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ABSTRACT

NOVEL LIGHT-EMITTING DEVICES OF
SEMICONDUCTOR QUANTUM DOTS AND
CONJUGATED POLYMER NANOPARTICLES

Talha Erdem
Ph.D. in Electrical and Electronics Engineering
Advisor: Hilmi Volkan Demir
July 2016

Starting with the modern times, lighting has become an essential part of our
lives. Today, its share of the total energy consumption reaching 15% should
not surprise us. This share further increases when the energy demand for dis-
play backlighting is taken into account. Therefore, increasing the efficiency of
the lighting sources is of significant importance for decreasing the carbon foot-
print for a sustainable environment. At this point, light-emitting diodes (LEDs)
step forward as the most important candidate for revolutionizing the existing
lighting systems; however, the current conventional technologies, which typically
employ rare-earth ion based broad-band emitters, are plagued with low photo-
metric efficiency, lack of light quality, and incapability of the spectrum design for
application-specific performance.

As a remedy to these problems, in this thesis we study light-emitting diodes of
quantum dots that are efficient narrow-band emitters as opposed to phosphors.
These colloidal quantum dots allow for the achievement of the light source perfor-
mance specific to each application. By employing this strength, we first present
our design of quantum dot integrated LED display backlight for reducing the
adverse effects of the displays on the human biological rhythm while maximizing
the color definition. Here we also addressed the need for light sources exhibiting
polarization anisotropy for display backlights by hybridizing self-assembled mag-
netic nanowires and quantum dots. To solve the emission stability problem of the
quantum dots in solid-films, we demonstrated the incorporation of the quantum
dots within crystalline matrices that act as a barrier against oxygen and humidity
and substantially increase their emission stability. Another important strength
of this technique has been the preservation of the dispersion quantum efficien-
cies of the quantum dots in powder form and in solid-films. By employing these
material systems, we designed and successfully demonstrated a warm white LED
exhibiting successful color rendition capability and large spectral overlap with
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the human eye sensitivity function. We also showed that embedding quantum
dots into crystalline matrices offers a robust platform to study the excitonic and
plasmonic interactions, both of which we utilized for increasing the efficiencies of
the quantum dots in crystalline matrices. To meet the need for non-toxic color
converter enabling color tuning, we also employed conjugated polymer nanoparti-
cles and studied their near-field interaction with epitaxially grown quantum well
nanopillars to boost their emission intensity. We believe that the materials and
light sources that we presented in this thesis will enable to reach the targets for
realizing high-efficiency but also high-quality light sources for general lighting and
displays.

Keywords: White light-emitting diodes (WLED), nanocrystals, quantum dots,
conjugated polymer nanoparticles, macrocrystals, excitonics, plasmonics, color

science and photometry.



OZET

YARI ILETKEN KUANTUM NOKTACIKLARI VE
KONJUGE POLIMER NANOPARCACIKLARIN

YENILIKCI ISIK YAYAN AYGITLARI

Talha Erdem
Elektrik ve Elektronik Miihendisligi, Doktora
Tez Danigmani: Hilmi Volkan Demir
Temmuz 2016

Modern donemlerde aydinlatma uygulamalar: hayat tarzimizin 6nemli bir parcasi
haline gelmistir. Bu sebeple giintimiizde aydinlatmanin %15’lere ulasan ve
ekran teknolojileri diigiiniildiigiinde daha da yiikselecek enerji tiiketimindeki
payl bizi sagirtmamalidir. Bu yiizden strdiirtilebilir bir c¢evre i¢in karbon
salinimini azaltma noktasinda 11k kaynaklarinin verimliliginin artirilmasi oldukga
6nemlidir. Bu agidan 151k yayan diyotlar (LED) var olan aydinlatma sistemlerinin
degigtirilmesi i¢in en 6nemli aday olarak one gikmaktadir. Ancak glintimiizde
yaygin sekilde kullanilan nadir toprak iyonlari1 tabanl 1s1yic1 teknolojileri diigiik
fotometrik verimlilik, diigiik 151k kalitesi ve uygulamaya 6zgii spektrum tasarimina
izin vermeyen yapisi nedeniyle halen sorunludur.

Bu sorunlara ¢6ziim olarak bu tez kapsaminda fosforlarin aksine oldukga dar
isima bandina sahip kuantum noktaciklarinin tiimlegtirildigi LED’ler iizerinde
yiuruttigimiiz caligmalart sunuyoruz. Bu kuantum noktaciklari, uygulamaya
ozgl onemli iyilestirmelere izin vermektedirler. Bu tez caligmalari kapsaminda
kuantum noktaciklarimin bu avantajlarindan yararlanilarak ekranlarin insan-
larin biyolojik dongiilerine olan olumsuz etkilerini en aza indirilecek ve aym
zamanda genig bir renk gami da sunacak ekran arka aydinlatmasi tasarimi
sunulmugtur. Bunun disinda, ekranlarda ihtiya¢ duyulan polarize 1g1k kay-
naklarinin elde edilmesi amaciyla, kendi kendine konumlanan manyetik nan-
otellerle kuantum noktaciklari melezlenmig ve polarizasyon anizotropisi yiiksek
istyicilar elde edilmigtir. Kuantum noktaciklarinin igima kararhiligi sorununu
¢ozmek icinse, onlarin kristal matrisler igerisine tiimlegtirilmeleri ve bu kristal
matrislerinin oksijen ve nemin kuantum noktaciklarina ulagmasinda bir engel
olugturdugu gosterilmigtir. Bu yontemin getirdigi diger onemli kazang ise, kuan-
tum noktaciklarimin toz ve kati film halinde ¢ozelti icerisindeki verimliliklerini

koruyor olmalaridir. Bu malzemelerle yiiksek renk dontigiimii indisine sahip ve

v



vi

insan goziiniin hassasiyet fonksiyonuyla uyumlu ig1ma spektrumu olan ilik beyaz
LED tasarimi ve gosterimi yapilmigtir. Bunun yaninda kuantum noktacik gomiilii
kristal matrislerinin ekzitonik ve plazmonik etkilesim caligmalar1 igin elverigli
bir ortam olusturdugu gosterilmig ve bu etkilesimler kuantum noktaciklarinin
verimliliklerini daha da artirmak icin kullanilmigtir. Ayrica spektrumu ayarlan-
abilir toksik olmayan renk donitistiiriiciilerin gelistirilmesi amaciyla, bu tez kap-
saminda konjlige polimer nanoparcaciklariyla da calisilmigtir. Bu malzemelerin
kuantum kuyusu nanosiitunlariyla aralarindaki yakin alan etkilegsimleri igima
siddetlerinin artirilmas: amaciyla detayl sekilde incelenmistir. Inaniyoruz ki; bu
caligmalarimiz kapsaminda gelistirdigimiz malzemeler ve 151k kaynaklar: verimli
ve yiiksek renk kalitesine sahip genel ve ekran arka aydinlatmasinin saglanmasi
hedeflerine ulagilmasinda katki saglayacaktir.

Anahtar sozciikler: Beyaz 1sik yayan diyotlar, nanokristaller, kuantum nok-
taciklari, konjiige polimer nanopargaciklar, makrokristaller, ekzitonik, plazmonik,

renk bilimi ve fotometri.
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synthesized NCs (dispersion in hexane) and NC-in-LiCl powder film were
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decays. Reproduced with permission from Ref. [85]. © Optical Society of America

Figure 8.4. Amplitude-averaged lifetimes of only donor nanocrystal embedded
LiCl powders, only acceptor nanocrystal embedded LiCl powders, and powders
prepared using donor and acceptor nanocrystals. Frame (a) presents the lifetimes
for the incorporated acceptor amount of 50 pL while in (b) and (c) the
illustrated lifetimes stand for the powders prepared using 150 and 250 uL of
acceptor, respectively. Frame (d) presents the NRET efficiency of the hybrid
nanocrystal powders for varying acceptor incorporation amounts. Reproduced

with permission from Ref. [85]. © Optical Society of America...........cccceeurenee. 158

Figure 8.5. Emission spectrum of the NRET enhanced nanocrystal embedded
LiCl powders at varying currents together with the chromaticity points of the
emitted light (inset, left) and luminous efficiency of the device (LE) (inset,
right). Reproduced with permission from Ref. [85]. © Optical Society of America

Figure 9.1. Molecular structure of poly[(9,9-bis{3-bromopropyl}fluorenyl-2,7-
diyl)-co-(1,4-benzo-{2,1,3}-thiodiazole)| (PFBT-Br). Reproduced with permission
from Ref. [100]. © American Chemical Society 2013........cccccovviiiiiiiinicinnennn. 166

Figure 9.2. (a) Absorbance and fluorescence spectra of PEFBT-Br in THF and
PFBT-BR CPNs in water, and (b) absorbance spectra of PFBT-Br CPN film
and de-folded PFBT-Br (while preserving the amount of polymers on quartz),
together with the photoluminescence of InGaN/GaN QWs. Reproduced with
permission from Ref. [100]. © American Chemical Society 2013............ccoc.e.. 170

Figure 9.3. (a) Dynamic light scattering (DLS) histogram of PFBT-Br CPNs in
water. The average diameter is 69 nm with a polydispersity index of 0.294, (b)
the absorption spectrum of PFBT-Br film directly deposited on quartz.
Reproduced with permission from Ref. [100]. © American Chemical Society 2013.

xxiii



Figure 9.4. SEM images of (a) PFBT-Br nanoparticles on the nanopillars and (b)
PFBT-Br polymer chains on the nanopillars (after the addition and evaporation
of THF). The amount is carefully set such that the nanopillars are almost fully
covered in both cases to ensure the coverage of the emissive QW region inside
the nanopillars. Reproduced with permission from Ref. [100]. © American

Chemical Society 2013, ....oiiiiiiiiiiii e 172

Figure 9.5. Illustration of the comparative study: First aqueous dispersion of
nanoparticles is drop-casted on the nanopillars and cryogenic time-resolved and
steady state fluorescence measurements are taken at 296, 250, 200, 150, and 100
K. Later, THF is drop-wise added onto the nanoparticles on the nanopillars to
defold them into polymer chains and then fully evaporated. The same
measurements are repeated for the case of open polymers. Reproduced with

permission from Ref. [100]. © American Chemical Society. .........cccccoevveenrene. 172

Figure 9.6. Temperature-dependent lifetimes of (a) nanopillars alone, nanopillars
in the presence of PFBT-Br CPNs, and nanopillars in the presence of defolded
PFBT-Br polymer chains, and (b) temperature-dependent NRET efficiency of
the nanopillar-CPN hybrid and nanopillar defolded PFBT-Br hybrid. Black error
bars indicate the measurement errors for (a), and the error bars in (b) were
calculated using the information in (a). The minimum NRET efficiency was
calculated by taking the minimum lifetime value of nanopillar and the maximum
donor lifetime of acceptor including system. Similarly, the minimum NRET
efficiency was found by using the maximum lifetime value of nanopillar and the
minimum donor lifetime of acceptor including system. Reproduced with

permission from Ref. [100]. © American Chemical Society 2013............ccoeeee. 173

Figure 9.7. Time-resolved fluorescence decay curves of the nanopillars alone, the
nanopillars hybridized with PFBT-Br CPNs and those hybridized with PFBT-Br
polymer (after the addition and evaporation of THF) at 450 nm at temperatures
of 296, 250, 200, 150, and 100 K. Black curves within the colored decay curves
are the multi-exponential functions numerically fitted to the experimental data.

Reproduced with permission from Ref. [100]. © American Chemical Society 2013.

Xxiv



Figure 9.8. Time resolved fluorescence decay curves of PFBT-Br nanoparticles on
quartz and on nanopillars, and defolded PFBT-Br polymer chains (after the
addition of THF onto nanoparticles) on quartz and on nanopillars at 550 nm at
temperatures 296 K, 250 K, 200 K, 150 K, and 100 K. Black lines indicate the
fitted multi-exponential curves (4 exponentials). Reproduced with permission
from Ref. [100]. © American Chemical Society 2013........cccccovieiiiiiiiniinnnennn. 175

Figure 9.9. Temperature dependent fluorescence lifetimes of PFBT-Br CPNs and
defolded PFBT-Br on the nanopillars and quartz. Reproduced with permission
from Ref. [100]. © American Chemical Society 2013........ccceviiviiiiiiiiiirann 180

XXV



List of Tables

Table 2.1. Common figure-of-merits used for evaluating the performance of white

LIGRE SOUTCES. ..vvieiiieee e 25

Table 3.1. Summary of the spectral parameters for satisfying the color gamut
defined in Figure 3.1. A and AX stand for the peak emission wavelength and full-

width at half-maximum, respectively. .........cccooiiiiiiiiiiiiiiieeee e 65

Table 5.1. Amount of precursors for the synthesis of three different
CdSe/CdZnSeS/ZnS quantum dots (QDs) with an alloyed gradient shell.......... 84

Table 5.2. Amounts of Cd within the parental CHCI; solutions and the final
borax-based mixed crystals, measured wusing stripping voltammetry. The

measurements were conducted using a bismuth film on the electrode for the
determination, as described in Ref. [160], [161]......ccccociiiiiiiiiiiiiiiiiiiien, 93

Table 5.3. Average PL-lifetimes and photoluminescence quantum yields (PL-QY)
for three QDs in different media. PL-QY values were measured three times and

AVETAZEA. 1o i ee ettt 97

XXVi



Table 6.1. Lifetimes of macrocrystals with varying Au nanoparticle content and

fixed CdTe QD concentration (2.50 mL corresponding to 352.5 nmol). ........... 119

Table 7.1. The quantum efficiency of the NCs in dispersion and the same NCs
encapsulated in LiCl; their total lifetimes and radiative recombination lifetimes.
In addition, the radiative lifetimes of the NCs in vacuum were first calculated by
employing the radiative lifetime of the NCs in dispersion, then these values were
used to predict the radiative lifetime of the NCs in LiCl matrix according to the

empty cavity, virtual cavity, and fully microscopic models. ................coeeeeennn. 140

Table 7.2.XPS data for the only NCs, NC-in-LiCl, and only LiCl samples. ..... 144

Table 8.1. The volumes for green- (donor) and red-emitting (acceptor)

nanocrystals used for incorporation into LiClL. ...........cccooiiiiiiiiiii, 151

Table 9.1. Emission (Aem) and absorption (A..s) peaks and quantum efficiencies
(®;) of PFBT-Br in THF and PFBT-Br CPNs in water together with mean

diameter, polydispersity index, and zeta potential of the nanoparticles. .......... 170

Table 9.2. Lifetimes (together with y*values) and energy transfer rates and
efficiencies of (i) the hybrid system of the nanopillar and PFBT-Br CPNs and
(ii) that of the nanopillar and PFBT-Br defolded polymer chains. tpa: lifetime of
the donor in the presence of acceptor at 450 nm, 1p: lifetime of the donor (in the
absence of the acceptor) at 450 nm, and ta: lifetime of the acceptor (in the

absence of the donor) at 550 NI .....ccouiiiiiiiiiiiiiii e 175

Table 9.3. Lifetimes of PFBT-Br nanoparticles and polymer chains on quartz at
25T U N 110 PSSR UPPPPPRRRR 180

xXxvii



Chapter 1

Introduction

Light has always been an essential part of the human life and is considered an
important trigger for the development of culture and science [1]. In modern
times, light and light-emitting devices including lamps, lasers, and displays. have
become an inseparable part of our lifestyle. Acknowledging this importance of
light and underlying scientific breakthroughs, UNESCO announced 2015 as the
“International Year of Light and Light-based Technologies”[2].

The significance of light shows itself in its share within the total energy
consumption. Decreasing this amount is expected to substantially contribute to
the efforts for decreasing the carbon footprint; therefore, there is a strong
demand for developing efficient light sources [3]. The research on addressing this
need has already started to help decrease the share of the energy consumed by
the lighting from ~20% in 2007 [4] to 15% in 2015 [5]. The main driving force for
this development has come from the transition from the traditional light sources
to the light-emitting diodes (LEDs) [6]. As tabulated by the US Department of
Energy [7], an LED based lamp delivering a similar light level of an incandescent
lamp consumes only ca. 20% of the energy that the incandescent lamp uses. US

Department of Energy predicts that by 2030 the transition to LEDs will enable a



total of ~40% energy saving. In addition to this saving, the bulb lifetime, which
is 1,000 h for incandescent lamps reaches 25,000 h for the LED based lamps.

This is also an important advantage of using LEDs to decrease the cost [7].

Two main strategies are followed to realize white-light emission using LEDs.
The most straightforward approach is the collective use of multiple LED chips
each individually emitting in different colors. However, despite being
straightforward, this method of producing white light is significantly costly due
to the driving electrical circuitry. In addition, different material systems required
for such LEDs of varying color components further increases the production
complexity and cost. More importantly, the efficiencies of the green and yellow
LED chips are very low; therefore, the white LED luminaries using these LED
chips suffer from low efficiencies. As a consequence of these problems, multi-chip
approach for white light generation could not find ubiquitous use. A more
common method for this purpose relies on the hybridization of color converters
with LED chips. In this method, a blue or UV LED excites the color converting
material that is coated on top of the LED chip. Currently, the most common
color converters are the phosphors made of rare-earth ions. These phosphors
possessing near unity quantum efficiencies are typically very broad emitters
spanning the spectral range from 500 to 700 nm. This spectral broadness
allowing for white light generation is, however, their plague because the emission
spectra of the phosphors extend toward the spectral region where the human eye
is not sensitive anymore. It is also very difficult to fine-tune the spectrum of the
LEDs using phosphors to increase the color quality by increasing the color
rendition capability and shade of the white light [8], [4]. Another problem
associated with these phosphors is the supply problems of the rare-earth

elements threatening their future in optoelectronics [9].

At this point, colloidal semiconductor nanocrystal quantum dots step forward
as they are synthesized using materials that do not suffer from supply problems
and possess high quantum efficiencies accompanied by narrow-band emission
making the spectral fine-tuning possible [10]. Using correct combinations of the
quantum dots emitting in different colors, it is possible to design the emission
spectrum of the white LED so that high color quality and photometric efficiency

can be realized simultaneously [11] as opposed to phosphors. The narrow-band



emission of the colloidal quantum dots poses additional advantages for the
displays as well. This allows for obtaining very saturated colors compared to
broad-band emitters such as phosphors; therefore, the color definition (also
known as the color gamut) of the displays can be increased tremendously when
quantum dots are employed [12]-[14]. Despite these advantages, however, the
quantum dots suffer from low emission stability when exposed to high-photon
flux or high temperatures both of which are typical conditions when the
quantum dots are hybridized with a high-power LED. In addition to this,
obtaining highly-efficient solid-films of the quantum dots is not an easy task.
Another problem is that the currently available efficient quantum dots are based
on cadmium, which is difficult and costly to recycle for the environmental

concerns.

In this thesis, we present our research that we conducted to utilize these
aforementioned capabilities of the quantum dots and address their problems we
summarized above. After providing a scientific background in Chapter 2, we
present our approach to minimize the disrupting effects of the displays on human
biological rhythm by using narrow-emitting quantum dots in Chapter 3. In
Chapter 4, we present our work in which we hybridized quantum dots with self-
assembled magnetic nanowires to obtain anisotropic emitters for display
backlights. In Chapter 5, we present our white LED design and implementation
in which we incorporated the aqueous colloidal quantum dots within a salt
matrix to improve the emission stability. In Chapter 6, we co-immobilized metal
nanoparticles with quantum dots to increase the efficiency of the aqueous
quantum dots using a robust platform allowing for plasmonic interaction. In
Chapter 7, we addressed the need for the aqueous quantum dots to incorporate
them into crystalline matrices. The vacuum-assisted method that we present in
this chapter allows for the incorporation of the nonpolar quantum dots into salt
matrix without phase transfer. This technique enables obtaining powders of
quantum dots that possess high quantum efficiency and high emission stability.
In Chapter 8, we studied the nonradiative energy transfer dynamics between
green- and red-emitting nanocrystal quantum dots in salt matrix and
implemented an excitonically improved LED. In Chapter 9, we present our work

in which we investigated the morphology dependent nonradiative energy transfer



from the InGaN/GaN quantum well nanopillars to conjugated polymer
nanoparticles which make another class of materials allowing for spectrum tuning
by controlling the composition [15]. Finally, we conclude the thesis by making

final remarks and giving a future outlook in Chapter 10.



Chapter 2

Scientific Background

This thesis work involves the colloidal semiconductor quantum dots and metal
nanocrystals along with conjugated polymer nanoparticles for the design and
implementation of high-efficiency high-quality light-emitting devices. Before
presenting the details of our research work, we find it beneficial to introduce
some background information. Within this framework, we first start with an
introduction to the color science and photometry. Subsequently, we continue
with the physics, synthesis, and applications of the colloidal semiconductor
nanocrystal quantum dots, metal nanoparticle and quantum dot incorporating
crystalline matrices — the macrocrystals, and conjugated polymer nanoparticles,
all of which we have used in this thesis. Finally, we present brief introductory
information on nonradiative energy transfer and plasmonic interaction, which are

two of the important physical phenomena we studied in this thesis.

This chapter of the thesis is mainly based on T. Erdem and H. V. Demir
Nanophotonics 2, 1, 57-81 (2013) [12] and partly on T. Erdem and H. V. Demir
Nanophotonics 5, 1, 74-95 (2016) [16]. Reproduced with permission from
DeGruyter Publising © 2013 and 2016.

2.1 Color Science and Photometry

To evaluate the quality of white light sources, one needs to have quantitative
measures, some of which also take the human perception into account. At this

point, color science and photometry along with radiometry comes into play. In



this section, we summarize these concepts by first explaining the main features of
the human eye. Subsequently, we move to the photometry and discuss different
vision regimes depending on the luminance levels. Then we continue with the
definitions of the photometric measures used in the lighting community. Finally,
we further detail our discussion on the human vision regimes and on the effects
of the lighting on human biological rhythm by employing the definitions we
present. We discuss the color rendition metrics that indicate how accurate the
real colors of the objects are rendered by the light source. Following this, we
introduce quantitative definitions of color and then continue with the correlated
color temperature which quantifies the shade of the white light and color

rendering metrics that evaluate the color rendition accuracy of the light sources.

2.1.1 The human eye and the spectral sensitivity of the

vision process

The eye is the sensory organ that provides us with the faculty of visual
perception. The outermost layer of the eye is called the cornea, where the light
rays first enter (Figure 2.1) [17]. There is an additional curvature in the front
part of the cornea contributing to the focusing of the light. The cornea itself is a
transparent structure; moreover, tears and mucus solutions have an important
role in sustaining its transparency. Light rays passing through the cornea arrive
at the anterior chamber, which controls the pressure within the eye ball via a
transparent liquid called the aqueous humor. After traversing this liquid region,
light rays come to the lens whose main function is to focus the light on the

retina.



Choroid

Ciliary body

Figure 2.1. Illustration of the human eye structure along with a zoom-in to the

photoreceptors in the retina [18].

The innermost part of the human eye is called the retina. It contains the
visual neurons, which are the most crucial elements of the vision process. These
neurons consist of three main layers: the photoreceptors, intermediate neurons,
and ganglion cells [19)].

The layer responsible for the light-sensing is called photoreceptors. There are
three different types of photoreceptors in the human eye. Two of them are
responsible for the visual perception while the remaining one mainly contributes
to controlling the human biological rhythm. The photoreceptors that are
responsible for the vision are named in accordance with their shapes and called
rods and cones. The rod photoreceptors outnumber the cones in the retina and
are denser in the regions away from the center of the retina. They have only one
type and are very sensitive to light. Their sensitivity spectrum covers a
significant portion of the visual regime, but they do not contribute to color
differentiation (Figure 2.2). Different than rods, there are three types of cones in
our eyes each having a different sensitivity spectrum, which helps brain
translating the received optical input as blue, green, and red colors (Figure 2.2)
[20].

The difference between cones and rods are not restricted to the difference in

their sensitivities, their activities also differ depending on the ambient lighting



levels. At high luminances, cones dominate the visual perception. At lower
luminances, on the other hand, cones are not sensitive enough while rods are
primarily responsible for vision. As a result, we have a clear color differentiation
capability when the ambient lighting is strong while we cannot distinguish colors
in the dark or under very dim lighting conditions. The vision regime, in which
cones are active, is called the photopic vision and the regime, in which rods
dominate the visual perception, is named as the scotopic vision. Between these
two, there is another vision regime called the mesopic vision, in which rods and
cones contribute to the visual perception simultaneously. Before discussing the
importance and limits of this vision regime, we first need to present some basic
information that is needed to quantitatively evaluate the lighting-level

perception.
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Figure 2.2. Normalized spectral sensitivities of rods and cones (red, green, and
blue). Reproduced with permission from Ref. [20]. © Cambridge University Press
2016.

