0 and 1.58 (485% elongation). A stretched PVVB sample demonstrating the strain measurement
technique is shown in Figure 10 (a). Unlike the example sample in Figure 10 (a), the test specimens containing
NPLs maintained perfectly parallel markings in the x-axis direction after stretching indicating that the true
strain between each set of lines in the y-axis direction was equal across the width of the film.

The strain measurements were then correlated with fluorescence anisotropy, measured using scanning
13
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confocal microscope, at each section of the stretched film with the relationship between strain and anisotropy
shown in Figure 10 (b). This relationship was modelled as an exponential function, given by Equation 5.

r = —ae ¢ + ¢ (Equation 5)
where r is fluorescence anisotropy, € is true strain and a, b and c are fitting parameters.

While the equation is empirical, the fitting parameters represent properties of the system. The parameter ¢
represents the theoretical maximum achievable fluorescence anisotropy from alignment, as the term -ag®®
approaches 0 as ¢ tends to infinity. The y-intercept of the model is equal to ¢ — a, as the term -ae™ = -a when
true strain is equal to zero. The term b dictates the exponential decay towards the maximum fluorescence
anisotropy. The best fit of the non-linear function was determined with an in-house developed open-source
Python tool [55]. Limits were imposed on the parameters to ensure convergence of the regression. The fitting
parameter limits are as follows: -0.5 < ¢ < 1 to ensure that r can only take values between -0.5and 1,0 <a<
1 to ensure also that the y-intercept is between -0.5 and 1 and 0 <b < o to ensure that the exponential model
shape cannot be inverted. The line of best fit utilised parameters: a = 0.34, b = 1.12 and ¢ = 0.52. The R? of
this fit was 0.994 and the residuals were randomly distributed across the whole set of strain values, see Figure
S15 (b). This implies that the maximum fluorescence anisotropy that can be achieved by alignment in our
particular NPL/PVB system is 0.52, which is lower than has been achieved using certain organic dyes in
stretched films [56].
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Figure 10. (a) an example of the strain measurement method using a PVB sample without NPLs.
The initial (L;) and final (L) lengths are required to calculate true strain (¢) in the y-axis direction
using Equation 1. (b) Fluorescence anisotropy and true strain data for a stretched PVB film
containing NPLs. An exponential model was applied to the data using Equation 5. The red dotted
lines represent the model after using the 95% confidence limits of modelling parameters a and c.
(c) A linear approximation has been applied between true strain values of 0 and 0.59 (red dashed
line). The red dotted lines represent the standard error of the slope and intercept of the linear fit.
(d) R2 values of the range linear fits with true strain upper limits between 0.18 and 1.42.

While the use of an exponential model is well justified to fit the data, linear responses are preferred for sensor
calibration. As a result, we investigated whether a subset of the data could justifiably be approximated as a
linear model. To determine the best range over which to apply a linear approximation, linear regression was

14



536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586

applied to the data from O to a range of true strain values from 0.18 (120% elongation) up to 1.42 (414%
elongation). The full range of linear regression fits and associated residual plots are presented in the
Supporting Information (Figure S7-S13).

The R? values of all the linear approximations using data from 0 true strain to a range of end strain values
between 0.18 and 1.42 are shown in Figure 10 (d). All the linear regression models up to a true strain of 0.73
have very high R? values (> 0.995), but it is insufficient to assess approximation validity with R? alone. The
linear model with the true strain range of 0 to 0.58 (178% elongation), shown in Figure 10 (b), exhibited an
R2value of 0.998 and a random residual plot, shown in Figure S11 (b), confirming this model is an appropriate
approximation for the initial strain region. When the linear approximation was extended between the true
strain range of 0 and 0.73 (207% elongation), the residual plot showed a distinct curvature indicating that a
linear approximation is no longer appropriate, shown in Figure S12 (b). Consequently, this approximation
was labelled as “Non-linear” on Figure 10 (d).

If engineering strain is used instead of true strain, as investigated in previous studies, the fluorescence
anisotropy cannot be justifiably approximated at the same degree of film deformation [21]. The R? value
drops to 0.989 for the range of true strain 0 to 0.58, after true strain values are converted to engineering strain,
see Figure S14 (a). Furthermore, the residuals show a curved pattern indicating that the fluorescence
anisotropy — engineering strain data is non-linear, see Figure S14 (b).