While designing a light source, it is essential to maximize the spectral overlap
of the emitted light source with the spectral sensitivity of the human eye. This is
because a light source radiating at wavelengths not detectable by the eye cannot
contribute to what one sees. Even if the source has a high power conversion
efficiency or high optical power, it cannot be accepted as an efficient light source
for general lighting applications since the emitted light cannot be sensed. At this
point, knowing the sensitivities of the photoreceptors in the human eye is of
critical importance. Since the activity of the photoreceptors differ depending on

the ambient lighting level, the effective sensitivity of the human eye changes



accordingly. For instance, the sensitivity of the rods peaks at 507 nm while the
effective sensitivity of the cones peaks at 555 nm. In the mesopic regime
condition, however, both photoreceptors are active, making the human eye
sensitivity function differ from the photopic and scotopic eye sensitivity function
(Figure 2.3). Here, it is worth mentioning that the eye sensitivity function in the
mesopic vision conditions depends on the contributions of the rods and cones to
the vision. Since this contribution depends on the lighting level, the mesopic
vision sensitivity is also a function of the lighting level, which we will further

discuss in the upcoming sections.
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Figure 2.3. Normalized eye sensitivity functions in scotopic (red curve), mesopic

(dashed curves), and photopic (blue curve) vision regimes.

2.1.2 Radiometric and photometric quantities

The radiometric measures express the properties of light from the perspective of
electromagnetic radiation. On the other hand, photometric measures evaluate the
emitted spectrum and power considering the sensitivity of the human eye, and
they are essential for commenting on the efficiency of white light sources for

general lighting applications.

The first pair of radiometric-photometric quantities that we introduce here is

the radiant and luminous flux. Radiant flux is basically the power radiated by a



light source and has units of We,. The luminous flux (®), on the other hand, is
defined as the useful optical radiation for the human eye, expressed in units of
lumen (Im), and calculated by using Equation 2.1 where Pr(A) and V(L) stand for

the spectral radiant flux and photopic eye sensitivity function, respectively.

®=683M
W

opt

IPR (AV (A)d A (2.1)

Another important radiometric quantity is the irradiance, which is the optical
power per unit area and expressed in units of We,/m? The illuminance is the
irradiance subject to the photopic human eye sensitivity function, and it has
units of lm/m? or equivalently lux. Given the spectral irradiance Pi(}), the
illuminance (IL) is expressed as in Equation (2.2). The illuminance is a quantity
which is used to assess the effect of the lighting on the human circadian cycle.

We will return to this subject toward the end of this section.
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Among the most important pairs of radiometric-photometric quantities we
can include are the radiance and luminance. The radiance is the radiometric
quantity denoting the optical power per solid angle per unit area and has the
units of Wy /(m?r). Given the spectral radiance Pr(X), the luminance is
calculated using Equation (2.3). Basically, it gives us the amount of optical
radiance that is useful for the human eye using the sensitivity function in the
photopic regime V(A). It is measured in units of lm/(m’r), or equivalently
cd/m?®.
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The luminance levels are used for defining the vision regime boundaries.
Previously, there has been no consensus regarding these limits until 2010. For
example, Osram Sylvania reported the luminance limits of photopic and scotopic
vision to be 0.003 and 3 cd/m? respectively [21] whereas Johnson [22] and
LeGrand [23] stated that photopic vision begins at a luminance of 5 cd/m?*

10



According to Kokoschka, photopic vision starts at 10 cd/m? [24]. Moreover, the
[luminating Engineering Society of North America (IESNA) puts the boundaries
at 0.01 and 3 cd/m*® [25], and in 1978, the International Commission for
[lumination (Commission Internationale de I'Eclairage, CIE) reported that
scotopic vision starts below 0.001 cd/m? [26]. On the other hand, Rea put the
scotopic and photopic boundaries at 0.001 and 0.6 cd/m? respectively, in his
UPS system [27]. Almost simultaneously, the MOVE consortium suggested the
boundaries to be 0.01 and 10 cd/m?* [28], [29]. In 2010, a new report on a
recommended system of photometry (CIE 191:2010) was published by the CIE,
based on the USP and MOVE systems [30]. In this report, the boundary between
the scotopic and mesopic vision was given as 0.005 c¢d/m? and that between the
mesopic and photopic vision, as 5 cd/m? Furthermore, the eye sensitivity
function in the mesopic vision regime is defined as a linear combination of the
photopic and scotopic eye sensitivity functions. The details of this calculation
can be found in Ref. [30]. The eye sensitivity functions calculated at various

luminances based on this method are presented in Figure 2.3.

In addition to the metrics explained above, the efficiency of the white light
sources needs to be evaluated by taking the eye sensitivity function into account.
There are two important efficient measures that are used for this purpose. The
first one, which expresses the efficiency of the white light spectrum with respect
to human perception, is called the luminous efficacy of optical radiation (LER).
It is calculated using Equation (2.4) where P(A) and V(L) are the spectral power
distribution and photopic eye sensitivity function, respectively. The LER is
expressed in units of lm/W,. The maximum value of the LER is 683 Im/Wy;
however, this can only be achieved with a monochromatic light source at 555
nm. A white light spectrum having an LER as high as possible is desirable, as it
means less optical energy is radiated at the wavelengths where the eye is not
sensitive. In general, white light sources with LERs >350 lm /W, are considered
photometrically efficient [12].

Im
683, j P(L)V (1)d A

LER = ot (2.4)
J.P(/i)dﬂ
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From a device point-of-view, it is essential to evaluate the efficiency of the
light source by considering the electrical power consumption. For this purpose,
the luminous efficiency (LE), which is defined as the efficiency of the radiated
light as perceived by the human eye with respect to the supplied electrical
power, P, is calculated using Equation (2.5) and it is expressed in units of
Im/Waet. Today, efficient white light sources can reach LEs close to 150
Im /W [16].

Im
683Wpt j P(AV (1)d A

LE = (2.5)

o)

elect

After obtaining the necessary background information on the photometry of
light sources, here we continue with the background information on the effect of
lighting on the human circadian rhythm. Around the beginning of this
millennium, another photoreceptor in the human eye was found, which is not
responsible for vision but instead responsible for the regulation of the circadian
cycle, i.e., the daily biological rhythm [31], [32]. This receptor is called the
melanopsin which controls the circadian rhythm by secreting melatonin. During
the daytime, melatonin secretion is suppressed and a daytime signal is sent to
the brain. During the nighttime, melatonin is secreted and a nighttime signal is

delivered to the brain.

At this point, it is worth parenthetically noting and discussing the effects of
light on the circadian cycle. Since during the daytime, the sun radiates with a
significant short-wavelength content compared to the radiation in the evening, it
is expected that melatonin suppression is regulated mostly by the blue content of
the spectrum. Moreover, insufficient exposure to bluish light in the morning was
found to result in a shift in the circadian cycle [33]. Another important point is
that the shade of the white light emission affects the circadian cycle. In the case
of cool white illumination, the brain receives signals indicating that it is daytime
because of melatonin suppression due to the strong blue content, whereas a
warm white illumination does not shift the circadian cycle. In other words, the
circadian cycle can be manipulated by adjusting the spectrum of the light source

and its color temperature. Therefore, especially for home lighting applications,
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warm white colors should be selected to avoid the unintended effects of lighting

on the circadian rhythm.

Although it is currently well known that the lighting affects the secretion of
melatonin contributing to the control of the biological rhythm, it is still
controversial how the suppression of melatonin occurs and how lighting affects it.
According to Rea, melatonin suppression is affected collectively by rods, cones,
and melanopsin [34], while Gall [35] and Enezi [36] employs a simpler model and
connects the melatonin suppression only to the effect of lighting on melanopsin
since some neurons in the brain robustly react to melanopsin activity but not to

that of the cones [37].

In order to quantitatively express the effect of the light sources on the
melatonin secretion, Gall introduced the circadian effect function c(A) in 2005,
which is shown in Figure 2.4 [35]. This function was empirically calculated using
the experimental data of Brainard et al. [38] and Thapan et al. [39].
Subsequently, Gall introduced another quantity, which is known as the circadian
effect factor a. and calculated using Equation 2.6 where s(A) stands for the
spectral irradiance and V(A) is the photopic eye sensitivity function. Gall used
this quantity to evaluate the relative effect of the light sources on the melatonin
suppression. He developed it in a manner that once a. is known, the relative
effects of the light source on the melatonin suppression can be calculated by

simply multiplying a., with the illuminance of the light source.

Js(/l)c(i)dxi
o = [styviada
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Figure 2.4. Spectral distribution of the circadian effect function introduced by
Gall [35].

In 2010 Rea et al. proposed another measure for evaluating the effects of the
light sources on the melatonin suppression [34]. This model was further refined in
2012 [40]. Different than the approach of Gall, Rea included the effect of other
photoreceptors on the circadian cycle and introduced another metric called the

circadian light (CL), which is calculated using Equation 2.7:

J'v (A)s(A)dA
1622 IM(z)s(z)dMab_yU S o1yda kj V(4) 5(,1)d1) a|1-e Roda

mp(4)
_ (s vV(2)
CL-= if “ — s(A)d A - kJ' (ﬂ)s(z)dszo

S(A)

1622]M(,1)s(/1)d/1 ifU —

s(2)d 2 kj vi4) s(/l)d,zj<o

(2.7)

where S(A) is the spectral irradiance of the light source, M(A) is the melanopsin
sensitivity, S(A) is the S-cone fundamental, mp(A) is the macular pigment
transmittance, V(L) is the photopic eye sensitivity function, V’(X) is the scotopic

eye sensitivity function, RodSat is defined as the half-saturation constant for
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bleaching rods and has the value of 6.5 W/m? £k=0.2616, a,,=0.6201, and
Qrod=3.2347.

The third model on the melatonin suppression mechanism developed by Enezi
et al. [36] proposes a simpler mechanism. Enezi et al. claims that the responses
from the cones can be reduced in the brain and therefore, the signals associated
with cones might be ineffective on melatonin suppression. Based on this
argument, Enezi et al. introduced the melanopic eye sensitivity function V,(A),
which was plotted in Figure 2.5. Different than Gall model, which was based on
the experiments carried out by Brainard [38] and Thapan [39], Enezi et al.
employed the photosensitivity of a vitamin A based photopigment while defining
V(A). After defining V,(A), the melanopic illuminance (My) was calculated using
Equation 2.8.

M, = 4557 J' S(A)V, (1)dA (2.8)

1.2

Melanopic eye sensitivity function
(A
o
(2]

350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 2.5. Spectral distribution of the melanopic eye sensitivity function by
Enezi et al. [36].

2.1.3 Quantifying colors and colorimetric assessment

criteria

In addition to the photometric efficiency, it is very important for a light source

to exhibit high color quality. Therefore, a quantitative description of color and
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its quality is necessary. For this purpose, the CIE introduced three color
matching functions: x, y, and Z, whose spectral distributions are given in Figure

2.6, using a statistical approach [41].

In order to calculate the color coordinates, we first calculate the so-called
tristimulus values, X, Y, and Z by using Equations (2.9)—(2.11) for an arbitrary

radiation spectrum of s(4).

X = [s(A)x(2)dA (2.9)
Y = j s(1)Y(A)dA (2.10)
Z = [s(A)z(2)d2 (2.11)

A
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Figure 2.6. Color matching functions used in all of the colorimetric calculations.
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The (z,y) chromaticity coordinates, which are also referred to as CIE 1931
chromaticity coordinates, are calculated using Equations (2.12)—(2.14). Since one
of the three coordinates is dependent on the other remaining two, this
methodology generates a two-dimensional color mapping as presented in Figure
2.7.

X

X=—m (2.12)
X+Y+Z

Y
= 2.13
y X+Y+Z ( )

Z

I=——=1-X- 2.14
X+Y+7Z y ( )

Despite the fact that this color mapping is the most widely preferred
chromaticity diagram, it has an inherent problem that the geometric difference
between the positions of pairs of colors does not consistently correspond to the
perceived difference between the colors leading to nonuniform color distributions.
As a solution to this problem, additional color mapping methodologies were

proposed by CIE. These are the (u,v), (u',v'), and L*a*b* chromaticity diagrams.
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Figure 2.7. (x,y) chromaticity diagram. This color gamut is also known as CIE

1931 chromaticity diagram.

(u,v) and (u',v') coordinates are related to X, Y, and Z color coordinates
using Equations (2.15) — (2.17). We present the (u',v') chromaticity diagram in
Figure 2.8. As we can clearly see, especially green and red colors are more

equally distributed on this diagram.

u—u=— 2% (2.15)
X +15Y +3Z
e & (2.16)
X +15Y +3Z
: o (2.17)

Viee———
X +15Y +3Z
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Figure 2.8. (u',v’) chromaticity diagram. Reproduced with permission from Ref.
[20] © Cambridge University Press 2016.

Despite the improvements on (u’,v’) chromaticity diagrams in terms of color
uniformity, this system still needed to be improved. In addition to this, the
existing systems, which do not include the effect of the luminance on the color
perception, need to be modified to possess this information. These issues were
addressed by CIE in 1976 and (L'a’b’) chromaticity diagram was introduced
(Figure 2.9). Contrary to the previous systems, (L'a’b’) is a three dimensional
color space and maps the perceived colors considering the effects of luminance.
The corresponding color coordinates are calculated using Equations (2.18)—(2.20),
where X,, Y,, and Z, are the nominally white object color stimulus, and

calculated using CIE standard illuminant A.

L =116(Y /Y,)** -16 (2.18)

) W W (y
a ZSOOHX_J _[ZJ ] (210)
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b" = 200[(1]]!3 - (5]1/3] (2.20)
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l Brightness L* (b)
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Figure 2.9. Illustration of (a) the full CIE L*a*b* chromaticity diagram and (b)
a cross-section. Reproduced with permission from Ref. [42]. © Wiley

International 2011.

The chromaticity diagrams offering color uniformity are especially targeted
for comparing the colors of different sources. For a white light source, one of the
obvious light sources whose color is compared with is the sun. Since the sun can
be considered as a blackbody radiator, the shade of the white light radiated by
the designed light source can be safely compared with the shade of a blackbody

radiator.

The emission spectrum of a blackbody radiator is a function of its
temperature. With the same analogy, the shade of the white light of an arbitrary
white light source can be characterized by finding the temperature of the
blackbody radiator whose color is closest to the color of the light source. This
temperature is called the correlated color temperature (CCT). As opposed to the
common usage in thermodynamics, high CCTs indicate a cool white-shade since
a blackbody radiator at higher temperatures have a stronger bluish color tint.
Similarly, a blackbody radiator at lower temperatures have stronger red content
components giving its emission a warmer white shade. Traditionally, the CCT of

an arbitrary light source is calculated using (u’,v’) chromaticity diagram (see
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Figure 2.8). Incandescent light bulbs have CCTs around 3000 K and fluorescent
tubes have varying CCTs from 3000 to 6500 K, whereas the CCT of the sun is
close to 6000 K [20]. Having a warmer white shade (between 3000 and 4500 K) is
more desirable for indoor lighting applications mainly for avoiding the disturbing

effects of cool white light on the human biological clock.

Another parameter for the color quality of a white light source is its
capability of rendering the real colors of the objects. This feature of light sources
has great importance especially for the indoor lighting applications (Figure 2.10).
Moreover, under low ambient lighting such as outdoor lighting, Reynham and
Saksvrikrgnning indicated that good color rendition helps increasing the road

safety by improving the color contrast [43].

This property of the light sources is evaluated by various measures including
the color discrimination index [22], cone surface area [23], color rendering
capacity [24], feeling of contrast index [25], and flattery index [26]. However,
these metrics have not attracted considerable attention in the lighting
community to date. Therefore, we will not cover them here in detail and
continue with two of the most commonly used color rendition metrics that are

the color rendering index (CRI) and the color quality scale (CQS) [21].

Figure 2.10. Photographs of vegetables and fruits taken with light sources having
(a) good and (b) poor color rendition capabilities [44].

CRI was first introduced by CIE in 1971 [45] and later in 1995 its calculation
method was revised [46]. It makes use of fourteen test samples whose reflection

spectra are given in Figure 2.11. The calculation assumes that the reference
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white light source, which is in general a blackbody radiator, renders the colors of
objects perfectly. The calculation involves evaluating the performance of the test
light sources by comparing reflection spectra of the reference and test light
sources from the test color samples and calculating the associated color difference
between these two light sources. This color difference data was then employed to
calculate the CRI whose maximum value is 100 indicating a perfect color
rendition capability. Its minimum value is -100 which indicates the worst color
rendition performance. During the CRI calculation, a color rendering index value
specific to each test sample is obtained. The general color rendering index is
calculated by using the first eight test samples while the remaining six samples
define the specific CRI. In general, a light source possessing CRI >90 is

considered to successfully render the real colors of objects [12].

Reflection
o
(a)]

o
I~

350 450 550 650 750 850
Wavelength (nm)

—TCS01 —TCS02 —TCSO3 —TCS04 —TCSO05 —TCS06 —TCSO7
—TCS08 -~ TCS09 —TCS10 —TCS11 —TCS12 —TCS13 —TCS14

Figure 2.11. Reflection spectra of the test color samples (TCS) used for

calculating the color rendering index.

Calculation of CRI starts with the determination of (u,v) coordinates of the
reflection from the test sample 7 using the reference (dubbed with ref) and test
light sources. Using Equations 2.21 and 2.22, (u,v) coordinates are transformed

to (¢,d) coordinates.
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c=(4-u-10v)/v (2.21)
d = (1.708v +0.404 —1.481u) / v (2.22)

Subsequently, (wes.: vies.i ) coordinates are found using Equations (2.23) and
(2.24).

Cret df&f
10.872+0.404 " ¢, — 4d—dtest,i
ut:;t,i (t:QSt d = (2.23)
16.518+1.481-" ¢ - didtest,i
test test
N 5.520
Viesti = C d (224)
16.518+1.481-" ¢ ., ——""d,,,
‘test test
Where (utﬁst**7 Utt?&t**) are glven ln Equations (225) and (226) ’
w - 10.872+0.404c,,, —4d, (2.25)
16.518+1.481c,,, —d.,
- 5.520 (2.26)

V,
' 16.518+1.481c, —d,,

The color shifts for each sample (AE;") are calculated using Equations (2.27)
~ (2.30).

AL = [25(\4%i )” —17} | 25 (Vs ) =17 | = Ly ~ L (2.27)
AU™ =131  (Urgr ; — Uy ) — 13l (U ; —Ureer) (2.28)

AV =131 (Vegr i = Vyer ) =13l (Viewr i = Viewt) (2.29)

AE” = J(AL™)? + (AU™)? + (AV™)? (2.30)
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Following the computation of the color shift, CRI for each test sample is
calculated using Equation (2.31). Finally, the general CRI can be found using
Equation 2.32.

CRI, =100—-4.6AE; (2.31)
1 8

CRI :§ZCRIi (2.32)
i=1

Despite the fact that CRI still remains as the most frequently used measure of
color rendition, it suffers from various issues [47]-[49]. One of them is the
utilization of an improper uniform color space. Another issue is the assumption
that the used reference sources render the colors perfectly is not always correct
at very low and very high CCTs. These problems cause inaccurate results
especially for the light sources having saturated color components. In addition to
this, the arithmetic mean used during the calculation of CRI allows for the
compensation of a low CRI value belonging to a certain test sample by the high

CRIs of other test samples.

These problems of CRI are later addressed by Davis and Ohno who
introduced the color quality scale (CQS) as an alternative to CRI [21]. CQS and
CRI both employ the same reference sources. However, the CQS makes use of
fifteen commercially available Munsell samples, all having highly saturated
colors. This selection is based on the observation that a light source successfully
rendering the saturated colors also successfully renders the unsaturated colors
successfully [47]. This is especially important for the narrow-band emitters such
as LED and nanocrystal-based light sources that we cover in this thesis.
Different than CRI, CQS employs the L*a*b* color space, which is a more
uniform color space compared to (u,v) color space. Another improvement in CQS
compared to CRI is the addition of a saturation factor that neutralizes the effect
of increasing the object chroma under the test illuminant with respect to a
reference source. Furthermore, CQS does not allow the compensation of a poorly
rendered test source by other successfully rendered sources by calculating the
root-mean-square of individual color differences. Another fine-tuning in CQS

compared to CRI is the change of the scale from the range of -100 to 100 to the
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range of 0 to 100. Finally, in CQS a correction for the low CCTs is introduced,
and the final value of the CQS is determined. Since the calculation of the CQS is
very similar to that of the CRI, here we do not present the equations necessary
for the CQS calculations and encourage the readers to look through Ref. [47] for
further details.

Up to here, we have covered the main concepts of color science and
photometry, which are frequently used in designing white light sources. The
most widely used figure-of-merits in color science and photometry are
summarized in Table 2.1 and a short description for each figure-of-merit along

with their units is provided to assist the reader.

Table 2.1. Common figure-of-merits used for evaluating the performance of white

light sources.

Figure of Merit Unit Short Description

Color Rendering Index None Indicates how good the real colors of
(CRI) the illuminated objects are rendered
Color Quality Scale (CQS) None by the light source

Correlated Color K Indicates the shade of the white
Temperature (CCT) light source — warm to cool white

Indicates the overlap between the

Luminous Efficacy of I /W human eye sensitivity curve and the
m op

Optical Radiation (LER) " light source spectral power density

per generated optical power

Indicates the overlap between the

human eye sensitivity curve and the

Luminous Efficiency (LE) Im/Weeer .
light source spectral power density
per supplied electrical power
Indicates the overlap between the
human eye sensitivity and the light

Luminance (L) cd/m? source spectrum per unit solid angle

per area — can be considered as

perceived brightness under photopic
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vision conditions

Indicates the overlap between the
[luminance (IL) lm/m? human eye sensitivity and the light

source spectrurn per area

Indicates the spectral overlap
between the human eye sensitivity
Mesopic Luminance (Lu.) e/ and the li%ht source Spectrumf.can
be considered as perceived
brightness under mesopic vision

conditions

2.2 Quantum Dot Nanophosphors for
Lighting and Displays

Within the last few decades, we have witnessed a tremendous progress in the
optoelectronic devices made of semiconductor materials. Further structural
engineering of these materials have introduced additional features that cannot be
realized in bulk counterparts. Colloidal semiconductor nanocrystal quantum dots
(QDs) are good examples for these structurally engineered semiconductors. By
tuning their sizes, their effective bandgaps can span a broad range of
wavelengths covering parts of ultraviolet, visible, and near infrared regimes. As a
result, the optical features of these materials can be tuned by adjusting their size
and size distribution. This property of QDs has enabled the development of new
types of lasers, light-emitting diodes (LEDs), solar cells, and photodetectors [12],
[16].

From the perspective of white LEDs, these materials offer great potential as
they allow for optimization of the photometric and colorimetric properties of the
device, because of the narrow emission band of QDs together with the
positioning of the peak emission wavelength within the visual spectra band. This

further provides the ability to accommodate multiple QD emitters finely tuned
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one by one to collectively generate the targeted spectrum. Also, the broadband
absorption of QDs remove the constraint for the excitation wavelength as long as
it is sufficiently below the band edge, whereas this is one of the main concerns
for conventional phosphors with narrower absorption bands. In this section of
this thesis, we will briefly describe the nanocrystal synthesis; and finally
summarize previous studies including our efforts on their use for indoor and

outdoor lighting as well as display backlighting.

2.2.1 Physical properties of nanocrystal quantum dots

As the dimensions of pieces of materials come close to their exciton Bohr radii,
the quantum mechanics emerge as the governing mechanisms. Semiconductor
QDs are excellent examples of this phenomenon. When we decrease the size of a
semiconductor structure down to ~10 nm as in the case of semiconductor QDs,
we start to approach the typical extent of electron and hole wavefunctions [50].
As a result, the electron and hole wavefunctions start to be confined with
decreasing size due to high energy barrier of the surrounding medium. From a
simplistic point-of-view, the resulting quantum mechanical system is similar to a
finite quantum well problem, and discrete energy levels dictate the material
properties. A schematic illustration of a quantum dot is given below in Figure

2.12 along with the corresponding energy band diagram.
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Figure 2.12. Schematic illustration of a core/shell nanocrystal QD (left) and the
corresponding energy band diagram (right).

The exciton Bohr radius (rz) of a typical bulk semiconductor can be
calculated using Equation 2.33 where h is the reduced Planck’s constant, e is the
electron charge, ¢ is the permittivity, and m. and m, are the electron and hole

effective masses, respectively [51].

2
r, =h—f(i+ij (2.33)

e m, m,

When we calculate rp for a typical semiconductor used for QDs such as CdSe,
we find it to be ca. 5 nm. Considering that the size of a typical QD is ~10 nm,
the particle remains in the weak confinement regime [50]. As a result, the energy
of the exciton can be expressed as in Equation 2.34.

* 2,2
Em =E, —%+% (2.34)

In this equation, F, stands for the bulk bandgap energy; n, m, and [ are the
quantum numbers; R,* stands for the exciton Rydberg energy, which is equal to
e2/(2erg); M is the mass; a indicates the size of the particle, and ym stands for the
roots of the Bessel function. It is here worth noting that the second term arises

from the electron-hole Coulomb interaction and the third term describes the
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states due to the center of mass motion in the presence of an external potential

barrier.

Equation 2.34 clearly shows the size-dependent transition energies that grow
with decreasing particle size. This can be easily observed in the emission and
absorption spectra of the QDs. As the size decreases, a significant blue shift is
observed in the emission spectrum of the semiconductor material compared to
the bulk case. For example, a bulk CdSe crystal has an emission peak at 713 nm,
whereas its quantum dots can emit at around 500 nm. Another interesting
feature of the QDs is that this blue shift is strongly dependent on the size of the
material. As the size of the QD decreases, the emission peak moves to higher
energies corresponding to shorter wavelengths as a result of the narrowing well
width. On the other hand, the bandwidth of the emission spectrum is strongly
dependent of the size distribution of the QDs and the density of the trap states.
As with the emission, the absorption features also exhibit a size-dependent
behavior. As the size of the QD decreases, the absorption starts at higher photon
energies or equivalently shorter wavelengths. As an example, we present the
emission and absorption spectra of CdSe QDs synthesized in our laboratory in
Figure 2.13.
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Figure 2.13. (a) Emission and (b) absorption spectra of the CdSe QDs

synthesized at Demir Group laboratories, red-shifting with increasing size.

2.2.2 Colloidal synthesis of semiconductor quantum

dots

In this thesis, we are interested in the colloidal QDs that are prepared via wet
chemistry. The quantum confinement effects that depend on the size of the QD
are controlled by adjusting the synthesis parameters such as temperature, growth

time, and reactants. A common method for preparing non-colloidal QDs, which
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are not used in this thesis, is the use of thin-film epitaxial growth techniques. In
this method, the island of an energetically narrow bandgap material is
surrounded by a matrix with a wider energy bandgap. However, in contrast to
their colloidal counterparts, their epitaxy is very expensive due to high-
temperature processing, their growth over large areas is not possible, and they
require a substrate for the growth; therefore, their deposition on the LED chips

as color converters is a challenge [12].

Colloidal nanocrystal QDs can be synthesized and dispersed in polar solvents,
like water, as well as in non-polar solvents such as hexane, toluene, and
chloroform. A good review of the synthesis of these materials can be found in
Refs. [52], [53]. There are several possible materials that can be used for QD
synthesis. Among them, CdS, CdSe, CdTe, ZnS, ZnSe, ZnTe, HgTe, PbSe, PbS,
and InP can be given as common examples. However, using only core generally
does not result in a high photoluminescence quantum efficiency, which is defined
as the emitted number of photons per absorbed photon. To enhance the emission
capabilities of the QDs, a core/shell material system is preferred. In this system,
an additional material having a higher bandgap surrounds the core. A careful
choice of coating material decreases the lattice mismatch, leading to increased
quantum efficiency [52]; as a result, more efficient QDs can be synthesized.
Today, efficiencies of more than 90% have been reported using colloidal
approaches [9]. Typical material choices are CdSe/CdS, CdSe/CdS/ZnS,
CdSe/ZnS, PbSe/PbS, CdTe/CdSe, CdSe/ZnTe, and InP/ZnS. Another material
system that has attracted attention in recent years is doped quantum dots.
These QDs consist of a semiconductor core doped with a transition metal. The
absorbing material is the semiconductor, while the emission occurs through the
dopants. As a result, the emission spectrum of the QDs and their absorption
spectrum are separated, which in turn decreases the reabsorption problem [54].
Common core-QDs are InP, CdSe, CdS, and ZnSe, and common transition

metals acting as the emission centers are Cu and Mn.

Within the framework of this thesis work, we have utilized mainly two
different QD synthesis techniques. The first synthesis was carried out in aqueous
environment and the resulting CdTe core QDs that are coated with thioglycolic

acid (TGA) ligands are dispersed in water. The second class of the QDs that we
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used in this thesis involves a hot-injection based technique. With this technique
we grew CdSe/CdZnSeS/ZnS core/alloyed shell/shell QDs that can be dispersed

in nonpolar solvents thanks to their oleic acid ligands.

For the synthesis of CdTe nanocrystal QDs dispersed in water, we follow Ref.
[55]. In this synthesis, the TGA molecules having thiol groups which have the
tendency to bind to the Cd atoms, serve as the stabilizer and makes them
dispersable in water. The synthesis that we carried out in our laboratories uses
aluminum telluride (Al;Tes) as Te source, cadmium perchlorate hexahydrate
(Cd(ClOy4)26H20) as the Cd source, thioglycolic acid (TGA) as the surfactant,
water as the synthesis environment and dispersion medium in addition to sodium
hydroxide (NaOH) used to set the pH of the solution, sulfuric acid (H.SOy) to
carry the Te atoms to the reaction mixture, and iso-propanol (C;H,OH) for the
cleaning. We synthesize these nanocrystals in a three-neck reaction flask while
continuously stirring. For a typical synthesis we dissolve 4.59 g of
Cd(Cl0O4)>6H,0 in 500 mL of water. Subsequently, 1.3 g of TGA is added to the
reaction mixture and NaOH is added to the mixture dropwise until the pH is set
to 11.8. 0.8 g of Al;Te; is placed in a second two-neck flask that is connected to
the reaction mixture. First, Ar is flown through the system for removing the
dissolved oxygen so that the Te-source does not oxidize. Subsequently, 10-12 mL
of HSO4 (0.5 M) is added dropwise on top of the Te-source so that HyTe gas is
generated and flown by Ar flow into the reaction mixture containing the Cd-
source (Figure 2.14). To start the growth of the QDs, we heat up the mixture
until the boiling point. The first products are green-emitting QDs while the

synthesized QDs grow with time and emit in yellow then red color.
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Figure 2.14. Mlustration of the setup used for CdTe QD synthesis.

The quantum efficiency of these QDs dispersed in water remain in general
below 60%. However, core/alloyed-shell/shell QDs can possess much higher
quantum efficiencies. For this purpose, we also synthesized these QDs for the
studies presented in this thesis. We follow Ref. [56] for the synthesis of
CdSe/CdZnSeS/ZnS QDs. In a typical synthesis, we use cadmium oxide (CdO)
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as the Cd-source, zinc acetate as the Zn source, sulfur as the sulfur source,
selenium as the Se source, oleic acid as the ligand, and trioctylphosphine (TOP)
and l-octadecene (1-ODE) as solvents. We start the synthesis by dissolving 0.4
mmol of CdO and 4 mmol of zinc acetate in 5.6 mL of oleic acid and 20 mL of 1-
ODE in a 50 mL three-neck flask. To remove impurities, we keep the mixture in
vacuum for 2 h at 100 °C under vigorous stirring. Subsequently, we heat the
reaction mixture to 310 °C under argon flow. When we reach this target
temperature, we quickly inject the solution of 0.1 mmol of Se powder and 4
mmol of S powder in 3 mL of TOP to the reaction flask. After 10 min of growth,
we cool down the reaction mixture to room temperature (Figure 2.15) and clean
the synthesized nanocrystals by precipitation using hexane/acetone mixture.
After cleaning, the QDs are dispersed in nonpolar solvents such as hexane and

toluene.

Figure 2.15. Exemplary photograph showing nonpolar CdSe/CdZnSeS/ZnS QDs

synthesized in Demir Group synthesis laboratory.

2.2.3 Quantum dots for lighting and displays

QDs having narrow band emission and spanning the whole visible regime offer

strong opportunities for designing high-quality light sources [12], [57]-[59].
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However, optimization of the white light spectrum is a complicated task that
needs to be carried out in a manner specific to the application. For example, the
design of an indoor light source requires successful color rendering, good spectral
overlap with the human eye sensitivity function, and a warm white shade. On
the other hand, a spectral design for outdoor lighting has different performance
criteria. In this case, for example, the luminance has to be increased considering
the changes in the eye sensitivity in the mesopic lighting levels. In addition, road
lighting with a high CRI is thought to increase visual perception while driving.
Since each application has different figure-of-merits and some applications have
complicated trade-offs between the performance criteria, the emitters should be
selected carefully for each specific application. For this purpose, narrow emitters
such as QDs offer great potential, as they enable high flexibility in the spectral
design, leading to high-quality light sources. In this part of the thesis, we
summarize our previous studies regarding the spectral design for indoor and

outdoor applications using nanocrystal QDs as color-converter materials.

In order to obtain high quality light sources for indoor lighting exhibiting
warm white shade together with high CRI and high LER, the selected color
components must be strategically selected. Knowing the trade-offs between these
figure-of-merits is also helpful during the design of the light source. For this
purpose, we previously carried out computational simulations by modeling the
emission of nanocrystal QDs as a Gaussian spectrum [57]. The white light
spectrum was generated using four color components, i.e., blue, green, yellow,
and red. By changing the peak emission wavelength (WL), the full-width-at-half-
maximum (FWHM), and the relative amplitude of each QD color component, in
total 237,109,375 QD-integrated white LED (QD-WLED) spectra were tested in
terms of photometric performance. Before investigating the results, a two-step
threshold was applied. First, the spectra possessing a CRI >80, an LER >350
Im/We,, and a CCT <4000 K were selected. These results were used for
understanding the trade-offs between the performance metrics of the CRI, CCT,
and LER. The second threshold was applied by increasing the CRI limit to 90
and the LER limit to 380 Im/W.

The trade-offs between the CRI, LER, and CCT can be summarized in Figure

2.16, where the maximum obtainable CRI decreases as the LER increases. This
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trade-off is steeper when operating at a lower CCT for a warmer white shade.
Moreover, the maximum obtainable CRI at a given LER requires warmer white
shades up to LERs of ~370 lm/W,,. After this LER value, the trade-off starts to
change, and at even higher LERs, maximum obtainable CRIs are attained at

cooler white shades.
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Figure 2.16. CRI vs. LER relation at CCTs of 2500, 3000, and 3500 K.
Reproduced with permission from Ref. [12]. © DeGruyter Publishing 2013.

In addition to these trade-offs, Ref. [57] summarizes the spectral requirements
for obtaining high CRI and LER values by preserving the warm white emission
using QDs. It has been found that the full-width-at-half-maximum of the red
color component must be very narrow (~30 nm) while its relative amplitude
should be strongly dominant in the spectrum (~430/1000) and the blue
component must remain weak (~90/1000). Moreover, another critical parameter
is found to be the peak emission wavelength of the red color component, which
needs to be located in the proximity of 620 nm. On the other hand, the average
values found in the simulations indicate that blue, green, and yellow peak
emission wavelengths have to be around 465, 528, and 569 nm, respectively.
However, larger standard deviations obtained offer a flexibility in the choice of
these peak emission wavelengths without having any significant loss in
photometric performance. Similarly, the large FWHM values of these color

components offer flexibility in choosing these parameters. Finally, the averages of
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the relative amplitudes of the green and yellow components turn out to be
229/1000 and 241/1000, respectively, with standard deviations >70/1000.
Compared to the standard deviations of blue and red (20/1000 and 49/1000,
respectively), it is clear that selection of the green and yellow relative amplitudes

is less critical for preserving the photometric performance.

Obtaining a QD integrated white LED spectrum possessing high photometric
efficiency and high color quality does not mean that the light source is energy
efficient. Therefore, the potential of these devices for energy efficiency has to be
investigated separately by considering different architectures of QD films and
their quantum efficiencies. We addressed this problem in Ref. [60] where QD
integrated white LEDs were modeled as blue LEDs exciting green, yellow, and
red QD films. Two basic architectures were studied in which green, yellow, and
red QDs were (7) used to form a sequence of three separate coating layers on a
blue LED (with green first, followed by yellow, and then red) and (7) blended
together to form a single coating layer on a blue LED. The power conversion
efficiencies (PCEs) of the QD integrated white LEDs were calculated by
assuming a blue LED chip having a PCE of 81.3% and using a color conversion
scheme modeled with feedback loops. The calculations predicted that, when a
layered architecture is used, quantum efficiencies of 43%, 61%, and 80% for the
QDs are required to achieve luminous efficiencies (LEs) of 100, 150, and 200
Im /W, respectively, for the spectra possessing an LER 2380 lm/W,,, a CRI 2
90, and a CCT =4000 K as in Ref. [57]. Moreover, the suitability of the spectra
for the Energy Star and ANSI standards were satisfied, and spectra having an
R9 270 have been included in the study. When the blended QD integrated white
LED architecture is preferred, the required quantum efficiencies of the QDs need
to increase to 47%, 65%, and 82%, respectively. Another important result
revealed by this study was the effect of the energy down-conversion on the
energy efficiency. It has been found that even if the quantum efficiency of the
QDs are 100%, at least 17% of the optical energy is lost due to the Stokes shift
as far as the photometrically efficient spectra exhibiting high color quality are
considered. This corresponds to an LE of 315 Im/Wae. in the case of a perfect
blue LED chip with a PCE of 100%.
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For outdoor lighting conditions, the shade of the white light is not as
significant as in the case of indoor lighting. More importantly, the sensitivity of
the eye changes since the vision regime becomes mesopic under the luminance
levels of road lighting. Therefore, a photopic luminance calculation, which can be
considered as an indicator of the perceived brightness, cannot reveal correct
perception information. Instead, the mesopic luminance should be considered by

taking the changes in the eye sensitivity function into account.

We carried out a spectral recommendation study considering these points to
improve the mesopic luminance employing QD integrated white LEDs [59]. First
four different road lighting standards among US and UK standards were chosen
having various photopic luminance requirements. The second step of the study
has been the investigation of the commercial light sources. For this purpose, the
spectra of a cool white fluorescent lamp (CWFL), an incandescent lamp with a
CCT of 3000 K, a metal-halide lamp (MH), a high-pressure sodium lamp (HPS),
and a mercury vapor lamp (MV) were investigated along with the standard
daylight source D65, which is included just for the purpose of comparison with
daylight. The results showed that at lower radiances the CWFL achieves the
highest mesopic luminance, whereas the HPS takes the lead at higher radiances.
In accordance with this information, it has been found that the CWFL is the
most efficient commercial light source for the two standards requiring lowest
luminances, whereas the HPS becomes the most efficient source for the

remaining standards chosen in the study.

To investigate the performance of QD integrated white LEDs, a similar
computation approach to Ref. [57] was followed. The QD integrated white LED
spectra were generated such that they have the same radiances as the CWFL has
for the two standards requiring lowest luminances. For the remaining two
conditions, the QD integrated white LEDs having the same radiance as the HPS
were generated. In order to reveal the spectral parameters necessary for
achieving high mesopic luminance, new thresholds were determined in light of
the requirements for mesopic lighting. The spectra that can possess CRI and
CQS values at or above 85 and satisfy the chromaticity difference requirements
of ANSI [61] were selected.
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To reveal the spectral conditions necessary for achieving high mesopic
luminance, the average and standard deviations of the parameters, which belong
to the QD integrated LED spectra passing the threshold indicated above, were
calculated. These results suggest that choosing the blue component close to 460
nm and the red component close to 610 nm is crucial for the increased mesopic
luminance with good color rendition. In addition, the weight of the blue
component should be around 150/1000, whereas the relative intensity of the red
component should be chosen around 450/1000. Furthermore, it is not possible to
use broad red emitters without falling below the performance limitations.
Therefore, the red component should be designed using narrow-band emitters
with bandwidths of ~30 nm. The green and yellow color components may have
intermediate amplitudes; however, the designer has more flexibility in choosing
the parameters of these color components in contrast with the case for blue and

red.

In addition to the general lighting applications, QDs also offer great potential
for display backlights. This is mainly because of the easiness in color control and
narrow emission of QDs, which in turn allow for reproduction of a large number
of colors in liquid crystal displays (LCDs). In Figure 2.17, the National
Television System Committee (NTSC) standard color gamut, which indicates the
subset of all colors that should be generated, is given along with the potential
color gamut of displays using QD-integrated backlights. The black lines in the
graph stand for the chromaticity coordinates of the QDs emitting between 460
and 700 nm with emission bandwidth values ranging from 30 to 100 nm. Clearly,
correct combinations of (QDs can exhibit a much larger color gamut than the
color gamut standardized by the NTSC. This means that, by using QD-
integrated display backlights, more colors can be generated by LCD televisions
and, consequently, the quality of the images displayed can be enhanced

significantly and richer viewing experience can be achieved.
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Figure 2.17. CIE 1931 (x,y) chromaticity diagram indicating the NTSC color
gamut (white triangle), and color coordinates of QDs having full-width at half-
maximum values between 30 and 100 nm with peak emission wavelengths
ranging from 460 to 700 nm (black lines). The blue numbers given around the
perimeter of the chromaticity diagram are located at the color coordinates of the
corresponding monochromatic light. Reproduced with permission from Ref. [12].
© DeGruyter Publishing 2013.

It is worth commenting here on the required properties of the QDs in light of
the NTSC color space in Figure 2.18. If a red-green-blue (RGB) light source is
designed, the FWHM of the QDs should be at most 50 nm. Otherwise, the green
end of the NTSC triangle cannot be included. Moreover, the blue emission
should be generated with a source having a FWHM of less than 70 nm. Since the
blue color component of QD integrated white LEDs mostly stems from the blue
LED, this requirement is not a challenging restriction. In addition, the red QDs
emitting around 610 nm can easily satisfy the NTSC color gamut requirements.
A QD integrated white LED employing four or more color components can easily
achieve color gamuts much larger than the NTSC standards indicate. However,

narrow emissions from the green and blue components are still required.
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In the discussion above, however, the effects of the filters on the QD emission
are omitted. To address this issue, Luo et al.[14] carried out a theoretical study
and determined the necessary amplitude, peak emission wavelength, and full-
width at half-maximum of QD emission by considering filters used in liquid
crystal displays (LCDs) to realize high brightness of the light transmitted
through LCD color filters along with a larger color gamut both in CIE 1931 and
1976 color spaces. In this work, the authors calculated the performance of the
display by varying the peak emission wavelengths and bandwidths of the blue
LED along with green- and red-emitting QDs. The results showed that there is a
trade-off between the color gamut and the brightness after considering the
transmission spectra of the color filters. As expected, the emitters with narrow
emission bandwidths increases the obtained color gamut; however, at the same
time this decreases the total overlap with the human eye sensitivity function for
the red and blue emitters because of the accompanying shift of the peak emission
wavelengths away from 550 nm where the human eye is most sensitive.
Therefore, increasing the color gamut comes at the cost of reduced brightness.
Considering all of these factors, Luo et al. showed that it is possible to improve
the color gamut of the LCD with QD color enrichment by 20% compared to
NTSC if the respective peak emission wavelengths of the blue, green, and red
components are 447.6, 523.5, and 634.8 nm. The corresponding bandwidths need
to be 20, 30, and 30 nm, while the relative amplitudes are 37.3%, 27.8%, and
34.9%, respectively.

2.3 Conjugated Polymer Nanoparticles

Another class of materials that we have used in this thesis work is the
conjugated polymer nanoparticles. In this section, we present this material
system and their use in light-emitting devices. We will first start with the basic
properties of conjugated polymers that are the building blocks of the
nanoparticles. Subsequently, we will continue with the conjugated polymer
nanoparticles by concentrating on first their preparation techniques and then

summarizing their use in optoelectronics.

Polymers are organic molecules consisting of long chains of repeating units.

Conjugated polymers are a special structure of polymers in which the carbon
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chains undergo sp? hybridization [62]. The carbon-carbon bonds in these
molecules have a o-bond occurring between sp? orbitals and a m-bond occurring
between p, orbitals. In general, o-bonds are very strong due to a large overlap of
the wavefunction. Therefore, these bonds have a significantly large electronic
bandgap and low free electron densities making them electronically and optically
inactive. An important function of these bonds is to serve as the backbone of the
molecular structure. On the other hand, the wavefunction overlap in w-bonds is
rather small making the bonds weaker and forming electronically more active
structures especially in polymers having long chains. Theoretical calculations
predict almost zero bandgap if all the o-bonds were of equal lengths. However, in
practice, the length of the o-bonds differs, which results in opening a bandgap
for m-bonds. The typical bandgaps of conjugated polymers are around 1.5-3.0 eV
enabling optical activity for visible light.

Conjugated polymer nanoparticle (CPNs) are the nanoparticles produced
using these polymers. Among their main advantages we can count relatively high
quantum yield, high photostability, low toxicity, and cost-effectiveness [15], [63].
Furthermore, the applicability of these CPNs can be controlled by adding
various functional or backbone molecules [63], [64]. Their optical features can be
tailored by controlling their sizes and aggregation. In general, increasing the size
or aggregating the nanoparticles results in increased interchain and intrachain
interactions, which consequently increases the nonradiative energy transfer,
decreases the quantum yield, and red-shifts the emission spectrum [65], [66].
Attaching functional groups is also known to affect their optical properties [63].
These nanoparticles in general have very broad emission spectra compared to
QDs; however, their absorption spectra remain significantly narrow different
than the QDs [15]. CPNs have found applications in color-converting LEDs [64],
[67]-[69], in organic LEDs [70], [71], solar cells [72]-[74], and bio-imaging [75],
[76]. In this thesis, we investigated the nonradiative energy transfer from
InGaN/GaN nanopillars to CPNs and also their polymers. We present our work
in Chapter 9.

There are three techniques for preparing the CPNs, which are illustrated in
Figure 2.18 [63]. The first one is called the nano-precipitation method. It involves

dissolving polymers in a good solvent and rapidly injecting this solution into a
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poor solvent for the polymers while strongly sonicating. Since the conjugated
polymers suddenly experience the presence of the poor solvent, they tend to
aggregate and form nanoparticles. Experimental studies indicate that the
diameter of the formed nanoparticle increases with increasing conjugated
polymer concentration [66], [77]. The second method of CPN formation is called
the mini-emulsion technique. In its essence, both techniques are very similar. In
both methods, polymers are dissolved in a good solvent and quickly added to a
poor solvent under sonication to trigger the nanoparticle formation. However,
nano-precipitation method makes use miscible solvent pairs while immiscible
solvents are used in mini-emulsion technique. In both techniques surfactants may
also be employed to obtain a more stable nanoparticle dispersion. The third
technique is the self-assembly method, which employs the electrostatic
interaction between polymers of opposite charges. In this technique, these
polymers are first separately dissolved and them mixed under continuous
stirring. The resulting material is then collected by high-speed centrifugation
[65].

Nano-precipitation Method

Figure 2.18. Illustration of the conjugated polymer nanoparticle preparation
using  nano-precipitation, mini-emulsion, and self-assembly techniques.

Reproduced with permission from Ref. [63]. © Royal Society of Chemistry 2013.
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2.4 Macrocrystals of Quantum Dots

To date high-performance white LEDs using NCs for color-conversion that
simultaneously enable successful color rendition capability and optimal spectral
overlap with the human eye sensitivity function along with a warm-white shade
have been reported [78], [11]. Moreover, electronic displays employing NCs as
color converters have been developed and commercialized, e.g., by Samsung [79],
[80], Sony [81], and Amazon [82]. Despite their successful deployment, NCs still
typically suffer from decreasing quantum yields in their solid films within
polymeric encapsulants and low emission stability on LED chips driven at high
currents. The rigid conditions during the direct hybridization process of NCs
with these host materials are known to degrade the NC emission. Furthermore,
the diffusion of oxygen and humidity through the encapsulating materials is
another important concern especially when the NCs are subjected to heat, for
example, when intimately integrated with LEDs and these hybrid devices are

driven at high current densities.

As a remedy to these problems, a new promising method has been proposed
by Otto et al.[83] for the incorporation of the NCs into crystalline host matrices,
which enables high quantum yields in powder form and solid films together with
significantly improved photo- and thermal-stability of the NC emission. The
powders of these mixed macrocrystals have further been shown to possess
excellent compatibility with the epoxies widely used for encapsulating color
converters by the industry. This is an important strength of this material system
for the LED and display producers. In addition, we showed these NC-
macrocrystals to provide a robust platform for studying environment-sensitive
interparticle interactions such as plasmonics [84] and excitonics [85], [86], which
we will also present in this thesis in detail in addition to a high-quality white
LED demonstration [87] and the development of a green-emitting high-efficiency
macrocrystal powder having high emission stability [88]. An interesting
application of these materials has also been shown by Kalytchuk et al.[89] as
sensitive thermometers using strong variations observed in the emission spectrum

of the macrocrystals as a function of the temperature.
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To date, CdTe NCs in water [83], CdSe/CdZnSeS/ZnS NCs in water [90] and
nonpolar solvents with an alloyed gradient shell [86], [88] and Au nanoparticles
in water [84] have been successfully incorporated into macrocrystals. In addition,
the incorporation of Cd-free InZnP/ZnS NCs in water have been reported as well
[91]. Salts including NaCl, KCl, KBr,[83] borax,[87] and LiCl[88] have been
employed as host matrices along with organic crystalline hosts including sucrose
[84] and anthracene [86]. In these previous works, the nanoparticles were
embedded into the host matrix using one of the three main strategies reported in
the literature, which are schematically displayed in Figure 2.19: (i) direct
incorporation of NCs via slow solvent evaporation, (i) vacuum-assisted NC
incorporation, and (iii) liquid-liquid-diffusion-assisted-crystallization. For the
crystallization process, the colloidal stability of the NCs within the concentrated
solution of the host material needs to be high enough to ensure proper, non-
aggregated incorporation of the nanocrystals. If the colloidal stability is low,
using a host with lower ionic strength in solution [87] or reducing the time
needed for the crystallization might be helpful [88], [91].

NCs in water

Liquid-liquid-
¢ ) ", diffusion-
Vac.uum-assist.ed -~ 7—‘ P assisted
NC incorporation :

Figure 2.19. Summary of quantum dot nanocrystal (NC) incorporated
macrocrystal preparation techniques for NCs in nonpolar organic solvents and in

water.