Due to strong statistical evidence supporting the use of a linear approximation up to moderate strains, the true
strain of a region of the film can be interpolated using the fluorescence anisotropy value in that region of the
film. We propose that elongated nanocrystals such as elongated NPLs and NRs in films are appropriate to be
used to measure uniaxial true strain which could occur during polymer processing [18]. This fluorescence
anisotropy system is a non-destructive test method and the strain of a film can be monitored with spatial
resolution on the micron scale. Additionally, this method allows the strain to be monitored without any
electrical input or physical contact. Rather, strain can be measured using an excitation light source,
polarisation filters and a detector at the nanocrystal emission wavelength [18].

Additional validation work would be required to determine if the empirical relationship holds for other
polymer films, for other nanocrystals and geometries and to determine the ultimate sensitivity at small strains.
It has been shown that nanocrystals with different sizes and aspect ratios have different degrees of polarisation
at 400% elongation and therefore the alignment of nanocrystals is dependent on nanocrystal geometry as well
as strain [1]. The exponential model projects a maximum fluorescence anisotropy of 0.52 for the NPLs in the
stretched film however different nanocrystal shapes and sizes may modify the projected maximum
fluorescence anisotropy, warranting further investigation. We hypothesise that different nanocrystals will
likely result in linear approximations with different gradients and different maximum strains at which the
fluorescence anisotropy — strain relationship can no longer be approximated as linear. Based on the degree of
alignment, smaller nanocrystals should produce steeper gradients with a smaller range of strains where the
data is approximately linear resulting in greater sensitivity, while larger nanocrystals will be less sensitive but
will be usable over a larger range of true strain values [1].

Unlike fluorescent dye molecules which have fixed structures, the size and aspect ratio of elongated
nanocrystals can be controlled, therefore the sensitivity is more tuneable compared with fluorescent dyes. An
additional advantage that elongated fluorescent nanocrystals have over organic dyes is that their fluorescence
spectra are tuneable with size and composition, with possible peak emission ranging from near the UV-visible
boundary to near infrared (NIR) [57-59]. Moreover, luminescent nanocrystals have the potential for greater
photostability than organic dyes [60]. A more detailed study of this fluorescence anisotropy — strain
relationship is required to investigate these mechanisms with a range of different nanocrystals with varied
sizes and aspect ratios. Understanding this mechanism will also assist with producing nanocrystal films with
controlled polarisation properties for a range of other applications including LCD displays [1].
15
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3.5. Light Guiding Efficiency
To investigate the effect of the observed nanocrystal alignment on light guiding in the films, the methods and
terminology from the LSC field have been adopted [25]. Internal photon efficiency (nin) is a particularly
useful metric for comparing photon trapping between different fluorophore systems and different samples
because it is independent of the amount of light absorbed, which can vary with absorption properties of the
luminophore or concentration. The internal photon efficiency requires edge efficiency and the film PLQY to
be measured, as is evident in Equation 3.

It can be seen from Figure 11 (a) that when the PVB samples containing nanocrystals are stretched there was
a small decrease in PLQY for all three particle types. After stretching, the PLQY decreased from 0.53 to 0.48
for QDs, from 0.75 to 0.69 for NRs and from 0.76 to 0.70. This may be due to the additional processing step,
which involved heating the films during stretching, introducing some non-radiative traps, although the effect
is small. The QDs displayed the lowest PLQY values, with the nanorods and nanoplatelets performing better.
Prior to casting the films, the PLQY values of the nanocrystals in solvent were 0.52, 0.69 and 0.77 for the
QDs, NRs and NPLs respectively. Therefore, we conclude that the film casting process did not significantly
decrease the PLQY of the nanocrystals. The PLQY for each of the three types of nanocrystals may be
improved by optimisation of the synthesis but this was not pursued in this study. From the edge efficiency
(nedge) results, seen in Figure 11 (b), we can observe the effect of different light guiding mechanisms in the
film.

The edge efficiency was defined in Equation 4 as the ratio of edge emitted photons to photons emitted from
all the film faces and edges. It is apparent that the QDs exhibit the highest nese, NRs the second highest and
NPLs the lowest. The unstretched nanorod film had an nedge that was 19.4% lower than the unstretched QD
film, while the unstretched nanoplatelet was 32.9% lower. Similarly with the stretched films, the NR film was
20.6% lower than the QD film while the NPL film was 35.7% lower than the QD film. Previous emission and
absorption data in Figure 4 (a) and (b) shows that the QDs and NRs have very similar optical properties and
therefore we can conclude that the reduction in nedge is predominantly due to alignment of the nanorods away
from the z-axis direction, the optimal angle for maximizing neqqe for elongated nanocrystals. The efficiency
of the nanoplatelets has an even greater reduction in medge relative to the QD film due to a combination of
suboptimal alignment and additional reabsorption losses derived from the overlap of the emission and
absorption spectra observed in Figure 4 (c).
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Figure 11. (a) Photoluminescence quantum yield (PLQY), (b) edge efficiency (nedee) and (c) internal
photon efficiency (nint) measurements of fluorescent nanocrystals in unstretched (US) and stretched
(S) PVB films.