The first method is based on the incorporation of water-soluble NCs (e.g.,

CdTe) into conventional ionic salt crystals [83] such as sodium chloride (NaCl),
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potassium chloride (KCI), and potassium bromide (KBr) or non-ionic molecules
such as sucrose [84]. In these works, the mixed macrocrystals of NCs were
obtained by blending a saturated salt solution with a batch-specific amount of
the NCs. The solutions were kept at 30 °C to promote the evaporation of H.O
and the crystallization was finished when the parental solutions turned colorless.
Interestingly, a change from the cubic structure to the octahedral shape was
observed when NaCl was utilized as the host matrix. Such different morphology
of the host material can be attributed to the free stabilizing agents (TGA or
MPA) within the NC-salt solution mixture, which are well known to alter the
shape of NaCl crystals from cubic to octahedral [92]. Furthermore, MPA-
stabilized NCs turned out to be generally more stable in saturated salt solutions
than their TGA-stabilized counterparts. As TGA-capping allows for a better
control on the synthesis of CdTe NCs emitting in green to orange spectral
regions, efficient incorporation of strongly emitting TGA-capped CdTe NCs into
salt matrices is possible. Finally, adjusting the pH of the saturated salt solution
and adding small amounts of additional free stabilizer, reproducible

incorporation of such NCs is feasible [93].

As a variation of this approach, alternative host matrices were employed to
reduce the ionic strength of the saturated salt solutions. For example, sugar,
which is a non-ionic organic molecule forming large crystals, has been shown to
allow for the simultaneous incorporation of CdTe NCs together with Au
nanoparticles [84]. Since the incorporation of citrate-capped metal nanoparticles
was not possible using ionic hosts due to the induced aggregation, the utilization
of sugar enabled plasmonic interactions occurring between NCs and metal
nanoparticles, which will be further discussed in Chapter 6 of this thesis.
Alternatively, borax (Na,B,O7-10H.O) has been wused to immobilize
core/alloyed-shell NCs following a ligand exchange with mercaptopropionic acid
(MPA). Since it has a reduced ionic strength in comparison to alkali halides,
higher NC colloidal stability in the crystallization mixture could be realized.
More importantly, higher amounts of NC incorporation into macrocrystals have
been successfully reported [87]. We will present this work in Chapter 5 of the

thesis. To incorporate the NCs dispersed in organic solvents, anthracene has
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been employed by utilizing the solubility of anthracene in chloroform, which can

simultaneously disperse oleic acid capped NCs [86].

The second method provides a fast pathway for the incorporation of NCs
dispersed in organic solvents into the inorganic or organic molecules without a
prior ligand exchange. In this technique, NCs dispersed in organic solvents are
directly incorporated into the organic solvent-soluble salts such as lithium
chloride (LiCl) [85], [88]. In these reports dry tetrahydrofuran (THF) was used to
dissolve LiCl, which is also a relatively good solvent for the NCs. In order to
incorporate NCs into LiCl, the NCs were dried, re-dispersed in THF, and mixed
with LiCl-saturated THF solution. Subsequently, the solvent was evaporated
quickly in a vacuum chamber, resulting in a complete mixed macrocrystal
formation within a few minutes. We employed this technique for obtaining high-
efficiency, high-stability green-emitting powders [88], and further studied the

exciton transfer between green- and red-emitting NCs in LiCl host matrix [85].

The third method is the liquid-liquid-diffusion-assisted crystallization (LLDC)
[91] relying on the solubility difference of inorganic salts in solvents with various
polarities. In this technique, due to the reduced solubility of NaCl in water by
the interdiffusion of the orthogonal solvent, the crystallization can be completed
in less than one day lowering the time needed to produce mixed macrocrystals
by more than one order of magnitude in comparison with the crystallization
techniques based on the slow evaporation of solvent [83]. Therefore, a mixture of
NC solution and NaCl was placed below a layer of methanol, allowing the
methanol to diffuse into the NC-layer and be stored for roughly 15 h. Moreover,
by adapting a two-step seed-mediated LLDC, the direct application of oil-based
NCs for co-crystallization with salts without a prior phase transfer into water
was achieved. Here, NaCl-saturated methanol was added to the NCs in
chloroform (CHCls) forming initially mixed macrocrystal seeds, which were then
redispersed in pure methanol. In the second step, NaCl dissolved in H.O was
injected under the seed-methanol layer and stored for 15 h for the crystal

growth.
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2.5 Nonradiative Energy Transfer

In this part of the thesis, we are interested in near-field interactions that we
employ to improve the emission capabilities of the colloidal semiconductor
materials. The first interaction that we cover is the nonradiative energy transfer
(NRET). There are two main mechanisms of this interaction. The first one is
called the Dexter energy transfer, which is also known as the electron exchange
energy transfer [94]. As presented in Figure 2.20, once the donor is excited, an
electron-hole pair is formed. If the donor and acceptors are close enough, the
wavefunctions may overlap, which allows for the transfer of the donor electron to
acceptor and the hole of the acceptor to donor. It is here worth noting that this
transfer is subject to spin conservation rules. As a result, the acceptor becomes
in the excited state while the donor molecule turns to the ground state. Since the
extend that the wavefunctions of nano-emitters can spread are in general limited
with the dimensions of the nanoparticles, this phenomenon can only take place
at very short distances less than a few nanometers [95]. As shown in Equation
2.35, the Dexter energy transfer rate (ypexer) has an exponential dependence on
distance (r). The transfer rate is a function of the van der Waals radii (L) and it
is proportional to a constant (K) expressing the orbital interactions and the
spectral overlap of the donor emission and acceptor absorption spectrum (J) (see
Equation 2.36). In this equation, ga(A) stands for the spectral molar extinction
coefficient of the acceptor and fp(A) is the normalized emission spectrum of the

donor.
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Figure 2.20. Mlustration of Dexter-type nonradiative energy transfer.

48



=KJe ' (2.35)

7/ Dexter

J=[ea(2) fo(2)A*dA (2.36)

Since the Dexter energy transfer is another recombination mechanism for the
donor in addition to radiative and nonradiative recombinations, the total exciton
recombination rate of the donor increases when energy transfer takes place. The
rate of the energy transfer (ypexer) can be calculated by using Equation 2.37
where the total donor recombination rates in the presence and absence of the
acceptor (Yiotl,pa and Yiotl,p, respectively) are equal to 1/tpa and 1/1p, respectively.
The energy transfer efficiency (n), which is also called the quantum efficiency of

the energy transfer process, can be expressed as in Equation 2.38.

Vpexter = 7ba — 7D :1/TDA _1/TD (2'37)
n= Y Dexter :1_1-& (238)
7pa 7D

The energy transfer process also affects the fluorescence spectrum. Upon the
occurrence of this electron exchange transfer, the donor emission is quenched
since the donor turns to the ground state without emission while acceptor
emission is expected to strengthen owing to the generation of an acceptor

exciton.

The second nonradiative energy transfer mechanism that we would like to
cover in this part of the thesis is the Forster resonance energy transfer (FRET).
Different than the Dexter energy transfer, FRET process relies on the transfer of
exciton (Figure 2.21); therefore, it is also called as the exciton transfer. From an
electromagnetic interaction perspective, FRET involves the electromagnetic
coupling between donor and acceptor emitters [96], [97]. According to classic
electromagnetic theory, an electron hole pair can be modeled as a dipole with a
dipole moment of P. The resulting electric field in polar coordinates can be
expressed as given in Equation 2.39- 2.41 where n is the refractive index and « is
the dipole orientation factor. The first terms in the brackets of Equations 2.40
and 2.41 denote near-field interactions between a donor-acceptor pair [98]. Since
the relation between energy and electric field is quadratic, the dependence of this
nonradiative energy transfer follows 1/1° dependence. However, this is only valid

when the acceptor is a point dipole. This dependence becomes 1/r° for one
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dimensional acceptors and 1/r* for two dimensional acceptors [99]. Without

losing generality, from this point on we will assume point sources and use 1/r°

dependence.
E,=Ef+E,0 (2.39)
E, =n—22{r—13—ir—";+’r‘—22}sin op (2.40)
Egzn—lz{ris—irfz+':—j}cosep (2.41)

| |
Donor Acceptor Donor Acceptor
Before After
NRET NRET

Figure 2.21. Illustration of Forster-type nonradiative energy transfer.

The distance dependence of the FRET efficiency (7erer) is given in Equation
(2.42) where Ry is defined as the Forster distance at which the FRET efficiency
is half.

1
Merer = ——— (2.42)

6
-
1+ —
0

The rate of the FRET process (yrrer) depends on the orientations of donor
and acceptors, which is expressed using the dipole orientation factor x, the
overlap integral J given in Equation 2.36, refractive index of the medium n, the
lifetime of the donor in the absence of acceptor 1p, and the distance r as shown
in Equation 2.43 [95].

9x°c*

TR = e i J (2.43)
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The Forster distance, on the other hand, shows dependence on the donor
quantum efficiency ® in addition to the overlap integral J, the refractive index n,
and the dipole orientation factor k as given in Equation 2.44.
K°D

r.|4

R; =8.79x10% (2.44)

The FRET rate yrrer can be calculated from the total recombination rate of
the donor in the presence (ypa=1/tba) and absence of the acceptor (yp=1/1p) as
given in Equation 2.45. Subsequently, the FRET efficiency can be calculated as

shown in Equation 2.46.

Yerer = Yoa — Vo =1/ 750 =1/ 75 (2'45)
4 T
Nerer = REL =12 (2.46)
VA b

Similar to the Dexter energy transfer, the donor emission quenches when
FRET takes place. Therefore, it is also possible to measure the FRET efficiency
using the donor emission intensities as given in Equation 2.47 where Ip and Ipa
are the donor emission intensities in the absence and presence of acceptor,

respectively.

|
Nerer =1--bBA (2.47)

ID

The most ubiquitous use of FRET has been in bio-imaging, sensing, and
investigation of intermolecular interactions [95], [97]. However, within the last
fifteen years the use of FRET has been extended toward optoelectronics for the
purposes of increasing the efficiencies in light-emitting devices [58] and in solar
cells [95]. In this thesis work, we employed the FRET interaction for increasing
the emission capabilities of conjugated polymer nanoparticles by interacting
them with InGaN/GaN quantum well nanopillars [100] and also for increasing

the long wavelength emission intensity in the QD integrated salt powders [85].

2.6 Plasmonics

The second type of near-field interaction that we employed in this thesis work to
improve the emission capability of the nano-emitters is plasmonics. In its

broadest sense, plasmonics is the science investigating the light-matter
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interactions with a focus on charge density oscillations. Here, we first explain
why electron oscillations occur using classic electromagnetics. Subsequently, we
provide a brief overview of surface plasmon polaritons and then continue with
the localized surface plasmons. Finally, we finish this section by discussing the

plasmonic fluorescence enhancement.

The high free electron concentration of the metals allows us to study their
optical properties by using the free electron gas model [101]. The first step of this
modeling process is writing an equation of motion as given in Equation 2.48
where m, is the electron mass, e is the electron charge, E is the electric-field, (%)
is the position vector, and y is the damping factor used for modeling the damping
via collisions. The final term on the left hand side of the equation describes the
interband transitions characterized by bound electron with a resonance frequency

of wo.

m, U +m y0 +m,o0 = —eE (2.48)

Assuming a time-harmonic displacement of the electrons in the form of ()=
uexp(-iowt), u(t) becomes as given in Equation 2.49.
eE

ut)= — > (2.49)
m.o” +iwy —m,w;

Since the macroscopic polarization P is given by P=-neu where n is the
electron density and the dielectric displacement vector, which is related to the
electric field and polarization by D =goE+ P = eo(e1+ies)E, we obtain the real and
imaginary parts of the dielectric constant as given in Equations 2.50 and 2.51
where wp is the plasma frequency and equals to ne’/eome. These equations show
that dielectric function in metals show a clear resonance behavior, which can be
characterized as a Lorentzian function. As a result of this resonance behavior, we
observe improved absorption and field enhancement at a certain range of

frequencies whose bandwidth is basically governed by 7.

a)ﬁ (@ - )

6 =1- (2.50)

(@ ~ @) +7°"
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After briefly introducing the source of the resonance behavior in metals, now
we briefly discuss the surface plasmon polaritons (SPPs), which are extensively
employed in sensing, imaging, and optoelectronics [101]-[104]. SPPs are
electromagnetic fields that are perpendicularly confined at the interface of a
dielectric and conductor while propagating along the interface. The observed
propagation of SPPs stems from the coupling of an external electromagnetic field
to the oscillations of electrons at the interface. A simple geometry allowing for
the creation of SPPs is illustrated in Figure 2.22. The structure consists of a
dielectric region for z >0 having a real dielectric function of egietectric >0 and a
conducting region for z <0 having a real dielectric function of &conguctor <0 at the

frequencies of interest.

2< Conductor

Figure 2.22. Illustration of a simple geometry allowing for the creation of SPP.

As described in Ref. [101] for the TM mode, the continuity condition enforces
the relation described by Equation 2.52, where Kgietectric and Keonductor are the

wavenumbers in dielectric and conductor regions, respectively.

k

dielectric _ gdielectric (2 52)

gconductor

conductor

Another condition that relates the wavenumber of the propagating mode
(kspp) to the dielectric functions and wavenumbers stems from the wave equation
for the TM modes given by Equation 2.53. As a result, we obtain the relations

described in Equation 2.54 and 2.55 where k; is the free-space wavenumber.
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azzy +(kie —kepp” )H, =0 (2.53)
kdzielectric = (kSPF’2 - kozgdieleclric ) (254)
kczonductor = (kSPP2 - kozgconductor ) (255)

Solving Equations 2.52, 2.54, and 2.55 together gives the dispersion relation of
the SPPs, which is provided in Equation 2.56.

+ &

conductor

E i &
kSPP — ko\/ dielectric conductor (256)

Eielectric

At this point it is worth mentioning that the solutions of the wave equation
only allows for the TM modes at the interface; thus, no TE modes can be
confined at the dielectric-conductor interface [101]. After this derivation of the
SPP dispersion relation, the most obvious observation is that at a fixed
wavenumber SPPs can be formed at smaller frequencies. At very high
wavenumbers, the frequency of the oscillations asymptotically approaches a
frequency wsp, which is called the surface plasmon frequency and remains below

op. For further details on SPP, the reader can refer to Refs. [51], [101].

Different than SPPs, LSPs do not propagate; instead, they exist because of
the spherical surface of nanoparticles that restores forces enabling the oscillation
of the applied electromagnetic field. We start our discussion by assuming a
spherical conductor having a radius of R and a dielectric constant of &conductor. For
the sake of simplicity, we assume the medium where the metallic sphere is placed
to have a uniform dielectric constant of &gielectric and consider the applied electric
field to be E=Eo? (Figure 2.23). Considering the symmetry of the particle, the
potentials in the interior (®) and exterior (®..) of the particle become as given

in Equations 2.57 and 2.58, respectively [105].

3‘9 ielectric
O, =— . E,cosé (2.57)

gconductor + 2€dielectric

S Q0

2

&, — & . co
— conductor dielectric 3
o, =—E,rcosd+ > E,R
& + 8dielectric r

conductor

(2.58)
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Figure 2.23. Tllustration of a spherical conducting nanoparticle subject to electric

field and induced macroscopic polarization.

According to Maier [101], ®,, occurs due to the superposition of the
excitation field and the dipole formed in the metallic sphere. This allows us to

state the outside potential using a dipole moment p as described by Equations

2.59 and 2.60.

-r
®,, =—E,rcosf+— (2.59)
ATEE fiorociric ¥
0“dielectric
— E — & . —
p — 47rgogconductor R3 conductor 2 dielectric Eo (260)
conductor + 8dielectric

Using the relation of P =gy, aEO where o is the polarizability, we

onductor

obtain Equation 2.61. From this calculation, we see that the polarizability

acquires a resonance when |gdielectric + 28 nauctor | is minimized.

Econductor ~ Edielectric (2 6 1)

+ 2‘g‘dielectric

a=4zR?

gconductor

The calculation of polarizability also allows us to find scattering (Ci.) and
absorption (Cus) cross-sections, which are given by Equations 2.62 and 2.63,
respectively [106]. Because the nanoparticle possesses a resonant behavior in its
polarizability, this resonance enhancement is also transferred to the scattering

and absorption cross-sections.

2
8zk* & — Eyiotontri
6
Csca — R conductor dielectric (262)
3 gconductor + 2gdielectric
& — &4 :
Cabs — 472'kR3 |m|: conductor dielectric :| (263)
gconductor + 2‘S‘dielectric
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This resonant behavior also impacts the electric fields in the interior (E, )
and exterior (Eout) of the nanoparticle in the near-field regime, which are given

by Equations 2.64 and 2.65, where fiis the unit vector directed toward a point of
interest [105].

_m — 3‘S‘dielectric Eo (264)
gconductor + 2‘c"dielectric
~ - 3A(A-P)-P
ot = Eo (n-P) p3 (2.65)
4”€0€conductor r

This resonant enhancement in the outer region of the nanoparticle is the
source of the resonance enhancement occurring in the near-field of the metal
nanoparticles. Since the radiative recombination rate is proportional to the
electric field intensity, resonance enhancement is expected when an emitter is
placed in the vicinity of a metal nanoparticle. The enhancement factor is defined
as the ratio of the electric field intensities around the nano-emitter in the
presence and absence of the metal nanoparticle [107]. However, at the same time
another near-field interaction, which is the nonradiative energy transfer, may act
as the quencher of the emission process because of the overlap between the
fluorescence spectrum of the emitter and the absorption spectrum of the metal
nanoparticle.

Govorov et al. studied the conditions under which the fluorescence
enhancement is the dominant interaction and under which the nonradiative
energy transfer is stronger [107]. He found that when the nano-emitter is
surrounded by metal nanoparticles, the nonradiative energy transfer is the
dominant interaction causing the emission to quench. On the other hand, the
fluorescence enhancement becomes stronger in the case that the metal
nanoparticle is surrounded by the nano-emitters. Another important finding of
this study is that the fluorescence enhancement is more probable if the quantum
efficiency of the emitter is low. The enhancement becomes more and more
improbable as the quantum efficiency increases.

At this point, it is also worth mentioning another mechanism for increasing
the emission intensity via plasmonic coupling. When the metal nanoparticle is
excited by optical excitation, the electric field intensity in the near-field of this
nanoparticle intensifies. When an emitter, which is capable of absorbing this

enhanced electromagnetic field at the excitation frequency, is placed in the
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vicinity of the metal nanoparticle, the total amount of the absorbed energy is
expected to increase. As a result, we expect the fluorescence intensity of the
emitter to increase. Different than the previous case, here we do not expect the
quantum efficiency of the nano-emitter to increase by assuming that other
nonradiative transitions remain unchanged as long as we stay in the linear
regime.

In our thesis work we employed the fluorescence enhancement phenomenon
described above to increase the quantum efficiency of the green-emitting CdTe
QDs, which we co-immobilize within a crystalline matrix together with Au

nanoparticles [84]. We present the details of this study in Chapter 6.

57



Chapter 3

Biological Rhythm Friendly
Display Lighting with Nanocrystal

Quantum Dots

Acquiring a balanced circadian rhythm, which is also known as the daily
biological rhythm, plays a critical role for human health [108]. For example, it is
known that a regular day/night routine helps reducing seasonal affective disorder
[109], increasing the concentration of nightshift workers [110], and helping
teenagers to start the day earlier [111]. Disruption of the regular daily rhythm,
on the other hand, is linked to health problems including depression [112] and
even some cancer types [113]. Therefore, the human daily biorhythm (i.e.,
circadian rhythm) has to be considered while designing devices that have the
capability to shift the biological clock. In this chapter of the thesis, we approach
this problem from the perspective of a display backlight design using nanocrystal
(NC) quantum dot (QD) based color converters and find that nanocrystal

enrichment may lead to a substantially reduced effect on body clock.

3.1 Introduction

The backbone of our study lies on the discovery of a third photoreceptor in the
human retina called the intrinsically photosensitive retinal ganglion cell (ipRGC)
[32]. Different than their sister photoreceptors cones and rods, the main function
of ipRGCs is to help the suprachiasmatic nuclei to control the circadian cycle
through melatonin secretion although rods and cones were shown to provide
input to ipRGCs in the absence of melanopsin, though at a reduced level [31],
[114]. While the secretion of the melatonin occurs under dark ambiance through
its interaction with suprachiasmatic nuclei to send the “night” signal to the

body, it ceases upon the exposure of ipRGC to light at a sufficient level and for a
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sufficient duration. Hence, prolonged exposure to display backlights [115], whose
spectra match the sensitivity curve of the ipRGCs, may severely affect the
melatonin secretion during the night. Consequently, the circadian cycle is
affected in a delaying or advancing manner [108]. In 2011, Figueiro et al.
reported that the cathode ray tube computer screens cause a slightly suppressed
melatonin secretion after two hours of exposure in the night [116]. Moreover,
inclusion of the blue LED light of 40 lux was found to significantly decrease the
melatonin concentration. Another study of the same group further reported that
the use of tablets for two hours before the sleep decreased the melatonin
concentration in the saliva by 23% [117]. Furthermore, an additional blue light
impinging on the eye was shown to suppress the melatonin concentration by
66%. In an independent study, Cajochen et al. compared the effects of the LED
and fluorescent backlighting on the circadian cycle [118]. They found that the
LED backlighting hinders and delays the melatonin secretion compared to a

fluorescent lamp backlit display after five hours of exposure in the night.

Since the current LED backlighting technology is far from circadian rhythm
friendliness [116]-[118], adding the feature of circadian compatibility to the
backlight spectrum in a systematic manner is an important but hitherto
disregarded design problem. Current software based solutions such as F.lux [119]
and Redshift [120] try to solve this problem by adjusting the correlated color
temperature of the backlight according to that of the sun depending on the
location and time of the day. However, this method undesirably changes the
colors produced by the display and its performance may change from display to
display. Therefore, a systematic approach starting from understanding the
display backlighting is necessary to address the circadian rhythm friendliness

problem while avoiding these aforementioned issues.

The design of a circadian rhythm friendly display requires the fine-tuning of
the backlight spectrum, which cannot be accomplished using broadband emitters
like phosphors that are commonly used as the color converters in display
backlights. Furthermore, their broad emission spectrum limits the color span,
which is not a desirable aspect for a display. On top of these, emerging supply
problems of the rare earth elements, which are the building blocks of the color

converting phosphors, have further raised questions for their sustainable use [9].
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As discussed earlier in the thesis, the multi-chip approach employing the
integration of individual LED chips emitting different colors suffers mainly from
the high cost and increased complexity of production. As a remedy to the
problems, nanocrystal quantum dots that are narrow-band color converters step
forward [57], [10], [121]. Their narrow-band emission and tunability of the
emission color via material and size engineering allow for careful spectral design,
which leads to the fine-tuning of the backlight spectrum for various applications

[12], [16], [58] together with the broadening of the color span [122].

In this study, we introduced the perspective of daily biorhythm friendliness to
our colloidal quantum dot integrated LED (QD-LED) designs using the circadian
models of Rea [34], Enezi [36], and Gall [35]. Our findings elucidated a 33%
weaker effect of the designed QD-LEDs on the circadian rhythm when the color
span provided by the QD-LED is the same as that of the YAG:Ce LED.
Furthermore, if the quantum dots are selected correctly to realize the color
coverage of National Television Standards Committee (NTSC), the designed QD-
LED backlight exhibits a 34% wider color gamut together with a 4.1% reduced
effect on the circadian rhythm compared to YAG:Ce LED backlight. These
findings show that QD-LEDs are excellent candidates for realizing these
circadian rhythm friendly backlights thanks to the spectral tunability and purity

of these nanocrystal quantum dots.

3.2. Computational Methodology

Our calculations constituted of two major steps. The first one is the
determination of the QDs, utilizing which NTSC standards can be satisfied
(Figure 3.1) by considering the color filters used in LCDs. In our calculations, we
modelled the emission of QDs and the pump LED using Gaussian functions and
generated the spectrum of a three-color mixing backlight. The peak emission
wavelength of the blue (short wavelength) component was varied between 400
and 495 nm with a 5 nm step. Similarly, the emission wavelengths of the green
(middle wavelength) and red (long wavelength) components were varied between
500-595 nm (for the green) and 600-700 nm (for the red), again with 5 nm step
sizes. Moreover, the bandwidth of the emission spectra was varied between 20

and 50 nm with 5 nm steps. It was found out that even a bandwidth of 20 nm of
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the red QDs cannot satisfy the NTSC condition for red, which is also the case for
red LED chips. Therefore, we varied the red point condition by equating the
chromaticity point of a regular red LED used for LCD backlighting. Also
considering the effect of color filters, the red chromaticity point condition was
moved to (0.6918, 0.3047). The resulting color gamut is represented in Figure 3.1
as continuous black lines while the chromaticity points of the allowed color
components were shown as the white region on the same figure. The allowed
color region indicates the blue, green, and red chromaticity points that ensure

the coverage of the targeted color gamut.

Figure 3.1. National Television Standards Committee color gamut (dashed) along
with the modified color gamut (line) used in this study. The white dashed
regions correspond to allowable chromaticity points of individual color
components to realize the targeted color gamut. The black dot in the middle
shows the chromaticity point of the blackbody radiator at 9,000 K.

61



After the identification of the color components, which can be realized using
QDs and satisfy the targeted color gamut conditions after passing the color
filters, we design the white QD-LEDs suitable for a display using the
requirements listed in Lumileds Application Note [123]. Accordingly, we set the
correlated color temperature (CCT) of the backlight to 9,000 K and the
luminance to 180 cd/m? by finding the required amplitudes of each color
components using a supervised learning algorithm. Considering a typical viewing
angle of 2.6 sr stated in Lumileds Application Note [123], the corresponding
illuminance becomes 468 lm/m? Finally, a YAG:Ce phosphor integrated LED
possessing the same illuminance at the same CCT was used to compare with the
QD-LED backlit displays.

As the second step of the study, we calculated the effectiveness of the light
sources in suppressing melatonin and compared with a YAG:Ce phosphor
integrated LED. The circadian performance of the displays was evaluated using
all the three different existing models in the literature. The first approach known
as the circadian light (CL) method was developed by Rea et al. [34] In this
model, it is aimed to reveal the effect of light on the circadian rhythm by
considering the contributions of the visual photoreceptors in addition to the
ipRGC. However, opponents of this method argue that the effect of visual
photoreceptors could be reduced by central processing [36] considering that some
neurons in the brain robustly react to melanopsin activity but not to that of
cones [37]. The method developed by Gall employs this idea and evaluates the
effects of lighting on the human circadian response by using a circadian effect
function [35], which was empirically defined using the melatonin suppression
measurements of Brainard [38] and Thapan [39]. Later, in 2011 Enezi et al.
conducted experiments on mice and defined the melanopic spectral efficiency
function [36]. These three models were later comparatively studied by Rea et al.,
and it was concluded that there is no experimental finding to reject one model in
favor of another [40]. Thus, we made use all of these circadian rhythm models in

this thesis work.

However, all of these models present their outputs in numbers of different
scales. Thus, bringing these results to the same scale is strictly necessary to

make a healthy comparison. For this reason, we performed a scaling operation to
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each model similar to the one conducted in Rea et al. [40]. We divided the
resulting numbers of the test spectrum to the circadian response of standard
illuminant A at 468 lm/m? for each of the models, i.e., the circadian light (CL)
developed by Rea [34], the circadian effect factor developed by Gall [35], and the
melanopic sensitivity developed by Enezi [36]. Since all these models need to be
treated equally, we employed a multi-objective optimization by defining a utopia
point indicating no melatonin suppression. The normalized values of circadian
light (CL), circadian effect factor (CEF), and melanopic sensitivity function

(Mel) constituted the dimensions of the circadian response.

Finally, the performance of each QD-LED spectrum was evaluated by
calculating the Fuclidean distance from the utopia point, which designates the
performance of a hypothetical light source causing no disruption on the circadian
rhythm for all of these three models. Spectra taking the closest position to the
utopia point were considered as the most circadian rhythm friendly QD-LED
designs. The equation used in the calculations of circadian distance (furcadion) iS
shown in Equation 3.1 and its calculation methodology is illustrated in Figure
3.2(a). At this point, it is important to mention that CL model accounts for an
exposure duration of one hour, while the remaining two models do not put any
restriction on the exposure duration. Therefore, our quantitative results should
be evaluated considering this one-hour duration; however, our spectral designs
should qualitatively possess circadian rhythm friendliness for longer exposure

durations as well.

I \/(SEE D)y (e @hye (SN (3.1)
(A) " “Mel(IIA) " CL(IIA)
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Figure 3.2. (a) Illustration of the computation setup to evaluate the effectiveness
of the light source in suppressing melatonin. Our approach is developed based on
the three existing models by employing a multi-objective optimization technique.
(b) Spectra of the YAG:Ce LED, QD-LED acquiring the targeted color gamut in
Figure 3.1 (QD-LED;), and QD-LED reproducing the color gamut of the
YAG:Ce LED (QD-LED).

3.3 Results and Discussion

The first point that deserves attention in our analyses is the spectral requirement
results regarding the satisfaction of the targeted color gamut (Table 3.1). These
calculations revealed that the blue color (short wavelength) component is
allowed to acquire only 465 and 470 nm as the peak emission wavelength among
the simulated range of 400-495 nm (with the 5 nm step size). When 465 nm is
chosen, the minimum and maximum allowed full-width at half-maximum values
(AL) are 30 and 50 nm, respectively. On the other hand, the selection of 470 nm
as the blue emission peak requires the use of more saturated colors having AA<
30 nm. When the green color components (middle wavelength) are considered,
the allowed peak emission wavelengths turn out to be in the range of 525-535 nm
within the investigated interval of 500-595 nm. As opposed to the case of blue,
the green color component requires high color purity having a AA of 20 nm,
which is the narrowest AA used in our computation. When the peak emission
wavelength is chosen to be 525 nm, the largest allowed bandwidth turns out to

be 30 nm. This value increases to 45 and 40 nm in the case that 530 and 535 nm
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are selected, respectively. For the red color component (long wavelength), the
allowed peak emission wavelengths span a wider range between 625 and 650 nm
within the calculation range of 600-700 nm. It was found out that high purity
red color is allowed between 625 and 635 nm indicated by a minimum AX of 20
nm. However, further increase of the peak emission wavelength towards 650 nm
enforces the emission to acquire a larger minimum AX of 30, 40, and 45 nm for
the peak emission wavelengths of 640, 645, and 650 nm, respectively. The
allowed maximum AM values also vary as the peak emission wavelengths change.
If the peak wavelength of the red emission is 625 nm, then the maximum allowed
bandwidth becomes 25 nm. As the peak emission wavelength increases to 630
nm, the maximum A\ increases to 40 nm. Finally, a further increase of the peak

wavelength was found out to shift the allowed AX further to 50 nm.

Table 3.1. Summary of the spectral parameters for satisfying the color gamut
defined in Figure 3.1. A and Ak stand for the peak emission wavelength and full-

width at half-maximum, respectively.

A (nm) A)\ (nm)
465 30,35,40,45,50
Blue
470 20,25,30
525 20,25,30
Green 530 20,25,30,35,40,45
535 90,25,30,35,40
625 20,25
630 20,25,30,35,40
635 90,25,30,35,40,45,50
Red
640 30,35,40,45,50
645 40,45,50
650 45,50

The circadian performance of the spectra presented in Table 3.1 was
calculated as described in Section 3.2. The minimal circadian effect (fircadion) Was
realized when the peak emission wavelengths of blue, green, and red color

components are 465 nm, 535 nm, and 635 nm, respectively. The full-width at
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half-maximum values turned out to be 30, 20, and 50 nm for the same color
components. The spectrum corresponding to this QD-LED (QD-LED;) can be
found in Figure 3.2. The same calculations were carried out for the YAG:Ce
phosphor integrated white LED. The results show that the QD-LED; exhibited a
circadian performance value (furcsion) down to 4.32 while that of the YAG:Ce
integrated LED was 4.50 (Figure 3.3) while the color gamut of the QD-LED,
covers 107.5% of the area that NTSC requires. On the other hand, the area that
can be covered by the YAG:Ce LED remains only at 80.4% of the area required
by NTSC. When the color gamut of the YAG:Ce LED is targeted during the
QD-LED design, the resulting QD-LED (QD-LEDs) reduces firiun by 33% to
3.03, whose spectra are given in Figure 3.2. This QD-LED constitutes of blue,
green, and red components emitting at 455, 545, and 620 nm, respectively, with

respective full-width at half-maximum values of 25, 20, and 50 nm.

The overlap area with NTSC color span is also presented in Figure 3.3. This
overlap is a very crucial quantity because this indicates the ability to define the
colors in accordance with the NTSC specifications. The results show that the
color-gamut of the QD-LED; overlaps almost perfectly as indicated by the
reproduction of 99.2% of the NTSC color gamut while YAG:Ce integrated LED
only overlaps with 87.3% of the NTSC standards.
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Figure 3.3. (a) Circadian performance (furcasin) of QD-LED backlit displays
together with the percentage area compared to the area of NTSC color gamut.
(b) Overlap area of QD-LED color gamut together with the NTSC standard vs.
feircadian- The blue dashed lines correspond to fcasion 0f YAG:Ce LED while the
green dashed lines correspond to (a) the percentage and (b) the overlap area of
color gamut using the YAG:Ce LED backlighting.
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As Figure 3.3 suggests, the QD-LEDs possess the potential to cause weaker
disruptions on the circadian rhythm compared to the YAG:Ce LED; however, if
not correctly designed, QD-LEDs can also adversely affect the circadian rhythm.
Therefore, it is of significant importance to know which spectral parameters (the
peak emission wavelength and the full-width at half-maximum) are necessary for
realizing circadian rhythm friendly displays. To reveal this information, we
sorted the spectra given in Table 3.1 according to their f.;dn values. In Figure
3.4, we illustrate the average and standard deviations of the spectral parameters
having the lowest 1%, 10%, 20%, 50% and 100% values of frcqsin. Here, 0 nm
standard deviation of the blue wavelength for the spectra possessing the lowest
1%, 10%, and 20 % values of faaian indicates that the selection of the blue peak
emission wavelength at 465 nm is very critical for the best circadian
performance. Similarly, 535 nm turned out to be the critical wavelength for the
green component as its standard deviation remains at 0 nm for the spectra
possessing the lowest 1% and 10% of f.rcwdsien. On the other hand, the red
component offers large flexibility in the design of QD-LED backlight with a
standard deviation of ca. 6.9 nm around the average wavelength of 636 nm. The
investigation of the full-width at half-maximum values provides additional
valuable information. It turns out that the bandwidth of the blue emission is
strictly required to be 30 nm while that of the green component is also equally
critical to be as narrow as possible acquiring a full-width at half-maximum of 20
nm as their corresponding low standard deviations of 0 nm and 1.4 nm show for
the spectra having the lowest 1% furasin. The investigation of the red
component, on the other hand, draws a different picture. The average of the
bandwidth for the red components of circadian friendly spectra becomes around
36 nm with a large standard deviation of ~10 nm. This information brings us to
the conclusion that the selection of red component provides significant flexibility
for the design of the circadian rhythm friendly backlight using QDs compared to

the blue and green color components.
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Figure 3.4. Average and standard deviations of (a) the peak emission
wavelengths (L) and (b) the full-width at half-maximum (AL) values of the
spectra that acquire the lowest 1%, 10%, 20%, 50% and 100% values of f.icadian-

3.4 Summary

In summary, in this chapter of the thesis we investigated the potential of
quantum dot integrated LED backlit displays considering their effect on the
daily biological rhythm. The strategy that we present here is the first account of
a circadian cycle friendly display backlight. By presenting the circadian rhythm
friendliness perspective, we believe that the displays of the future will provide a

healthier working and entertainment environment for the users.

For this purpose, here we first calculated the required spectral properties of
the emitters so that the intended NTSC color gamut can be reproduced by
employing quantum dots. Subsequently, we evaluated the effect of backlighting
on the circadian rhythm using three existing circadian cycle models: circadian
light, circadian effect factor, and melanopic sensitivity function. The results show
that compared to widely preferred YAG:Ce phosphor integrated LEDs, QD-
LEDs can exhibit 33% weaker circadian disrupting effect when both acquire the
same color gamut. When the QD-LED is required to cover the whole NTSC color
gamut, then the corresponding circadian performance is enhanced by 4.1% in
addition to a 34% improvement in the achievable color gamut compared to that
of a YAG:Ce LED.

Furthermore, our results indicated that, if the NTSC color gamut is targeted,
a circadian rhythm friendly backlighting should acquire blue and green peak

emission wavelengths at 465 and 535 nm, respectively, together with respective
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bandwidths of 30 and 20 nm. On the other hand, the red color component offers
large flexibility to the designer as indicated by 6.9 nm and 10 nm standard
deviations around the peak emission wavelength of 636 nm and full-width at
half-maximum of 36 nm, respectively, which is exactly in contrast to high color-
quality general lighting. On the other hand, if the color gamut of the YAG:Ce
LED is targeted using a QD integrated LED, the emission wavelengths of the
QDs should be at 455, 545, and 620 nm with bandwidths of 25, 20, and 50 nm

for blue, green, and red color components, respectively.
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Chapter 4

Polarization Anisotropy in Self-
Assembled Magnetic Nanowire-

Quantum Dot Hybrids

In this chapter of the thesis, we move from the discussion on the effect of color
conversion on the human biological rhythm in electronic displays to our efforts
on obtaining backlighting sources having high-polarization ratio color conversion
for displays. Our motivation in this work has been to avoid the need for
polarizers in the liquid crystal display systems and eventually to contribute to
the efforts of increasing the optical efficiency in the displays. The work that we
present here is based on C. Uran, T. Erdem, B. Guzelturk, N. Kosku Perkgoz, S.
Jun, E. Jang, and H. V. Demir, Appl. Phys. Lett. 105, 14, 141116 (2014) [124].

Reproduced with permission from American Institute of Physics © 2014.

4.1 Introduction

Optical polarizers that have the capability of transmitting the light at a certain
polarization while blocking the light possessing orthogonal polarization are
among the essential passive components for numerous applications including
plasmonic sensing [125], imaging [126], and liquid crystal displays (LCDs) [127].
The polarizers are employed in plasmonic sensing applications for generating the
surface plasmon polaritons (SPPs) using polarized light [128] since the SPPs can
only be excited with light having a certain polarization [101]. In the imaging
applications, the polarizers are typically utilized for improving the details of the
image by only allowing for the transmission of the light of a well-defined
polarization [14]. The need for polarizers in LCDs arises due to the optical
features of the liquid crystals that are employed to modulate the optical
transmission of polarized light in displays. In a typical LCD, the light generated
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by the backlight source arrives first the polarizer. Then the liquid crystals
change (e.g., twist) the polarization of this light, which hits the second polarizer,
translating the polarization change to the amplitude change. This contributes to
image formation pixel-by-pixel together with the color filters that are placed on
top of the liquid crystals. The light transmission by the liquid crystals can be
modulated only if the light is strongly polarized. This means that theoretically at
least 50% of the incident optical power is wasted, which increases about 75% in a
typical display [129]. Considering the current wide-spread use of LCDs, globally
we are wasting huge amounts of energy. However, if we could obtain a light
source that is capable of producing light preferably at a single polarization, then
we will not need polarizers, which offers increased efficiencies and decreased

production costs of displays.

Until today, there have been numerous attempts to develop light sources
emitting at least dominantly in a preferred polarization. For this purpose, wire-
gird polarizers [130], [131], special resonant cavities [132] and plasmonic cavities
[133], and anisotropic crystals [86], [134] have been employed. Especially, from
the perspective of obtaining light dominantly in a preferred polarization, wire-
grid polarizers have stepped forward. For example, Zhang et al. achieved a
polarization ratio of 7 by fabricating gratings on top of InGaN-based LED using
electron beam lithography technique [135]. Even higher polarization ratios have
been achieved by Ma et al. as 50 [136]. However, the drawbacks of these
demonstrations are the need for advanced, expensive, time-consuming, and
usually low-throughput fabrication techniques including focused ion beam
lithography [137], electron beam lithography [138], and nanoimprint lithography
[139] to produce parallel grids of metals with periodicities comparable or smaller
than the wavelength [131]. Therefore, there is a strong demand for less
complicated and less costly fabrication techniques that enable improved
polarization ratios of the emitters. Owing to their solution processing
capabilities, colloidal materials are good candidates for this purpose. However,
the challenge is to control their assembly so that the polarization anisotropy can
be supported within the film of colloids. To address this important point, Ozel et
al. decorated the surface of a quartz substrate with negatively charged gold

nanoparticles and CdTe QDs by employing electrostatic interaction with
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positively charged polymers to form plasmonic cavities [133]. The architecture
successfully increased the ratio of perpendicular (s) to parallel polarizations of
the QD emission to 1.7. However, despite the successful self-assembly of colloids,
which is obviously a high-throughput and low-cost technique, the resulting s/p-

polarization ratio did not increase sufficiently.

To further increase the s/p-polarization ratio by employing colloidal
materials, we study a hybrid morphology consisting of a thin CdTe QD film
coupled with magnetically aligned multi-segmented Ni/Au nanowires (NWs).
The ferromagnetic character of these NWs that stem from the use of Ni enables
the formation of aligned NW films upon application of an external magnetic
field. The utilization of the template-assisted synthesis of NWs allows for their
production in higher amounts and their magnetic field assisted self-assembly
enables us to obtain their aligned thin films covering large areas. Prior to our
work, the alignment of NWs was studied using Langmuir-Blodgett [140],
dielectrophoresis [141], [142], and magnetic field assisted [143], [144] techniques.
However, these works employed either relatively complex setups such as
Langmuir-Blodgett troughs or predefined electrodes for the application of electric

and magnetic fields.

Different than these works, here we show a significantly simpler method of
alighment to decrease the cost of fabrication and increase the area of the
deposition. In this study, we placed the NWs in a polymeric host between
commercially available magnets to align them while the film was slowly drying
on the substrate without the requirement for a pre-defined electrode or surface
functionalization. This enables obtaining aligned NW films in large areas and
studying the effect of the NWs on the polarization of the incorporated emitters.
For a proof-of-concept demonstration, we hybridized the CdTe QDs as isotropic
light-emitters within the aligned three-segment Au/Ni/Au NWs to obtain
polarized light. The polarization ratio of this composite material system reached
15 proving the potential of the presented technique for next-generation LCD
backlighting.
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4.2 Experimental Methodology

4.2.1 Synthesis of CdTe QDs

The synthesis of the red-emitting CdTe QDs were carried out as explained in
Chapter 2 of this thesis. Briefly, after solving Cd(ClO,), - 6H.O (4.59 g) in water
(500 mL), we added thioglycolic acid (TGA) (1.33 g) to the solution.
Subsequently, to set the pH of the solution to 12, we added NaOH solution
dropwise by continuously monitoring the pH of the system. In a separate
glassware (see Figure 2.14), we placed Al,Te; (0.8 g) under Ar flow for one hour
to clean the material. Subsequently, we added H.SO, solution (0.5 M) dropwise
on the Al'Te; to obtain H.Te gas, which carries Te atoms for the reaction
mixture under Ar flow. Then, we heated the mixture until it boiled and
continued the reaction for 20 hours to obtain red-emitting CdTe NCs in water.

The photoluminescence and absorbance spectra of these QDs are presented in

Figure 4.1.
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Figure 4.1. Photoluminescence (red curve) and absorbance (green curve) spectra
of the synthesized CdTe QDs. Reproduced with permission from Ref. [124]. ©
American Institute of Physics 2014.
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4.2.2 Synthesis of segmented Au/Ni/Au NWs

In our synthesis on NWs, we used a Whatmann Anodisc membrane having a
pore density of 10° c¢cm? as the template. We grew the NWs using an
electrodeposition technique. Briefly, we first thermally evaporated a 200 nm
thick silver layer, which will serve as the back electrode, on the backside of the
template. We used mesh platinum as the counter electrode and placed it 5 cm
above the template within a glass tube. We first deposited 2 pm thick silver
using the silver bath (TechniSilver E-2, Italgalvano, 11.5% potassium silver
cyanide) to clog the branching portion of the membrane, then we deposited ~1.5
nm of gold segments on silver layer using Orotemp 24 (6.87% potassium
aurocyanide) as the gold bath under a current of -1.6 mA. We subsequently
rinsed water to clean unreacted chemicals from the template and then deposited
the Ni segment of 7 ym length again under -1.6 mA current flow in Ni bath,
which consists of nickel sulfamate (20-35%), nickel bromide (0.5-1.5%), and boric
acid (1-3%). The average nickel growth rate has been 1.5 nm/s. We cleaned the
template with water again and deposited the second gold segment of ~1.5 pm
length using the method we described above. The average gold deposition rate
has been 2 nm/s. Once the deposition was finished, we removed the silver back
electrode by etching it with HNO; solution (30%) and then removed the alumina
membrane by dissolving it within NaOH (3 M). To separate the NWs from the
remainings of alumina membrane in the solution, we centrifuged the mixture
three times in DI water at 3000 rpm. The scanning electron microscope (SEM)

images of the synthesized NWs are presented in Figure 4.2.

4.2.3 Preparation of the hybrid film and its alignment

We used two neodymium magnets with dimensions of 5 mm x 10 mm x 40 mm
separated by 2 cm for the alignment of the NWs. We measured the generated
magnetic field to be 400 Gauss. Before the alignment, we first mixed the
synthesized multi-segment NWs (500 pL) with poly(vinyl pyrolidone) (PVP, 750
nL) and the synthesized CdTe QDs (1600 pL) with PVP (1200 pL) separately.
We first drop-casted the NW mixture (375 and 500 pL) on a glass substrate,

which was placed between the magnets, and left the film drying under magnetic
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field. After the film dried, we drop-casted 500 uL of the mixture containing QDs
and again left the film for drying. The illustration of the film structure and the
setup are presented in Figure 4.3 along with the optical microscope images of the

prepared films.

Figure 4.2. Scanning electron microscope images of the Au/Ni/Au three-segment
NWs (a) within the template and (b) on the glass substrate. Reproduced with
permission from Ref. [124]. © American Institute of Physics 2014.

CdTe QD film

Figure 4.3. Illustration of the setup that we used for preparing aligned NW-QD
hybrid films. Reproduced with permission from Ref. [124]. © American Institute
of Physics.



4.3 Results and Discussion

Applying a magnetic field to the nanowires magnetizes the nickel parts of the
NWs. This magnetization induces magnetic domains that interact with the
applied magnetic field and causes a torque so that the NWs are aligned along the
applied field. We can relate the induced magnetic moment on NWs (L) using
L=mlHsin0, where m stands for the dipole strength, [ is the length of the
ferromagnetic segment, H is the magnetic field intensity, and finally, 8 is the
angle between the long axis of the NWs and the applied magnetic field [143].
This relation states that if we employ nanowires with longer nanowire segments
or apply stronger magnetic field, the induced magnetic moment leading to torque
on the nanowires strengthens. As a result, the NWs will tend to align along the
external field forming a grid-like architecture that resembles wire-grid polarizers
and has the potential to reflect one polarization of light strongly while

transmitting the other.

We evaluated the potential of this methodology by modeling this aligned NW
architecture using a numerical full electromagnetic solver. For this purpose, we
employed the Lumerical’s finite difference time domain (FDTD) software and
calculated the polarization dependent emission of the hybrid films comprising of
NWs and CdTe QDs (Figure 4.4). In our simulations we tested the polarization
of the hybrid films by using first three segment Au/Ni/Au NWs hybridized with
CdTe QDs. The simulated NW morphology was similar to the synthesized one
and consisted of a 7 um long Ni segment and two 1.5 um long Au segments
below and above the Ni segment. The second NW morphology we tested was
single-segment NWs of Ni having a length of 10 um. The refractive index of the
CdTe QD layer was first measured using ellipsometry and these values were used
in our simulations. We structured our simulation so that the light emitted by the
QDs propagate through the randomly positioned but aligned NWs. While
positioning the NWs randomly, we set the average period of the NW separation
to 250, 300, 350, and 400 nm. To study the polarization of the CdTe emission,
we monitored the transmission of the QD emission separately at perpendicular

and parallel polarizations.
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Figure 4.4. (a) Illustration of our FDTD simulation setup where blue and pink
arrows indicate the polarization and propagation of the light, red thin layer
represents the CdTe QD layer, and yellow/gray /yellow wires represent the three-
segment Au/Ni/Au nanowires. (b) Polarization ratio of the transmitting light
that is produced within the CdTe QD layer. (¢) Normalized transmission of the
light as a function of the average nanowire spacing for single-segment and three-
segment nanowires. Reproduced with permission from Ref. [124]. © American

Institute of Physics 2014.

When the optical polarization and the long axis of the NWs are aligned,
electromagnetic field emitted by the QD strongly interacts with the conductive
NWs leading to absorption and scattering. On the other hand, the light polarized
perpendicular to the long axis of the NWs interacts with the NWs significantly
less leading to improved transmission. The results of our simulations presented in
Figure 4.4 confirm our expectations and reveal optical anisotropy for both three-
segment and single-segment nanowires. We reckoned that the polarization ratios
tend to increase at shorter inter-nanowire spacing. The polarization ratios that
we can achieve can get values up to 10 and 50 for the three-segment and single-
segment nanowires, respectively. However, in the case of single-segment Ni NWs,

the transmission is considerably less than the three-segment Au/Ni/Au NWs.

In addition to the transmission advantage of three-segment NWs, they also
pose experimental advantages. We observed that single-segment Ni nanowires
tend to break while removing the silver layer at the backside of the template. In
contrast with single-segment nanowires, three-segment Au/Ni/Au NWs are more

robust owing to the strengthened Au-Ni contact during post-thermal baking.
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Therefore, we decided to continue our experiments with the three-segment NWs.
In our experiments, we also employed poly(vinyl pyrolidone) (PVP) as the host
polymer for both QDs and nanowires. This host matrix avoided the quenching of
the QD emission during solid-film formation and increased the viscosity of the
mixture so that the NWs did not move toward the magnets while the film dried.
We first formed the films of the NWs within PVP. After this film dried, we
drop-casted the CdTe QD layer on top of the NW layer and the film was dried
overnight. Our optical microscopy images clearly revealed that the alignment of
the NWs took place along the direction of the applied magnetic field (Figure
4.5(a) and (b)). However, we observed that we could not perfectly avoid the non-
uniformities, which we attribute to the random nature of the alignment process.
As a result, we expect that these non-uniformities place an upper bound on the

feasible polarization ratio.

Figure 4.5. Optical microscope images of the aligned three-segment nanowires
taken from (a) a less dense and (b) a dense region of the hybrid film.
Reproduced with permission from Ref. [124]. © American Institute of Physics
2014.