It can also be observed that the three samples have slightly different responses of meqge to stretching of the

films. The QDs have a 3.2 % increase in nedge and the NRs have a 1.6 % increase in nedge While the NPLs have

a 1.1 % decrease in meqge after stretching. Stretching of the film has two main effects on the meqge OF films.

Firstly, there is a decrease in the thickness of the films which results in a decrease in the absorbance of the
16
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film. This decrease in absorbance is a result of a decrease in the total number of nanocrystals inthe 1 cm x 1
cm test samples as the stretching redistributes the nanocrystals over a large lateral area. The lower absorbance
reduces fluorescence reabsorption within the film and hence increases the nedge. This effect applies to all three
nanocrystal types. For the elongated nanocrystals, the stretching also results in an alignment away from the
z-axis (thickness direction), which increases the escape cone losses and hence decreases medge. The results
show that the QDs had the greatest increase in nedge due to the thickness reduction effect and no effect of the
alignment. The NRs experienced both effects, but the alignment change was small, resulting in a slight
increase in neqge. The NPLs had the greatest change in alignment which was sufficient to counteract the effect
of the thickness decrease, and the net effect was a small decrease in neqge.

The internal photon efficiency (nin) results are shown in Figure 11 (c). These were calculated as the product
of PLQY and neqge and therefore reflect a combination of the trends observed in PLQY and meqge. The lower
PLQY result of the QD films could not offset the higher neqge Value and therefore nin: was lower than for the
NR films. The NPL films have the lowest nin values largely due to the low edge efficiency. Removing the
effect of PLQY, which is largely derived from the PLQY of the nanocrystals, we can conclude that the QD
film has the greatest guiding of light to the edges of the film, whereas alignment of the NRs and NPLs during
the drop casting process has resulted in a decrease in light guiding and hence an increase the light emitted
from the faces. Using this information one can tailor the choice of nanocrystal to the application for the
nanocrystal film. Applications where light emission from the face of the film is preferred, such as displays,
benefit from the use of elongated nanocrystals due to their natural alignment during casting. On the other
hand, QDs are preferred for cast films where light guiding to the edges is preferred such as LSCs [6]. The
best-case scenario for light guiding to the film edges is expected when elongated nanocrystals are aligned
parallel to the z-axis, however this has yet to be demonstrated in practice [35, 37].

3.6. Monte Carlo Ray-Tracing Simulations

The experimental results showed that the NRs were aligned away from the z-axis and the edge efficiency of
the NRs was lower than for QDs. Monte Carlo simulations were performed to demonstrate a causal
relationship between the NR alignment and the decrease in edge efficiency. Simplified models of the NR
angle distributions in the films were used due to the complexity of the angle distribution of the NRs in the
TEM images shown in Figure 5 and Figure 6. The unstretched NR film was modelled with the angles of the
NRs distributed randomly within the x-y plane, hence perfectly perpendicular to the z-axis, while the stretched
NR film was modelled with the NRs perfectly aligned in the y-axis (stretching) direction. These assumptions
are useful in demonstrating that the differences in light guiding efficiencies between QD and NR films
observed in experiments are related to fluorescence loss from the film faces due to alignment of NRs away
from the z-axis. The simulations assumed the nanocrystals to have PLQY values equal to the solution PLQY
values of the particles, which were 0.52 and 0.64 for the QDs and NRs respectively.

The simulated PLQY values in Figure 12 (a) can be compared with the experimental values in Figure 11 (a).
The values are in good agreement because the simulations used the experimental PLQY values of the
nanocrystals in solution as model inputs. The simulations show an increase in PLQY upon stretching, which
is opposite to the decrease observed experimentally. This indicates that the experimental decrease is due to
an effect not taken into account in the simulations, i.e. consistent with our interpretation above that it is due
to non-radiative traps introduced during hot stretching of the films.

Comparing the edge efficiencies obtained via simulation and experiment shows that the model overestimates
the efficiency of the device at light guiding photons to the edge. There are many factors which are not
accounted for which can explain why the experimental edge efficiencies are lower. The simulations assume
the film surfaces are perfectly flat, however in reality film surfaces have a degree of roughness which can
scatter some light during the light guiding process. There are also defects in the matrix polymer films which
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can scatter light and reduce the light guiding process. These factors can be expected to lower edge efficiencies
for the experimental data relative to the Monte Carlo simulations. Furthermore, the effect of birefringence
during stretching was not accounted for in the simulations, which may introduce to additional uncertainty.
Birefringence in PVB films has been shown to be approximately 0.014 at elongations approaching 400% [61].
PVB has a refractive index of 1.486 therefore to estimate the maximum effect of birefringence we can
examine the critical angle for PVB between the refractive index bounds 1.472 to 1.500 [53]. The critical angle
for a refractive index of 1.472 is 42.8° while it is 41.8° for refractive index of 1.500. Considering that the
simulations assume that the NRs are aligned in the x-y plane, accounting for birefringence will not affect the
NR results, however birefringence may affect the uncertainty in the QD results by a small degree.
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Figure 12. Monte Carlo simulation results for (a) PLQY, (b) nedge and (c) nint values for unstretched
(US) and stretched (S) QD and NR films.

The most important conclusion that can be drawn from the data is that the decrease in edge efficiency observed
between the experimental QD and NR samples is also observed in the simulations. The absorption and
fluorescence spectra in Figure 4 (a) and (b), used as inputs to the simulations, are substantially similar in
shape and therefore the primary difference between the samples is the alignment of the NRs. This supports
our conclusion that the primary cause for the decrease in edge efficiency of the experimental NR films is the
alignment of the NRs away from the z-axis. A recent study claimed that a stretched polymer film containing
NRs exhibited reduced escape cone losses and improved LSC collection efficiencies, however the present
study clearly demonstrates that the NR alignment resulting from PVB film stretching is not optimal for light
guiding to the film edges [35].

The internal photon efficiency (nin) results, shown in Figure 12 (c), are the product of the PLQY and edge
efficiency and therefore the trends follow the trends of the PLQY and edge efficiency. For this reason, the
internal photon efficiency is a less useful metric of comparison. Nonetheless, it can be noted that the simulated
nine Values for QDs and NRs are similar due to the QD films having lower PLQY and the NR films having
lower edge efficiency.

4. Conclusions

The effects of nanocrystal alignment on a range of film optical properties were investigated, including
absorbance, fluorescence anisotropy and light guiding. Thickness corrected absorbance increased after
stretching for NR and NPL films which was correlated with increased nanocrystal alignment in TEM cross-
section images. Fluorescence anisotropy measurements showed that the fluorescence of the NR and NPL
films became highly polarised after stretching consistent with prior studies of elongated nanocrystals in
polymer films [1]. The present study further determined that there is an exponential relationship between
fluorescence anisotropy and true strain for the NPL film, and that the relationship can be approximated as
linear up to moderate true strain values. With this knowledge, we propose that films containing elongated
nanocrystals such as NRs and NPLs could be utilised to measure strain in films, where localised strain can be
measured on a microscopic length scale. Further work is required to investigate the effect for different
nanocrystal types, sizes and aspect ratios and determine the sensitivity that can be achieved with this
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technique.

NR and NPL alignment during film casting and stretching resulted in increased fluorescence emission from
the film faces, hence reduced light guiding. While beneficial for some applications, such as LCD displays,
the alignment of NRs and NPLs during the drop casting process limits the potential of drop cast NR and NPL
thin films for LSC applications [6]. The edge efficiency of QDs outperformed both NRs and NPLs in this
study due to the random orientation of the QDs that results in isotropic fluorescence, rather than fluorescence
biased towards the films faces. The use of drop casting should be avoided for elongated nanocrystal films
where light guiding is required unless the nanocrystals can by simultaneously aligned towards the z-axis
(thickness direction). The effect of other solvent casting techniques, such as doctor blading, on nanocrystal
alignment should be investigated to determine if the light guiding of nanocrystal films made using these
techniques is similarly affected. Monte Carlo ray-tracing simulations of a simplified system confirmed that
the observed increase in fluorescence from the film faces was a result of alignment towards the plane in the
NR film. Developing reliable methods to align NRs and NPLs in the correct geometry could increase the
conversion efficiency of LSC devices.
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