After forming the NW-QD hybrid films, we recorded their polarization-
dependent photoluminescence spectra using the system illustrated in Figure 4.6.
We excited these hybrid films with a laser emitting at 375 nm and collected the
light through a linear polarizer, monochromator, and a photomultiplier tube. We

rotated the polarizer to record the emission intensities at perpendicular and
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parallel polarizations of the light emitted by the QDs and transmitted through
the array of NWs.

Monochromator Film

PMT

photodetector Polarizer

Laser

Figure 4.6. Illustration of the setup used for characterizing the optical
polarization of QD emission in hybrid films. Reproduced with permission from
Ref. [124]. © American Institute of Physics 2014.

Our results indicated that the bare CdTe QD film without NW hybridization
possesses a s/p polarization ratio close to unity. In the hybrid films, however, we
observed strong polarization-dependent emission intensities (black and red
curves) as shown in Figure 4.7. We also reckoned that the polarization ratio
given in blue in Figure 4.7 can reach 10 and becomes ~8 at the emission peak for
the hybrid film prepared using 375 pL. of NW:PVP mixture. Furthermore, we
found out that increasing the amount of NW:PVP film used during the film
formation significantly contributes to increasing the emission polarization up to
16, which takes values close to 15 at the peak of the QD emission. In the light of
our simulations, we attribute this observed behavior to the decreased NW
spacing at increased NW amounts utilized in solid-film. We also observed an
unusually broad spectrum of the polarization ratio, which we again attribute to
the randomness of the NW alignment and imperfect distribution in the solid-

film.
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Figure 4.7. Photoluminescence spectra at perpendicular (s) and parallel (p)
polarizations of the films prepared by hybridizing three-segment Au/Ni/Au NW
and CdTe QDs. In (a) 375 pL and (b) 700 uL of NW dispersion is used for the
thin film preparation. Reproduced with permission from Ref. [124]. © American
Institute of Physics 2014.

4.4 Summary

In this work, we proposed and demonstrated a new simple methodology for
obtaining polarized emission by employing the self-assembly of magnetic
nanowires hybridized with semiconductor QDs under magnetic field. We
observed that the application of magnetic field makes the nanowires self-
assemble along the field direction. Thus, the nanowires act as wire-grid polarizers
that significantly improve the anisotropy of the QDs that are otherwise isotropic
emitters, which was also confirmed by the numerical analyses carried out using
finite difference time domain electromagnetic simulations. Our experiments
showed that it is possible to obtain polarization rations above 15 using this
technique, which offers significant advantages for displays owing to its simplicity
and low cost. We believe that this present work will open up new opportunities
in using magnetic field assisted self-assembly techniques for increasing the
polarization anisotropy of the emitters that are especially of significant

importance for display applications.
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Chapter 5

Macrocrystals of Quantum Dots
for Quality Lighting

In this chapter of the thesis, we present our work on the development of the
high-quality light-emitting diodes wusing color-converting quantum dots
incorporated into borax macrocrystals. In this work, we first determined the
spectral conditions required for achieving high color quality and high
photometric efficiency. Subsequently, we synthesized the green- and red-emitting
quantum dots and incorporated them into borax macrocrystals. Using their
photoluminescence features, we refined our numerical calculations and
determined the necessary features of yellow-emitting quantum dot incorporating
macrocrystals. Based on these findings we synthesized yellow-emitting quantum
dots and incorporated them into borax macrocrystals. Employing green-, yellow-,
and red-emitting macrocrystals, we prepared a white light-emitting diode and
characterized its colorimetric and photometric properties in addition to the
stability tests. Below, we present the details of this work that we covered in M.
Adam*, T. Erdem*, G. M. Stachowski, Z. Soran-Erdem, J. F. L. Lox, C. Bauer,
J. Poppe, H. V. Demir, N. Gaponik, A. Eychmiiller, ACS Appl. Mater. Inter. 7,
41, 23364-23371 (2015) [87] (*equal contribution). Reproduced with permission
from American Chemical Society © 2015.

5.1 Introduction

Today’s commercially available white light-emitting diodes (LEDs) are mainly
suffering from low color rendering index (CRI) due to their color-converting
phosphors. Those are based on rare-earth doped oxides with a broad tail
reaching the deep-red part of the spectra where the human eye is not sensitive
thus not providing a sufficient amount of detected red photons in the visible
region [8], [4]. One solution to overcome this issue is the use of fluorescent

colloidal semiconductor quantum dots (QDs) as color-converters. Discovered
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during the 1980’s [145], [146], QDs provide the ability to alter chemical and
physical properties than their bulk counterparts such as the band gap tunability
with their size enabled by size-dependent quantum confinement effects [147].
Therefore, emitters with a tunable emission peak accompanied by a narrow full-
width at half-maximum (FWHM) spanning a significant portion of the
electromagnetic spectrum can be obtained using the same material [53]. Their
applications as color converters on LEDs [12], [58], [148]-[150] as well as active
emitting layers [151]-[153] have been successfully demonstrated; however, in both
cases their well-known limited stability against oxidation and decomposition
remains as a challenge to overcome. In our previous publication [83], we
addressed this problem by incorporating the QDs into ionic matrices, e.g. NaCl
and KCI and drastically improved their photostability while preserving or, under
the right conditions, increasing their photoluminescence quantum yield (PL-QY)
[154].

Although these QD incorporating salt macrocrystals (also called QD-salt
mixed crystals) proved to be suitable as color conversion materials [83], [84], [91],
(93], [155], [156], only proof-of-concept white LEDs without any photometric
optimization were shown. In this manuscript, we carried out a model-
experimental feedback approach to prepare QD incorporating salt macrocrystals,
which can be used to produce white LEDs with high luminous efficacy of
radiation (LER), high CRI and a correlated color temperature (CCT)
comparable to the incandescent bulb. First, we used the model to identify the
spectral requirements for high quality lighting employing QD photoluminescence
(PL) spectra, which were then implemented in the subsequent QD synthesis. By
comparing the experimental spectra at each intermediate stage with the model,
we optimized the color quality and photometric efficiency of the final white LED.
In addition to this, here we benefitted for the first time from the reduced ionic
strength of borax in water compared to NaCl allowing significantly higher
loading of QDs into crystals making the implementation of the designed white
LEDs possible. Finally, we showed that the encapsulation of the QDs in salt
crystals provides outstanding emission stability integrated with LEDs driven at

high currents.
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5.2 Experimental Methodology

5.2.1 Model for spectral evaluation

To maximize the photometric performance of the white LEDs, we carefully
designed the spectra of the LEDs prior to experiments so that appropriate QDs
can be used with the correct amounts. For this purpose, we benefitted from the
results of our previous study [11] as the starting point. In our calculations, we
modelled the emission of the QDs as a Gaussian function unless we do not use
the experimentally measured photoluminescence spectra. In our designs, we tried
to maximize the CRI, which indicates how good the real colors of the objects are
rendered, and LER, which indicates how good the spectrum of the light source
overlaps with the eye sensitivity curve. Furthermore, a special emphasis was
given to generate white light with a warm white shade acquiring a CCT below
4500 K. According to our previous results, only a tiny fraction of all possible
color combinations yields LED-spectra where CRI >90, LER >330 1lm/W,y, and
CCT <4500 K were met simultaneously. Based on these results, here we
designed a four color white LED composed of a blue LED pumping green-,
yellow-, and red-emitting QD macrocrystals to generate white light. According to
the recommendations provided at this step, we first synthesized green- and red-
emitting QDs and grew their macrocrystals. Considering the measured
photoluminescence spectra of these macrocrystals, the required peak emission
wavelength of the yellow color component was determined to achieve CRI >90,
LER >330 lm/W,,, and CCT <4500 K. Based on these results, we synthesized
yellow-emitting QDs and grew their macrocrystals. Using the measured
photoluminescence spectra of the green-, yellow-, and red-emitting macrocrystals,
we calculated their necessary relative amplitudes for high quality white light

generation.

5.2.2 Synthesis of QDs

All chemicals used were of analytical grade or of the highest purity available. All
aqueous  solutions were prepared from Milli-Q water (Millipore).
CdSe/CdZnSeS/ZnS QDs with an alloyed gradient shell were synthesized
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according to a previous publication [157], using slight modifications of the

synthetic protocol. All amounts used for the synthesis can be found in Table 5.1.

Table 5.1. Amount of precursors for the synthesis of three different
CdSe/CdZnSeS/ZnS quantum dots (QDs) with an alloyed gradient shell.

Green QD Yellow QD Red QD

0.3 mmol 1.8 mmol 1.0 mmol
CdO

(38.5mg)  (231.1 mg) (127.5 mg)
Zn(OAC): 4.0 mmol 2.6 mmol 2.0 mmol

(733.9 mg)  (477.0 mg) (367.0 mg)
Oleic acid 5.5 mL 5.5 mL 5.0 mL
ODE 20.0 mL 20.0 mL 23.2 mL
S 0.25 mmol 1.00 mmol 0.20 mmol

e

(19.7 mg) (84.2 mg) (15.8 mg)
S 3.50 mmol 2.45 mmol 2.00 mmol

(112.0 mg)  (78.7 mg) (64.1 mg)

: 0.2 mL + 1. L ODE
TOP 3.0 mL 3omp oo 02mb+1OmLO
S: 1 mL

DDT - - 0.3 mL

For green-emitting (530 nm) and yellow-emitting (570 nm) QDs, a defined
amount of CdO, Zn(OAc),, oleic acid (OA) and 1-octadecene (ODE) were placed
in a 50 mL three-necked flask. The mixture was degassed for 1 h and backfilled
with inert gas at 100 °C. After heating to 310 °C, defined amounts of S and Se
dissolved together in trioctylphosphine (TOP) were rapidly injected into the
flask accompanied with a temperature reduction to 300 °C. After 10 min., the
QD solution was cooled to room temperature, quenched with 20 mL of CHCls,

and followed by two washing steps with an excess of acetone.

For red-emitting (617 nm) QDs, CdO, Zn(OAc),, OA and ODE were placed
in a 50 mL three-necked flask and degassed for 1 h at 100 °C. After backfilling
with inert gas and heating to 300 °C, Se dissolved in TOP and ODE was
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injected rapidly into the flask, followed by a dropwise addition of 1-
dodecanethiol (DDT) after 30 s. 20 min. later, S dissolved in TOP was added
dropwise to the reaction solution, while holding the mixture at 300 °C for further
10 min. The QD solution was cooled to room temperature, quenched with 20 mL
of CHCl; and washed two times with acetone and isopropanol. Finally, the QDs
were redispersed in 4 mL of CHCls to gain a concentrated solution for the ligand

exchange and characterization.

5.2.3 Ligand exchange

Long chain aliphatic acids on the QDs surface were exchanged with short chain
thiols using a modified protocol of Ref. [158]. 30 pL of concentrated QDs solution
were diluted with 500 pL. CHCl; and mixed with a 0.2 M aqueous
mercaptopropionic acid (MPA) solution at pH of 10. After shaking vigorously for
4 h, phases were separated and the aqueous phase was used without further

purification.

5.2.4 Preparation of QD incorporating salt

macrocrystals

2 mL of freshly ligand exchanged QD solution was mixed with 10 mL of
saturated disodium tetraborate decahydrate Na,B4O; - 10 H,O (Borax) solution,
modifying our previous report [154]. The mixture was stored at 30 °C in an oven
for about one week, until the parental solution turned colorless. Resulting
macrocrystals were rinsed with cold water for cleaning, dried, and stored under

ambient conditions.

5.2.5 Preparation of white LED

To prepare white LEDs, borax-based macrocrystals were milled to a fine powder
and varying amounts of the powders emitting in different colors were blended
with a two component silicone resin (ACC Silicones) on top of a blue-emitting
commercial InGaN LED. The mixture was hardened for 2 h at 70 °C, forming a

homogeneous phosphor layer.
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5.2.6 Preparation of thin sheets for transmission

electron microscopy (TEM)

Structural characterization of QD incorporating salt macrocrystals was
performed using TEM. Prior to imaging, green- and red-emitting macrocrystals
were embedded into histological resin (Kulzer), which was prepared by mixing
resin and cross-linker with a ratio of 15:1. In order to initiate the cross-linking
process, samples were exposed to UV light at 254 nm for 15 min and then stored
at room temperature for complete solidification. After one week, sheets of 200
nm thickness were obtained using a Leica ultramicrotome. Cross-sections were
transferred onto a Lacey carbon coated 200 mesh copper grid and TEM images

were recorded by a FEI Tecnai G2 F30 transmission electron microscope.

5.2.7 Characterization

UV-Vis absorption measurements were performed on a Cary 50
spectrophotometer (Varian). PL spectra were recorded using a FluoroMax-4
spectrofluorometer (Horiba Jobin Yvon) at room temperature. PL-QY
measurements of as-prepared and ligand-exchanged QDs were performed
according to reference [159], using Rhodamine 6G and Rhodamine 101 (both
Radiant Dyes Laser) in ethanol (Uvasol, Merck) [159]. Photoluminescence
lifetime (PL-LT) spectra were recorded using a Fluorolog-3 spectrofluorometer
(Horiba Jobin Yvon) equipped with a pulsed LED diode and a time-correlated
single-photon counting (TCSPC) module at room temperature. Average PL-LTs
were calculated at the time, when the initial signal intensity was reduced to
10000/e. Absolute PL-QY measurements were performed using a FluoroLog-3
spectrofluorometer (Horiba Jobin Yvon) equipped with a Quanta-¢ integrating
sphere. Thermogravimetric analyses were performed on a TGA/DSC1 STAR*
System (Mettler Toledo) using alumina crucibles and pressured air as purging
gas. Stripping voltammetric analysis were performed on a home-built three-
electrode system, using glassy carbon as the working-electrode, Hg/HgCl, as the
reference electrode and Pt as the auxiliary-electrode. In-situ, the target analyte

as well as a bismuth film were deposited on and stripped off the working
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electrode. The analyte concentration was determined by applying the standard

addition method using a Cd standard solution [160], [161].

5.2.8 Temperature tests

We measured the temperature of the LED chips using an FLIR A655sc infrared
camera. The LEDs were operated using a square wave at a frequency of 1 kHz at
300 mA.

5.3 Results and Discussion

5.3.1 Photometric modeling

We used the photometric calculations as the feedback tool for the design of our
white LED. The first step of our work has been determination of the number of
color components. According to Tsao [3], four color components, i.e., blue, green,
yellow, and red are required for achieving high-quality white light. In our
previous work, we had determined the required wavelengths, relative amplitudes,
and full-width at half-maximum values of the QD emitters [11]. In the light of
this prior work, here we chose to use a blue LED emitting at 460 nm, green-
emitting QDs with a peak emission around 530-540 nm, and red-emitting QDs
with a peak emission around 620 nm. Although the necessary condition for the
yellow peak wavelength to achieve high quality lighting was found to be 570-580
nm, we chose to fine-tune the white LED spectrum using the yellow component
to compensate experimental deviations. For this purpose, we grew green- and
red-emitting QD macrocrystals and recorded their photoluminescence spectra
before preparing the yellow-emitting QD macrocrystals. Our calculations showed
that employing the blue LED together with green- and red-emitting
macrocrystals cannot provide high LER and high CRI together with warm white

shade at the same time, confirming the results of Ref. [3].

Furthermore, to determine the conditions for high-quality white light, we
calculated the required peak emission wavelength of the yellow color component

by making use of the PL spectra of the green- and red-emitting macrocrystals
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along with that of the blue LED. Since the material composition and the
synthesis methodology of the yellow-emitting QDs are similar to those of the
green-emitting QDs, we selected the full-width at half-maximum values of the
yellow-emitting QDs to be the same as that of the green-emitting QDs. Our
calculations revealed that the peak emission wavelength around 570 nm results
in realizing CRI > 90, LER ~ 350 Im/W,,, and CCT < 3000 K, all at the same
time. Based on this information, yellow-emitting macrocrystals emitting at 573
nm were grown. In the center of Figure 1, possible CRI-LER combinations of the
modeled LEDs based on experimentally prepared macrocrystals are shown as
black squares, while the blue background is a guide for the eye showing feasible
combinations. The PL-spectra display exemplarily chosen possible combinations

of the four colors and their corresponding photometric performance.

Subsequently, the required relative amplitudes of the color components were
determined using the experimental emission spectra of the QD macrocrystals and
the blue LED to be ?/y for both the blue and green components, '/y for the
yellow component, and */¢ for the red color component to achieve high color
quality and photometric performance. Based on these calculations, a white LED
made of these macrocrystals was prepared simultaneously achieving CRI = 91,
LER = 341 lm/W,,, and CCT = 2720 K, marked as a red square in the center
and the corresponding PL-spectrum shown in the upper right corner of Figure
5.1.
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Figure 5.1. Overview of feasible CRI-LER combinations (black squares) with the
experimentally prepared macrocrystals used as color conversion materials on blue
LEDs (center). The two PL-spectra on the left and the lower right one show
theoretically determined combinations corresponding to the marked points in the
center. The upper right PL-spectra and the corresponding red square show the
photometric performance of the most optimized final white LED. Reproduced

with permission from Ref. [87]. © American Chemical Society 2015.

5.3.2 QD synthesis and characterization

Oil-based CdSe/CdZnSeS/ZnS QDs with an alloyed gradient shell were used,
since they show a better tunability in the higher energy part of the spectrum and
a smaller FWHM in the low energy region compared to aqueous based CdTe
QDs while preserving high stability and PL-QY. In Figure 5.2, the PL-spectra of
the resulting QDs are shown, with emission maxima at 530, 570, and 617 nm,
FWHM of 40, 30, and 30 nm and PL-QY of 38.5%, 40.2%, and 42.6% for green,
yellow, and red, respectively. These FWHM are in agreement with the
requirements of high quality lighting as described in Ref. [11]. Below the PL-
spectra in Figure 5.2, a photograph of the QD solutions under UV excitation
shows their bright, pure color emission. Since Cd-based materials possess an
inherent toxicity, their use in general applications is highly restricted.
Nevertheless, if the benefits of using Cd-based materials strongly exceeds the

risks, their application can be permitted by the legislature, as it is going to
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happen for the use of Cd-based QDs in display and general lighting color

conversion applications within the European Union [162].
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Figure 5.2. PL-spectra (top) of three different CdSe/CdZnSeS/ZnS QDs and
their true color images under UV-excitation at 365 nm (bottom). The QDs are
dispersed in CHCIl; and stored under ambient conditions. Reproduced with

permission from Ref. [87]. © American Chemical Society 2015.

The used oil-based QDs are stabilized by OA and TOP and are not soluble in
the saturated, aqueous borax solution. Therefore, a phase transfer together with
a ligand exchange towards the short chain thiol MPA is necessary. As it can be
seen from Figure 5.3, QDs are transferred towards the initially colorless aqueous
phase, preserving their pure color and intense emission (Figure 5.3(d)). The
transfer is quantitative, yielding a colorless CHCl; phase and no aggregated
particles, proving well stabilized, ligand exchanged QDs. Both shape and position
of the PL-spectra stay constant during the procedure, as it can be observed in
Figure 5.4. During the ligand exchange, non-ideal surface passivation is achieved,
which causes a typical decrease of the PL-QY to roughly 50 % of the initial
value [158], [163].
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Figure 5.3. True color images of three different CdSe/CdZnSeS/ZnS QDs before
((a) and (c)) and after ((b) and (d)) ligand exchange under ambient light (top)
and 365 nm UV-excitation (bottom). Reproduced with permission from Ref. [87]
© American Chemical Society 2015.
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Figure 5.4. Photoluminescence  (PL)  spectra  of three  different
CdSe/CdZnSeS/ZnS QDs dispersed in CHCls (solid lines) and after ligand
exchange in H.O (dotted lines). Reproduced with permission from Ref. [87]. ©
American Chemical Society 2015.

5.3.3 Mixed crystal preparation

Embedding the ligand exchanged QDs into NaCl is known to be non-trivial,
since their stability, in comparison to initially aqueous based CdTe QDs, is lower
[154]. Using NaCl as a host, only macrocrystals with small loading amounts of
QDs can be obtained, as it is shown in Figure 5.5. To overcome this problem,
either our different crystallization procedure liquid-liquid diffusion assisted
crystallization (LLDC) [91] or another host material can be used. Since the
LLDC allows for a QD loading level that is non-sufficient for highest quality
color conversion, borax is used as the host material in thesis work here. Due to
its much lower solubility in water in comparison to NaCl (0.13 mol/L compared
to 6.14 mol/L, respectively)[164], the ionic strength of the saturated borax
solution is much lower than for saturated NaCl-solutions. Therefore, the stability

of the ligand exchanged ()Ds is much higher within the borax solution. On the
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other hand, using the same amount of QDs per mL of saturated solution, the QD
loading within the resulting macrocrystals is higher. Stripping voltammetry
measurements (Table 5.2) showed a 3.4 times higher amount of Cd and thereby
QDs within borax in comparison to NaCl based macrocrystals prepared from the

same batch of ligand exchanged QDs.

Table 5.2. Amounts of Cd within the parental CHCI; solutions and the final
borax-based mixed crystals, measured wusing stripping voltammetry. The
measurements were conducted using a bismuth film on the electrode for the
determination, as described in Ref. [160], [161].

Sample Amount of Cd

¢ = 44.75 mmol /L

¢ =5.03g/L

b = 1.17E-06 mol/g mixed crystal
Ratio 1.31E-04 g/g mixed crystal
¢ = 15.88 mmol/L

c=178¢g/L

b = 9.26E-08 mol/g mixed crystal
Ratio 1.04E-05 g/g mixed crystal
¢ = 276.28 mmol /L

¢ = 31.06 g/L

b = 2.52E-07 mol/g mixed crystal
Ratio 2.84E-05 g/1 g mixed crystal
Comparison ¢ = 4.95E-06 mol/g in Borax
Borax-NaCl ¢ = 1.44E-06 mol/g in NaCl

Green in CHCI;

Green in borax

Yellow in CHCl;

Yellow in borax

Red in CHCI;

Red in borax
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Figure 5.5. True color images of macrocrystals made from the same
CdSe/CdZnSeS/ZnS QD batch with either borax ((a) and (c)) or NaCl ((b) and
(d)) as host materials. The pictures (a) and (b) have been photographed under
ambient light, (c) and (d) under excitation with a 365 nm UV-lamp. Reproduced
with permission from Ref. [87]. © American Chemical Society 2015.

In Figure 5.6, the resulting borax based macrocrystals are displayed. As it can
be seen from the microscopic images in Figure 5.6 ((b), (e), and (h)), the QDs
are equally distributed within the matrix. The corresponding PL-spectra show
that upon incorporation the pure color emission does not change, but a small red
shift of the emission maxima occurs. This shift is accompanied with the change
of the surrounding dielectric media from water to salt matrix [83], [154]. Spectra
in Figure 5.6(f) shows a reproducible slight red tailing, indicating aggregated
QDs upon incorporation into borax. Such broadening, in the case of the yellow
component, does not reduce the overall quality of the color converter. To ensure
that the spectral properties of the macrocrystals will not change upon milling
and incorporation into the silicone, thin layers of powder encapsulated into the
silicone resin were prepared. The corresponding spectra can be found in Figure
5.7, showing no change during the silicone embedding process. For all samples,
PL-LT and PL-QY measurements were conducted in CHCIl;, H;O and borax,

corresponding results are shown in Figure 5.8 and Table 5.3.

94



As expected from recent studies on macrocrystals [91], [154], [155], all samples
show a stronger change in PL-QY than PL-LT over all steps (and thereby
changes of surrounding media), while both figures exhibit similar trends. Such
behavior was previously discussed in the literature [165], considering the fact
that both PL-QY and PL-LT data arise from ensemble measurements of QDs
revealing multiexponential decay kinetics. In such ensembles, PL-LT
measurements are commonly dominated by the strongest luminescent
component, while PL-QY measurements account also for weakly emitting (or
dark) QDs due to their absorbance and reflect most likely a broad distribution in
PL-QY. Therefore, until today, no straightforward correlation between the QDs
PL-QY and PL-LT was found, as it is, on the other hand, well known for
molecular emitters [166]. Secondly, the results are in good agreement with the
findings of our recent mixed crystal PL-QY study [154]. An encapsulation of
CdSe/CdZnSeS/ZnS QDs into an ionic matrix does not lead to a pronounced

increase in PL-QY, since no passivating CdCly can be formed on the QD surface.
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Figure 5.6. True color ((a), (d), and (g)) and microscopic ((b), (e), and (h))
images of differently emitting CdSe/CdZnSeS/ZnS QDs incorporated into borax
crystals under UV-excitation (365 nm). Graphs (c), (f) and (i) show the
corresponding PL-spectra of the initial solutions (black lines) and macrocrystals
(red lines). Reproduced with permission from Ref. [87]. © American Chemical

Society 2015.
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Figure 5.7. Photoluminescence spectra of three different CdSe/CdZnSeS/ZnS
QD-based macrocrystals (solid lines) in addition to their spectra after powdering
and incorporation into thin films of silicone (dotted lines). Reproduced with

permission from Ref. [87]. © American Chemical Society 2015.
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Figure 5.8. PL-decay spectra of three different QDs in CHCl; (black squares),
H,O (red squares) and after embedding into borax (blue squares). The grey
squares always represent the measured prompt. Reproduced with permission
from Ref. [87]. © American Chemical Society 2015.
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Table 5.3. Average PL-lifetimes and photoluminescence quantum yields (PL-QY)
for three QDs in different media. PL-QY values were measured three times and

averaged.

Green QD Yellow QD  Red QD

1 in CHCI; 21.9 ns 16.5 ns 21.6 ns
T in H.O 21.2 ns 17.4 ns 14.7 ns
T in Borax 17.6 ns 14.1 ns 9.9 ns
PL-QY in
38.509 40.309 42.609
CHCI; % % %
PL-QY i
QYin s g0% 16.60%  17.60%
H-O
PL-QY i
QY 5 20% 15.70%  14.00%
Borax

To verify that the QDs are well dispersed within the borax matrix, the
macrocrystals were embedded within a resin and cut into thin sheets using an
ultramicrotome. This step proved to be necessary, since directly adding the
macrocrystals (or powders thereof) on top of the TEM-grid resulted in fast and
complete melting of the macrocrystals under electron beam exposure [83]. The
images in Figure 5.9 show well separated and non-aggregated QDs within the
salt matrix, which is in good agreement with the results from the optical
characterization methods. It should be highlighted that only using these thin
sheets, imaging of QDs within an inorganic crystal matrix at atomic resolution,
showing the crystallographic planes of the QDs is possible. Although a similar
approach was used for QDs within NaCl-based macrocrystals [91], only borax
proved to be suitable as a stable matrix under electron beam exposure, allowing

such high magnifications.
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Figure 5.9. TEM images of the green- ((a) and (b)) and red- ((c) and (d))
emitting macrocrystals shown in Figure 4. Overviews (a) and (c¢) as well as
highly magnified images (b) and (d) of the samples prove non-aggregated and
well distributed QDs within the matrix. Reproduced with permission from Ref.
[87]. © American Chemical Society 2015.

5.3.4 Stability tests of the white LED

The emission intensity of the QD macrocrystals were recorded by hybridizing
them on a blue LED driven at 300 mA for 96 h (4 days). To avoid pronounced
heat generation, the LED was placed on an aluminum plate for passive cooling
and operated with a 1 kHz on/off rate. Under these conditions, the LED
temperature stayed below 35°C (see Figure 5.10) while a continuous operation
would cause an increase to 72°C which would reduce the overall stability of the
emissive layer. Figure 5.11 displays the PL-spectra recorded during the
investigation. The intensity of the mixed crystal emission decreases only slightly,
which is in good agreement with our recent findings on the PL-stability of the
macrocrystals under intense illumination [83]. Therefore, the macrocrystals
outcompete all other QD packaging approaches in terms of photostability,

verifying their suitability in color conversion applications. It should be noted
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that the macrocrystals were grown under ambient conditions. For
commercialization, preparation under inert atmosphere could be beneficial,
preventing the incorporation of dissolved O, and might be a crucial step to

further increase the overall photostability.
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Figure 5.10. Infrared-image of a LED hybridized with macrocrystals in operation.
The image was taken after a 15 (left) and 30 (rights) minutes operation using a 1
kHz switching rate, proving that the temperate stays constant slightly above
room temperature, not exceeding 35 °C. Reproduced with permission from Ref.
[87] © American Chemical Society 2015.
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Figure 5.11. PL-spectra of the white LED before and during the stability tests.
The white LED was driven at 300 mA and a 1 kHz on/off rate, avoiding
significant heat generation. Reproduced with permission from Ref. [87] ©

American Chemical Society 2015.
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5.3.5 White LED preparation

To produce our final white LED, the macrocrystals discussed above were milled
to a fine powder, dried and defined amounts of green (20 mg), yellow (8 mg) and
red (16 mg) converters were blended together with a two-component, industrial

standard silicone resin.

During the first preparations, a raising in the powder-silicone mixture was
observed, causing an inhomogeneous and porous conversion layer, as shown in
Figure 5.12(b). These layers showed minor mechanical stability (Figure 5.12(c),
conversion layer after holding with tweezers) and provided only weak protection
of the fine powder against oxygen and water-vapor diffusion, yielding a change of
the white LEDs spectra within days. Borax, unlike the other matrices NaCl, KCI
etc. we used, crystallizes as a decahydrate. As it can be seen from the thermo
gravimetric analyses of borax based macrocrystals in Figure 5.13, part of the
crystal water is released at 70 °C, the curing temperature of the silicone. Gently
drying the mixed crystal powder under vacuum at 70 °C before blending it with
the silicone ensures that no further crystal water is released during curing,
yielding a smooth and rigid conversion layer as shown in Figure 5.12(a).
Removing parts of the crystal water during the drying step also reduces the
overall mass of mixed crystal powder needed, enabling the formation of smaller

conversion layers.
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Figure 5.12. True color image of a LED (a) prepared using borax powder, which
was dried before blending it with the silicone on top of the LED. Photograph (b)
and (c) show a LEDs produced using non-dried macrocrystal powder. While (b)
shows the porous and non-homogenous silicone encapsulation, (c) displays the
minor mechanical stability of such layers. Reproduced with permission from Ref.
[87] © American Chemical Society 2015.
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Figure 5.13. Thermogravimetric analysis of borax-based macrocrystals. The blue
line displays the applied temperature program, with a two-hour isothermic part
at 70 °C to imitate the curing of the silicone on top of the LED. As prepared
macrocrystal powder shows a significant weight loss (black curve), while the pre-
dried powder suffers only from a negligible loss at 70 °C. Reproduced with
permission from Ref. [87] © American Chemical Society 2015.
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By adjusting the amounts of green-, red-, and yellow-emitting powder, the
hue of the final device can be tuned to a warm white. Figure 5.14(d) shows the
emission spectrum of the resulting warm-white LED achieving a CCT of 2720 K,
a CRI of 91 and a LER of 341 1Im/W,y, simultaneously. These values combine a
warm-white hue, which is comparable to an incandescent bulb (CCT ~ 2800K),
while preserving the high efficiency of the solid-state lighting devices and giving
a color rendering that matches industrial requirements [167]. Furthermore, it
overcomes the CRI = 90 barrier of QD based LEDs for the first time
simultaneously reaching LER > 340 lm /W, with a warm-white shade, exceeding
the current state-of-the art in literature [121]. In Figure 5.14(e), the position of
the LEDs spectra within the CIE 1931 diagram (x=0.4557, y=0.4056) and a
blackbody radiator are marked with the cross and the black curve, respectively.
Figure 5.14(a) shows the QD incorporating salt macrocrystals, which we used to
produce our white LED under the illumination of a standard fluorescent lamp. In
comparison, the same image was taken in the darkened room, just illuminated by
our white LED (Figure 5.14(b)). Here, especially the red crystals show a more
saturated color in comparison to Figure 8a, which is due to the LED’s much
higher amount of emitted red light in comparison to the fluorescent lamp. Since
most of today’s commercially available white LEDs also lack a sufficient amount
of red within their emission spectra, the fluorescent lamp can be used as a
comparison. Figure 5.14(c) shows the same image taken under 365 nm UV-

excitation, proving the intense and pure color emission of the macrocrystals.
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Figure 5.14. Photographs (a), (b), and (c) show true color images of our
macrocrystals under either ambient illumination with a standard fluorescent
lamp (a), with our white LED (b), and under 365 nm UV-excitation. Graph (d)
presents the PL-spectra of our white LED within the visible region (solid line)
and the used modeled spectra (dotted line), while (e) shows a CIE 1931 diagram
with the blackbody radiator (black line, CRI 100) as comparison, our white LED
marked with the black cross and an incandescent bulb (grey cross). Reproduced

with permission from Ref. [87] © American Chemical Society 2015.

5.4 Summary

In summary, we presented a model-experimental feedback approach to synthesize
CdSe/CdZnSeS/ZnS QDs with an alloyed gradient shell whose emission spectra
match the requirements of high-quality white light luminaires. These QDs were

successfully phase-transferred and incorporated in borax-based macrocrystals,
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which provide a rigid and air-tight ionic matrix while assuring a high loading
density of QDs. Within a stability test, these macrocrystals showed a strongly
enhanced stability in comparison to pure QDs, proving their applicability as
color converters. Throughout all steps, intermediate results were reviewed with
the spectral model to ensure their applicability as color-conversion materials.
Finally, by hybridizing green-, yellow-, and red-emitting macrocrystals onto a
blue LED, we prepared a white LED with a correlated color temperature of 2720
K, a color rendering index of 91.1 and a luminous efficacy of optical radiation of

341 lm /W, which altogether make very high performance.
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Chapter 6

Macrocrystals of Nanocrystal
Quantum Dots for Fluorescence

Enhancement

In this chapter of the thesis, we present our efforts on developing robust and cm-
dimensional plasmonic structures facilitating colloidal metal nanoparticles. In our
study, we incorporated gold nanoparticles into sucrose macrocrystals to obtain
large and robust crystals possessing plasmonic features. We further co-
immobilized these metal nanoparticles together with colloidal semiconductor QDs
to investigate the plasmonic interaction between these colloidal nanoparticles.
We observed that at the correct concentration of the gold nanoparticles in the
macrocrystals, we can increase the quantum efficiency of the QDs substantially
within the macrocrystals. These results suggest that such plasmonic crystals are
promising candidates for large-scale robust platforms to embed plasmonic

nanoparticles.

This chapter of the thesis is mainly based on T. Erdem, Z. Soran-Erdem, P.
L. Hernandez-Martinez, V. K. Sharma, H. Akcali, I. Akcali, N. Gaponik, A.
Eychmiiller, and H. V. Demir, Nano Research 8, 3, 860-869 (2015) [84].
Reproduced with permission from Tsinghua University Press and Springer-
Verlag Berlin Heidelberg © 2015.

6.1 Introduction

Plasmonics attract significant attention in various branches of science and
technology including biology [103], [168], physics [169]-[171], chemistry [172], and
photonics [173]. Basically, this field of study deals with the oscillation of free
charges on the metallic surfaces. When excited at the correct frequency, these

free charges start to oscillate in resonance with the incoming light. In the case of
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metal nanoparticles (NPs), these oscillating charges — called localized surface
plasmons — can enhance the electromagnetic field locally but strongly, which in
turn gives rise to the attractive features of plasmonics such as enhanced
absorption, fluorescence, and scattering [169] in addition to improvements of the
nonlinear properties [173]. The fluorescence enhancement through localized
surface plasmons, about which we present a proof-of-concept study using
macrocrystals of nanocrystals in this chapter of the thesis, emanates from the
increased radiation probability of near-by emitters as a result of the localized
electromagnetic field [174]. Consequently, substantial improvements in the

quantum efficiency become possible.

An experimental realization of these improvements associated with plasmonics
necessitates metallic structures to be produced with nanometer dimensions,
which requires either the use of lithography tools like electron beam and focused
ion beam lithography or colloidal synthesis. Among the limitations associated
with the lithography approaches, one can count the difficulties and high cost of
the fabrication process. In addition, the total size of the samples prepared with
these techniques remains generally in the micrometer range, which strongly
restricts the use of plasmonic structures in applications requiring large
dimensions such as lasers and light-emitting diodes. Furthermore, integration
and transfer of these structures to functional devices turn out to be another

challenge related to this fabrication method.

The colloidal synthesis approach, on the other hand, offers an inexpensive and
easy way to obtain metal nanoparticles for plasmonics studies. By carefully
selecting the surfactant molecules attached to these nanoparticles, their
interaction with other molecules or structures can be easily tailored in liquid
environments. Nevertheless, the use of these colloidal nanoparticles in solid state
applications is challenging because of the problems in controlling the plasmonic
interactions between the metal nanoparticles and other materials. Although the
layer-by-layer assembly of nanoparticles enables the preparation of highly
controlled films [175], the thickness of the films remains mostly below 100 nm
significantly limiting possible device applications. Methods allowing for preparing

films of larger thicknesses like spin-coating and drop-casting, however, cannot
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prevent the aggregation of colloidal nanoparticles, which avoids the use of

plasmonic interaction in a controlled manner.

As a remedy to these problems, here we present metal nanoparticle embedded
sucrose crystals that acquire centimeter scale dimensions and exhibit a robust
plasmonic character suitable for integration in large-scale applications. This
material system can be used in various optical systems such as color-converting
coatings of LED luminaries and color enrichment films of LCD display
backlighting units using approaches including powdering and encapsulation in
polymers and epoxies that will protect them from external effects like humidity
and heat to a certain degree. Furthermore, using pieces of individual
macrocrystals, which are selected during or after crystal growth, is another
possible simple integration scheme. These sucrose crystals were grown by
hybridizing them with gold nanoparticles (Au NPs) so that the plasmonic nature
of the metal nanoparticles is maintained. Furthermore, plasmonic fluorescence
enhancement of green CdTe quantum dots (QDs) was demonstrated by
hybridizing them with gold nanoparticles within these sucrose crystals (Figure
6.1).

Different from previous reports of QD embedded macrodimensional salt
crystals (i.e., macrocrystals) [83], [87], [89], sucrose was deliberately chosen here
because of the absence of ions in its aqueous solution, since ions in a salt solution
strongly trigger aggregation of gold nanoparticles [176]. This causes the
plasmonic peak of the absorption spectrum to broaden significantly as soon as
NaCl solution is introduced to the gold nanoparticle dispersion while the color of
the mixture turns from pink to gray. As a result, at the end of the crystallization
in the presence of salt ions, the initial plasmonic peak of gold nanoparticles in
the absorption spectrum completely vanishes (see Figure 6.2). Sucrose, on the
other hand, successfully protects the plasmonic fingerprints of the gold
nanoparticles first in the dispersion (see Figure 6.2) and later in the crystal form
(Figure 6.3).

Here, this hybrid composite material obtained in centimeter scales was shown
to increase the quantum efficiency of the green CdTe QDs from 24% up to 38%

by 58% via plasmonic coupling as the concentration of Au nanoparticles
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increases. In this particular case, the lifetime of the emitter decreased from 11.0
to 7.39 ns indicating the plasmonic character of the efficiency improvement.
Moreover, a further increase of the Au NP content while keeping the QD content
the same caused strong quenching of quantum efficiency down to 4.6% together

with an increase in the lifetime up to 12.6 ns.

Employing the information of quantum efficiency and photoluminescence
lifetime, we carried out a detailed theoretical analysis to identify the origin of the
changes in the photophysical features of the macrocrystals. We found out that
the increase of the field enhancement factor plays a crucial role in the
fluorescence enhancement. On the other hand, the fluorescence quenching was
attributed to the decrease of the field enhancement factor below unity, as also
reported by Teng et al. [177] while the effect of nonradiative energy transfer from
CdTe QDs to Au NPs remained weaker. Bearing in mind its simplicity,
inexpensiveness, and robustness, we believe that this new composite material
may find applications in various fields of science, especially in optics and
photonics, requiring solid materials with large dimensions that employ plasmonic

interaction.
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Figure 6.1. True color images of CdTe QDs and Au NPs embedded in

macrodimensional sucrose crystals, which shows an efficiency enhancement of
58% through plasmonic interaction, under ambient lighting and ultraviolet
illumination along with scanning electron microscopy (middle) and transmission
electron microscopy (right) images. Reproduced with permission from Ref. [84].

© Tsinghua University Press and Springer-Verlag Berlin Heidelberg 2015.
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Figure 6.2. Absorption spectra of Au NP dispersion in water, in NaCl solution

and in sucrose solution along with the true color photos. Reproduced with
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permission from Ref. [84]. © Tsinghua University Press and Springer-Verlag
Berlin Heidelberg 2015.
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Figure 6.3. Absorption spectra and true color photographs of the macrocrystals
incorporating Au NPs (a) alone and (b) coimmobilized together with CdTe QDs.
Reproduced with permission from Ref. [84]. © Tsinghua University Press and
Springer-Verlag Berlin Heidelberg 2015.

6.2 Experimental Methodology

6.2.1 Synthesis of CdTe QDs and Au NPs

The synthesis of CdTe QDs was carried out according to the procedure reported
in Chapter 2 [55]. A typical synthesis starts with the dissolution of
Cd(ClOy): - 6H,O (5.5 mmol) in Milli-Q water (Millipore) (250 mL) followed by
the addition of thioglycolic acid (7.15 mmol). Subsequently, the pH of the
solution was adjusted to 12 by adding of NaOH (1 M) solution dropwise. Before

the synthesis, the mixture was placed in a three-neck flask and kept under argon
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flow for 30 min. The Te-precursor was transferred to the mixture via the
addition of H,SO4 (0.5 M, 10 mL) on to Al,Te; (0.916 mmol) under slow argon
flow. Finally, the atmosphere of the synthesis was changed to air and the
synthesis was started after heating the mixture to 100 °C. For obtaining small
QDs possessing green emission, the synthesis was stopped within the first 5
minutes. The size and concentration of the QDs were calculated according to

Ref. [178] as ~1.8 nm and 141 pM, respectively.

The gold nanoparticles used in this study were synthesized using the citrate
reduction approach [179]. In a typical synthesis, H[AuCl]sH>O solution (0.2%
w/v, 2.5 mL) in Milli-Q water (50 mL) was heated. Once the solution started to
boil, sodium-citrate solution (1% w/v with 0.05% w/v citric acid, 2 mL) was
added under vigorous stirring. After approximately 10 minutes of boiling, the
synthesis was finished and the solution was cooled down. The absorption
spectrum of the synthesized Au NPs is given in Figure 6.4. The size and
concentration of the as-synthesized Au NPs were calculated according to Ref.
[180] and found to be ~15 nm and 2.5 nM, respectively.

6.2.2 Growth of sucrose macrocrystals

Sucrose stock solution for the crystallization studies was prepared by dissolving
sucrose (260 g) in Milli-QQ water (500 mL). For the crystal growth, the sucrose
solution (10 mL) was mixed with CdTe QDs (2.50 mL) and the desired amount
of Au NPs. In this study, samples including 0.125, 0.50, 0.75, 1.00, and 2.50 mL
of Au NPs were employed. For the sake of simplicity, here we used the volume of
the added Au NP and CdTe QD into the crystallization mixture as the amounts.
In terms of particle numbers, the amount of QDs used in the study corresponds
to 352.5 nmol and the amounts of Au NPs used become 0.78, 1.56, 2.34, 3.13,
and 15.6 pmol. The prepared mixture was dropped into a petri dish (diameter 6
cm) in an environment where the vibration is minimal. Vibration was further
minimized using a 30 Duro Sorbothane vibration isolation pad. Within
approximately 10 days, QD and Au NP embedded sucrose crystals were
obtained. At the end of the crystallization, the whole surface of the petri dish
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was covered with sucrose crystal pieces, laterally in centimeter scales. The

thickness of the crystal formation was ~2-3 mm.

6.2.3 Optical characterizations

The absorption measurements were carried out wusing a Cary 100
spectrophotometer. The quantum efficiency measurement of the crystals was
carried out by placing the crystals on a blue LED (Avago ASMT) emitting at
460 nm and calculating the absorbed and emitted number of photons using an
integrating sphere and a ZVision spectrophotometer. In solution quantum
efficiency of the QDs were measured using Rhodamine 6G as the standard
reference dye whose quantum efficiency is 95%. The absorbances of the QD and
the reference dye were equated between 460 and 480 nm and below an
absorbance of 0.1 to minimize the self-absorption effects. Subsequently, the
emissions of QD and dye were collected using a Cary Eclipse fluorescence
spectrophotometer by exciting at the wavelength where their absorbances were
equated. The quantum efficiency was found by comparing the total number of
photons emitted by the reference dye and the QDs. Time-resolved fluorescence
spectra were obtained by employing a PicoHarp 200 time-resolved single photon
counting system (PicoQuant) and the 1/e value of the maximum photon count

was reported as the lifetime.

6.2.4 Structural characterizations

The crystal structure of the macrocrystals, which were fine-powdered by using a
mortar before the X-Ray diffraction (XRD) measurement, was determined by a
Panalytical X'pert Pro Multi-purpose X-Ray Diffractometer operated at 45 kV
and 40 mA with CuKo radiation and a diffracted beam monochromator. XRD

spectra were taken from 10° to 50° of the 20 angle with a step size of 0.01°.

The structural morphology of the as-grown QD and Au NP embedded sucrose
macrocrystals was further investigated using a FEI Quanta 200 FEG scanning
electron microscope (SEM) under high vacuum. The crystals were coated with 4

nm of Au/Pd to minimize the charging of crystals before imaging.
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QDs and Au NPs within the macrocrystals were imaged using a transmission
electron microscope (TEM). In order to obtain thin sections, the macrocrystals
were embedded into an Araldite 502 epoxy resin [181]. Following the curing of
epoxy at 60 °C, macrocrystal embedded epoxy was sectioned using a Leica ultra-
microtome. Subsequently, sections in ethanol were transferred onto a Lacey
carbon coated 200 mesh copper grid and TEM images were recorded by a FEI
Tecnai G2 F30 TEM.

6.3 Results and Discussion

The as-synthesized CdTe QDs exhibited a peak emission wavelength of 523 nm,
while their first exciton band in the absorption spectrum was located at 476 nm
(Figure 6.4). In the absence of the metal NPs, the emission peak of CdTe QDs in
the sucrose macrocrystals shifted to ~534 nm. Furthermore, a clear plasmon peak
was monitored at 522 nm in the absorption spectrum of the Au NPs in water
(Figure 6.4). Despite mixing the Au NP dispersion with sucrose solution, the
plasmonic features of the nanoparticles were protected except for causing a slight
red shift and a slightly enhanced absorption (see Figure 6.2). When Au NPs were
embedded into the sucrose crystals, the plasmonic absorption peak was observed
to shift further to 532 nm (see Figure 6.3).
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Figure 6.4. Photoluminescence and absorbance spectrum of as-synthesized CdTe
quantum dots (QDs) along with the absorbance spectrum of Au NPs in water
and absorbance spectrum of 2.5 mL Au NP incorporated sucrose crystal (~15
mg) dissolved in 5 mL of water. Reproduced with permission from Ref. [84]. ©
Tsinghua University Press and Springer-Verlag Berlin Heidelberg 2015.

This red shift and absorption enhancement in the absorption peak of the Au
NP is attributed to the difference of the refractive indices of water (nyae=1.33)
and sucrose crystal (Nauaose=1.56) [182], and was confirmed using the simulation
tool extinction, scattering and absorption efficiencies of single and multilayer
nanoparticles at http://nanohub.org. The absorption spectra of the sucrose
crystals with and without CdTe QDs and with different amounts of Au NPs are
presented in Figure 6.3.

In this proof-of-concept demonstration, these Au NPs and CdTe QDs were
intentionally chosen so that the plasmonic peak of the Au NP absorption and
photoluminescence of QDs overlap to reveal a strong plasmonic interaction in
this composite material system. Nonetheless, there is no physical or chemical
restriction of applying this system to other organic and inorganic emitters and
metal NPs of other sizes, shapes, and materials, which further widens its

applicability.
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We observe that the plasmonic absorption peaks for low concentrations of Au
NPs are barely recognizable; however, they appear very strong when the Au NP
content is further increased. This observation shows that Au NPs retain their
plasmonic features within the sucrose crystals as opposed to the case of
embedding them in salt macrocrystals where we observed a distinct color change
of the mixture from pink to gray right after the preparation of the mixture due

to the aggregation of Au NPs in the presence of positive ions (see Figure 6.2).

On the other hand, when the Au NPs and CdTe QDs are crystallized together
with sucrose, the absorption spectra do not reveal a certain qualitative difference
compared to the crystals without Au NPs. However, the bumps at longer
wavelengths that occur due to the interaction of Au NPs with each other can
still be observed. The true-color photographs of Au NP embedded crystals in this
figure clearly show that the pink color of Au NPs associated with the plasmonic
effect is maintained in sucrose crystal. To further confirm that the metal
nanoparticles in sucrose crystals preserve their plasmonic character without
severe aggregation, ~15 mg of 2.50 mL Au NP incorporated sucrose crystal was
re-dissolved in 5 mL of water. The absorption spectrum of this dissolved crystal
(Figure 6.5) indicates that the plasmonic peak retains its position in spite of a
slight broadening, which suggests that the permanent aggregation of Au NPs in

sucrose remains limited.
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Figure 6.5. Time-resolved fluorescence decays and lifetimes (inset) of CdTe QD
(2.5 mL) dispersion blended with varying amounts of Au NPs in sucrose solution
using which the crystallization was carried out. Reproduced with permission
from Ref. [84]. © Tsinghua University Press and Springer-Verlag Berlin
Heidelberg 2015.

Subsequent to the absorption of the macrocrystals, their fluorescence
quantum efficiency was measured to be 24% for the sample with no Au NPs and
2.50 mL (352.5 nmol) CdTe QDs while the quantum efficiency of the CdTe QDs
is 20% in water (for the sake of simplicity, volumes used in the crystallization
are preferred to particle amounts). This increase in the quantum efficiency was
also observed in the work of Rogach et al., and possibly stem from the better
surface passivation of QDs within crystal [183]. For the cases of 0.125 mL (0.39
pmol) and 0.50 mL (1.56 pmol) of Au NP incorporation together with 2.50 mL
(352.5 nmol) CdTe QDs, we observed enhanced quantum efficiencies of 29% and
38%, respectively. In other words, the respective quantum efficiency
enhancement of the QDs turned out to be 21% and 58% for these two cases.
Further increase of the Au NP amount caused a decrease in the quantum
efficiency of the macrocrystals, as also theoretically suggested by Govorov et al.
[107], to 22%, 4.6%, and 6.9% when 0.75 mL (2.34 pmol), 1.00 mL (3.13 pmol),
and 2.50 mL (15.6 pmol) of Au NP were employed together with 2.50 mL (352.5

nmol) CdTe QDs, respectively. The quantum efficiency corrected
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photoluminescence spectra belonging to these macrocrystals are presented in
Figure 6.6 along with the measured quantum efficiencies. The analysis of Figure
6.6 reveals that the emission of the macrocrystals around the plasmonic peak of
the Au NP was increased compared to the other parts of the emission spectrum
for the crystals having fluorescence enhancement. This observation indicates that
the enhancement in the emission is very likely to stem from the localized surface
plasmons of Au NPs. For the crystals experiencing quenching the emission
spectrum should exhibit a decrease in the emission intensity around the same
wavelength range (~532 nm). However, such an observation is not

straightforward from the spectra belonging to the corresponding crystals.
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Figure 6.6. (a) Quantum efficiency corrected photoluminescence spectra of the
macrocrystals containing various amounts of Au NPs and 2.5 mL (352.5 nmol) of
CdTe QDs, and (b) quantum efficiencies (purple circles) and the field
enhancement factors (red triangles) of the corresponding macrocrystals. The
purple dashed line indicates the quantum efficiency level when no Au NPs are
present in the macrocrystal while the red dashed line stands for a field
enhancement factor of unity. Reproduced with permission from Ref. [84]. ©

Tsinghua University Press and Springer-Verlag Berlin Heidelberg 2015.

At this point, a lifetime analysis is crucial to clearly identify changes in the
quantum efficiency when Au NPs are introduced into the macrocrystals. For this
purpose, we measured the time-resolved photoluminescence decays of the
composite macrocrystals and revealed the lifetime kinetics (Figure 6.7 and Table
6.1). The results show that the lifetimes shorten compared to the case of no
metal NPs present when there is a fluorescence enhancement while the opposite

is valid in the case of fluorescence quenching. The reference sample containing no
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Au NPs but prepared using 2.50 mL of CdTe QDs exhibited a
photoluminescence lifetime of 11.0 ns, while the lifetimes of 0.125 mL and 0.50
mL Au NP and the same amount of QD including macrocrystals (the ones
experiencing fluorescence enhancement) became 10.1 and 7.39 ns, respectively.
0.75, 1.00, and 2.50 mL Au NP incorporated macrocrystals, which experienced
fluorescence quenching, possessed lifetimes of 10.6, 11.6, and 12.6 ns,
respectively. These observations together with the increase in quantum efficiency
can be explained using plasmonic interactions between the QDs and the Au NPs,
and the results are strongly in agreement with the study of Teng et al. [177]
where lifetime shortening (lengthening) was observed in the case of plasmonic
fluorescence enhancement (quenching) of Eosin Y on gold nanostructures
fabricated employing electron beam lithography. In our experiment, only the
sample including 0.75 mL of Au NP does not obey the trend indicated above.
However, the quantum efficiency and lifetime of this sample turned out to be
very close to the sample containing no metal nanoparticle, therefore, also the
0.75 mL metal nanoparticle containing macrocrystals can be considered to follow

the same trend.
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Figure 6.7. (a)-(e) Time-resolved fluorescence decays of CdTe QDs embedded in
plasmonic macrocrystals. All of the crystals were grown using 2.50 mL of CdTe
QDs, and the Au NP amounts were increased from 0.125 to 2.50 mL. The

reference sample does not include any Au NPs. (f) The lifetimes of the
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macrocrystals as a function of the Au NP amount used in the crystallization.
Black dashed line indicates the lifetime when no Au NPs are present in the
macrocrystal. Reproduced with permission from Ref. [84]. © Tsinghua University

Press and Springer-Verlag Berlin Heidelberg 2015.

For a deeper understanding of the system, we start the analyses of the results
with the definition of quantum efficiency that is the ratio of the radiative
recombination rate (yy) to the sum of the radiative and nonradiative
recombination (y.9) rates in the absence of the metal nanoparticles (Equation
6.1).

Mo = —110 (6.1)
Yot Varo

Table 6.1. Lifetimes of macrocrystals with varying Au nanoparticle content and

fixed CdTe QD concentration (2.50 mL corresponding to 352.5 nmol).

Sample Lifetime (ns)
Only 2.50 mL CdTe QD 11
Error +/- 0.35/0.35
0.125 mL AuNP + 2.50 mL CdTe QD 10.1
Error +/- 0.26/0.32
0.50 mL AuNP + 2.50 mL CdTe QD 7.39
Error +/- 0.26/0.32
0.75 mL AuNP + 2.50 mL CdTe QD 10.6
Error +/- 0.70/0.80
1.00 mL AuNP + 2.50 mL CdTe QD 11.6
Error +/- 0.35/0.38
2.50 mL AuNP + 2.50 mL CdTe QD 12.6
Error +/- 0.45/0.46

When there is a metal nanoparticle in the proximity of the emitter,
interactions start to occur between the emitter and metal nanoparticle. The
electric field (E) around the metal nanoparticle is enhanced upon the generation

of localized surface plasmons, and this strengthened field is felt by the
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nanoparticle whose radiative recombination rate (y,) is modified as y, = Ay
where A is the field enhancement factor defined by the ratio of the total electric
field intensity of the emitter in the presence (Eaxp present) and absence (Eap absent)

of metal nanoparticles (Equation 6.2).

A= .”EMNP present : dv

(6.2)
_“EMNP absent |2 dV

Furthermore, the interaction of the emitter and metal nanoparticles opens
another path for the excitons generated in the QDs to the metal nanoparticles as
a nonradiative energy transfer (¥u.mew). Assuming that the intrinsic nonradiative
channels are not affected as suggested by Govorov et al. [107], the total
recombination rate and fluorescence quantum efficiency are modified in the

presence of metal nanoparticles as in Equations 6.3 and 6.4, respectively.

7total = A7r0 + 7/nr0 + 7nr,metal (6'3)
- Ao (6.4)
A7r0 + 7/nr0 +7nr,metal

In our experiments, we observed that in the case of fluorescence enhancement
(7 >10); Yiotar > Viotaro Where Yoo = Vo + Yoy, and Yt < Yiotaro in the case of
fluorescence quenching (77 <7,). When the fluorescence enhancement is observed,
the field enhancement factor A should be larger than unity so that the ratio of
Ay to the total decay rate piow increases. As a result, an increase in the total
recombination rate should be observed, which confirms our experimental findings
stated above. On the other hand, the fluorescence quenching can be realized with
an increase in the total recombination rate if this increase is larger than the
increase of the radiative recombination rate. Nevertheless, our experimental
results indicate a different behavior; in our case, the total recombination rate
decreases. This can only happen if the field enhancement factor decreases below
unity, which is the case in our study (Figure 6.6(b)) and was explained
theoretically by the dynamic screening effect in Ref. [107]. An investigation of
Yarmetat tOgether with A revealed that the decrease of the total decay rate in the
case of fluorescence quenching was mainly driven by the decrease of A below

unity. Our calculations showed that the decrease in the radiative emission rate

120



cannot be compensated by the increase in nonradiative energy transfer rate; as a
result, we observe a strong lifetime lengthening when the quantum efficiency

decreases strongly.

Since plasmonic coupling is strictly distance dependent [101], [107], the
plasmonic interaction between the metal NPs and QDs in the dispersion is
expected to be much weaker due to the increased interparticle distance in
dispersion compared to the case of solid crystals. To reveal this effect, we
investigated the emission dynamics of CdTe QDs in the dispersion mixture using
which the crystallization was carried out by employing time-resolved
fluorescence. As expected, the fluorescence decay curves presented in Figure 6.5
indicated no significant change in the QD emission dynamics upon the inclusion
of the metal nanoparticles in the dispersion. This confirms that the interaction
between metal nanoparticles and quantum dots is strongly distance dependent

and strengthens in solid crystals as a result of decreased interparticle distance.

The structural characterizations of the composite macrocrystals were carried
out using scanning electron microscopy (SEM), transmission electron microscopy
(TEM), and X-Ray diffraction (XRD). The SEM image presented in Figure 6.8
(a) shows that the composite structure has clear crystal facets with varying sizes.
On the other hand, the TEM image shown in Figure 6.8(b) indicates that the
CdTe QDs and the Au NPs are in close proximity, which is necessary for the
plasmonic interaction. In Figure 6.8(b), some of the QDs are marked with black
circular indicators for visual assistance. To reveal the general distribution of the
QDs in the matrix, the same figure was presented without black circles in Figure
6.9. Figure 6.8(b) shows that the QDs may form small aggregates in some
regions. However, the optical characterizations reveal that this aggregation does
not cause a net decrease in the quantum efficiency of the QDs mainly because of

a better surface passivation of the QDs [154] and the plasmonic interaction.
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Figure 6.8. (a) SEM and (b) TEM images of the Au NP and CdTe QD
incorporated macrocrystals belonging to the macrocrystal prepared using 0.50
mL Au NPs and 2.50 mL CdTe QDs. Some of the QDs in the TEM image are
marked with dashed black circles for visual assistance. Reproduced with
permission from Ref. [84]. © Tsinghua University Press and Springer-Verlag
Berlin Heidelberg 2015.

Figure 6.9. TEM image of a Au NP and CdTe QD incorporated macrocrystals
belonging to the macrocrystal prepared using 0.50 mL Au NPs and 2.50 mL
CdTe QDs, which is the same as Figure 6.8(b) with no markers. Reproduced
with permission from Ref. [84]. © Tsinghua University Press and Springer-Verlag
Berlin Heidelberg 2015.
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Figure 6.10. XRD spectra of the composite crystals: (a) XRD spectra of the
sucrose macrocrystals having only Au NPs and (b) the spectra of the sucrose
macrocrystals with only CdTe incorporated, and the ones grown using mixtures
of Au NPs and CdTe QDs. Reproduced with permission from Ref. [84]. ©
Tsinghua University Press and Springer-Verlag Berlin Heidelberg 2015.

The crystal structure investigation of sucrose macrocrystals with embedded
CdTe QDs and Au NPs was carried out using XRD (Figure 6.10). The crystal
structure of sucrose was identified as monoclinic (JCPDS#24-1977) and
polycrystalline. We observe that the crystallinity of sucrose decreases with the
addition of Au NPs and/or CdTe QDs. The prominent peaks of sucrose at
11.6°, 16.7°, 20.4°, and 25.2° decrease with the addition of Au NPs and/or
CdTe QDs. It was also observed that some orientations (d=4.53 and 5.70 A) of
sucrose are preferred over others when Au NPs and/or CdTe QDs were added to
it. We do not observe any shift in the sucrose crystal peaks after addition of Au
NPs and/or CdTe QDs, which indicates that the macrocrystals are simply a
mixture of sucrose, Au NPs, and CdTe QDs. Furthermore, we did not observe
any peaks associated with Au NPs and/or CdTe QDs in the XRD spectra. This
may be due to the low concentration of Au NPs and/or CdTe QDs in the
sucrose macrocrystals, since XRD is not sensitive enough to detect material

concentrations of less than ~2 at%.
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6.4 Summary

In summary, here we demonstrated a robust and large-scale plasmonic composite
material system suitable for the integration into various optoelectronic devices.
By incorporating gold nanoparticles into sucrose macrocrystals, we showed that
the final structure still exhibits the plasmonic features of the metal nanoparticles
as opposed to embedding in salts. As a proof-of-concept demonstration of
plasmonic fluorescence enhancement in macrocrystals, we also hybridized gold
nanoparticles with CdTe quantum dots and co-immobilized them within sucrose
crystals. As a result of the plasmonic interplay between the metal nanoparticles
and the QDs, the quantum efficiency of the emitter particles was improved by
58% at maximum. The plasmonic character of this enhancement was further
verified by the time-resolved fluorescence analyses indicating a lifetime
shortening from 11.0 to 7.39 ns. Further increase of the Au NP content in the
macrocrystal caused quenching in the quantum efficiency, which through
theoretical analyses was attributed to the decrease of the field enhancement
factor below unity due to screening effect rather than the nonradiative energy
transfer from the QDs to metal nanoparticles. We believe that the results
presented in this work can open up the way to novel robust device architectures
having large dimensions that employ plasmonic interactions, as a remedy to the

dimension restrictions of conventional fabrication and/or assembly methods.
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Chapter 7

Stable and Efficient Powders of
Nanocrystal Quantum Dots for

Color Enrichment

In this chapter of the thesis, we present our efforts on increasing the efficiency
and emission stability of the nanocrystal quantum dots incorporated into salt-
matrices. Here, we employed LiCl as the host matrix for the encapsulation of the
nonpolar nanocrystal QDs without ligand exchange. In this material system we
successfully preserved the in-dispersion quantum efficiencies of the nanocrystals.
In addition to this, we carried out an emission stability test on LEDs proving the
protection capability of the salt matrix against the heat and high photon flux
exposure. These results enabled obtaining high-efficiency and high-stability
nanocrystal quantum dot emitters suitable for integration into light-emitting

diodes and displays as color enrichment.

This chapter of the thesis is mainly based on T. Erdem*, Z. Soran-Erdem*, V.
K. Sharma, Y. Kelestemur, M. Adam, N. Gaponik, and H. V. Demir, Nanoscale
7,42, 17611-17616 (2015) [88] (*equal contribution). Reproduced with permission
from Royal Society of Chemistry © 2015.

7.1 Introduction

Within the thirty years following their first report [147], colloidal nanocrystal
(NC) quantum dots (QDs) have witnessed a tremendous improvement in their
synthesis, crystal quality, and quantum efficiency [184]. As a consequence of
these developments, as discussed ample times earlier in the thesis, today NCs
have been extensively used in various applications from biology [185] to
optoelectronics including light-emitting diodes (LEDs) [12], [16], [58], [59] and
lasers [186]-[188]. In particular, the tunability of the NC emission and its narrow
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bandwidth have attracted significant attention for their use in display
backlighting [13] and general lighting [78], [11], [87] as color converters on light-

emitting diodes.

Despite their improved quantum efficiencies, the NCs still remain vulnerable
to the solid film preparation process using polymer based encapsulants since the
quantum efficiencies of the NCs significantly decrease in the polymer film. In
addition, due to the continuous exposure to energetic photons and elevated
temperatures, the emission intensity of the NCs decreases undesirably on light-
emitting diodes (LEDs). Especially, the use of these LEDs for long durations
causes significant degradation of NC emission. To improve the emission stability
of the NCs, silica coating was proposed; however, this eventually adversely
affects the quantum efficiency of the NCs [189]. As an alternative, Otto et al.
demonstrated for the first time that aqueous NCs can be incorporated in a single
phase process in salt crystals (e.g., NaCl, KCl, etc.) and this improves the
emission stability of the NCs [83]. Another study reported by Miiller et al.
showed that these salt crystals also improve the quantum efficiency of the
aqueous NCs [154]. Subsequently, we applied this single-phase approach to
plasmonic systems and demonstrated plasmonic fluorescence enhancement of the
aqueous NCs this time together with the aqueous metal nanoparticles co-
immobilized in sucrose host crystals [84]. In all these previous reports, however,
only aqueous NCs (or other aqueous nanoparticles) could be used. In the case of
using aqueous NOCs, the as-synthesized NCs in water are plagued with
intrinsically low quantum efficiencies. Alternatively, high-efficiency nonpolar NCs
could be used only after ligand exchange, which also suffers from substantially
reduced quantum efficiencies upon the ligand exchange. Therefore, in either case,
the quantum efficiency of the resulting ionic salt encapsulated aqueous NCs in a
single phase has been a problem. However, the utilization of nonpolar NCs is
significantly important because of their high efficiencies and narrow emission
bandwidths. Acquiring a narrow emission is very essential for the displays and
general lighting applications while high quantum efficiencies in particular in the
blue-green colors are needed to address the green gap problem of the epitaxial
LEDs [12], [58].
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As a solution, here we propose and demonstrate incorporation of the nonpolar
NCs directly into LiCl ionic salt without ligand exchange by benefiting from the
solubility of LiCl in tetrahydrofuran (THF), which simultaneously disperses
these nonpolar NCs. As a proof-of-concept demonstration, we integrated green-
emitting CdSe/CdZnSeS/ZnS NCs into LiCl host and characterized their
structural and optical properties. In addition, we tested their emission stability
on a blue LED operating at 100 mA for 96 h. At the end of the test, the NCs
encapsulated in LiCl succeeded to preserve 95.5% of their initial emission
intensity while that of the NCs without LiCl encapsulation decreased to 34.7%.
To uncover the effect of the LiCl encapsulation on the emission capabilities of
the NCs, we reproducibly measured the quantum efficiency of the NCs-in-LiCl
host to be 75.1%, which is higher than the quantum efficiency of the same as-
synthesized nonpolar NCs in dispersion (73.1%) and the same ones in film
without salt encapsulation (67.9%). Subsequently, we investigated the emission
dynamics of the NCs-in-LiCl and observed that their radiative decay lifetime is
consistent with the theoretical predictions relating the radiative lifetime to the
variations of the dielectric environment. Considering all these, we believe that
the proposed LiCl encapsulation of the nonpolar NCs will find wide-scale use in

light-emitting devices as color enrichment films of display backlights.

7.2 Experimental Methodology

7.2.1 Chemicals

Cadmium oxide (CdO, 99.99 %), zinc acetate (Zn(acetate)s, 99.9 %), sulfur (S,
99.9%), selenium (Se, 99.99%), potassium bromide (KBr) and lithium chloride
(LiCl) were purchased from Sigma-Aldrich in powder form. Oleic acid (OA, 90
%), trioctylphosphine (TOP, 90 %), 1-octadecene (1-ODE, 90 %), dodecanethiol
(DDT, 99 %), tetrahydrofuran (THF) and hexane were bought from Sigma-

Aldrich and used without any purification.
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7.2.2 NC synthesis

CdSe/CdZnSeS/ZnS nanocrystals were synthesized following the method in
the literature as described in Chapter 2 [56]. For a typical synthesis, 0.4
mmol of CdO, 4 mmol of Zn(acetate)s, 5.6 mL of OA and 20 mL of 1-ODE
were loaded into a 50 mL three-neck flask. After degassing for 2 h at 100
°C under vigorous stirring, the temperature of mixture was raised to 310
°C under argon flow. At this temperature, 0.1 mmol of Se powder and 4
mmol of S powder both dissolved in 3 mL of TOP were quickly injected
into the reaction flask. After 1 min, 0.3 mL of DDT dissolved in 0.8 mL of
1-ODE was injected dropwise and the temperature of the reaction flask
was set to 300 °C. Following 10 min of growth, the mixture was cooled
down to room temperature and precipitated with hexane/acetone mixture.
Finally, the resulting nanocrystals were dissolved in hexane and used for

further experiments.

7.2.3 Preparation of the LiCl encapsulated NC powders

Oversaturated stock solution of LiCl was prepared by mixing 1.83 g of LiCl in 50
mL of THF in a glovebox with nitrogen environment. Prior to the encapsulation
of the NCs-in-LiCl, hexane of the NC dispersion was evaporated. We optimized
the NC amount to maximize their photoluminescence quantum efficiency in the
salt (see Section 7.2.4) and chose the sample with 0.4 mg of the NCs to use,
which resulted in the highest quantum efficiency of 75.1%, throughout the rest of
this work. Before the preparation of NC-in-LiCl powders, the NCs were first
dispersed in 250 pL of THF, and then 1 mL of LiCl stock solution was slowly
added on NCs in THF. Subsequently, the samples were placed within a
desiccator to completely evaporate the solvent and to obtain the LiCl
encapsulated NCs. NC weight percentage in the powders were determined by re-
dissolving them in THF and comparing the NC absorbance values with the NC
dispersion. The methodology for estimating molar concentration of the NCs
inside the powders was explained in Section 7.2.5. Only LiCl powders were
obtained using the same procedure without NC addition. The NC-in-LiCl films
were prepared by mixing ~6.3 mg of the NC embedded LiCl powders with a
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commercial two-component epoxy (Bison), which does not require any UV or
heat treatment for hardening. Since we aimed to test the stabilities of NC-in-
LiCl powders on LEDs at a high current level, we chose this encapsulant on
purpose. However, other encapsulants such as commercial silicones and
poly(methyl methacrylate), which in general require heat treatment or UV

exposure for hardening, can also be used with these powders.

7.2.4 Optimization of NC amount in macrocrystals

The optimization of the NC incorporation amount in the LiCl ionic salt was
carried out by integrating 0.3 (Sample 1), 0.4 (Sample 2), and 0.6 mg (Sample 3)
of the NCs-in-LiCl. The photoluminescence spectra of these NC-in-LiCl powders
were given in Figure 7.1. Their quantum efficiencies were measured as described
in the Experimental Methods section to be 65.7%, 75.1%, and 72.5%. In the rest
of the study, the samples were prepared by incorporating NCs having this

highest quantum efficiency were employed.
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Figure 7.1. Photoluminescence spectra of the NCs in the dispersion and that of
the same NCs-in-LiCl prepared using 0.3, 0.4, and 0.6 mg (Sample 1, Sample 2,
and Sample 3) of the NCs. Reproduced with permission from Ref. [88]. © Royal
Society of Chemistry 2015.

129



7.2.5 Calculation of the NC molar concentration in

LiCl powders

Because in this study we use the alloyed CdSe/CdZnSeS/ZnS NCs, whose exact
composition cannot be known, exact determination of the molar concentration is
not possible. However, an estimation of this concentration is still possible based
on the size of the NCs and the density of the materials constituting the NCs
(ignoring the contribution from ligands). We start our calculations with the
assumption of spherical nanocrystals having a diamater of ca. 8 nm as
determined from the transmission electron microscopy images. This leads to the
volume of each individual NC to be 268.1x10% cm?®. If the NCs were totally
composed of CdSe, then their molecular weights would be 9.39x10* mg/mol. If
the material were CdS and ZnSe, then the molecular weights of the NCs would
be 7.79x10* mg/mol and 8.51x10* mg/mol, respectively. If the NCs were made
of ZnS, then the corresponding molecular weights turn out to be 6.60x10*
mg/mol. Because the maximum and minimum molecular weights were obtained
for CdSe and ZnS cases, the correct molecular weight should be between these
two cases. Since we know the weight of the NCs inside 1 mg of the NC-in-LiCl
powders to be 0.0122 mg, then the amount of the NCs inside 1 mg of powder
turns out to be ~13.0 pmol for CdSe assumption and ~18.4 pmol for ZnS

assumption.

7.2.6 Structural characterizations

Scanning electron microscopy (SEM): The LiCl and NC-in-LiCl powders were
imaged employing an FEI Quanta 200 FEG SEM. Samples were prepared by
placing approximately 2 mg of only LiCl and NC embedded LiCl powders onto a
carbon tape. Following 4 nm of Au/Pd coating, the samples were imaged under

high vacuum.

Transmission electron microscopy (TEM): The TEM images of the green-
emitting CdSe/CdZnSeS/ZnS nanocrystals and NC embedded LiCl powders were

taken using a FEI Tecnai G2 F30 transmission electron microscope. For this
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purpose, TEM sample of NCs and NC embedded LiCl powders were prepared by
drop-casting of diluted NC dispersion in hexane and powder dispersion in pure

ethanol on a 200 mesh copper grid, respectively.

Fourier transform infrared spectroscopy (FT-IR): Chemical differences of the
NCs with and without LiCl encapsulation were investigated using a Schimadzu
DR-8101 Fourier transform infrared spectrometer. The sample of the NCs
without LiCl encapsulation was prepared by drop-casting 50 pL of the NC
dispersion on a KBr pellet. The KBr pellets of only LiCl and NC incorporated
LiCl powders were prepared by mixing 7.5 mg of the powders with 111.8 mg of
KBr powder. Spectra of pellets were recorded between the wavelengths of 400-
4000 cm™.

Thermal gravimetric analyses (TGA): TGA was performed using a TA
Instruments TGA Q500 thermal gravimetric analysis tool. We carried out TGA
on the samples of only NC, only LiCl, and NC-in-LiCl powders. In addition, we
drop-casted NCs in hexane on only LiCl powders and physically mixed the NCs
with LiCl powders after evaporation of hexane. Prior to measurement, LiCl
including samples were warmed to 100 °C under a nitrogen atmosphere, held at
100 °C for 15 min to discard the moisture and cooled to room temperature (RT).
After 15 min waiting at RT, the temperature was ramped up to 980 °C at the
heating rate of 10°C min™. Different than powders, only NC sample was heated
directly to 980 °C with the same heating parameters. All measurements were

performed under inert nitrogen environment.

X-ray photoelectron spectroscopy (XPS): XPS measurements were performed
using a Thermo K-Alpha XPS spectrometer by referencing it to C 1s peak at
~285 eV. The spectra corresponding to Zn, Cd, Cl, Li, Se, and S were recorded.

7.2.7 Steady-state and time-resolved fluorescence

spectroscopy

Steady-state photoluminescence spectra of NC dispersion and NC-in-LiCl film
were taken using a Spectral Products monochromator integrated Xenon lamp as

the excitation source, a Hamamatsu integrating sphere, and an Ocean Optics
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Maya 2000 spectrometer. Time-resolved fluorescence spectra were taken using a
PicoHarp 200 time-resolved single photon counting system (PicoQuant). A
pulsed laser emitting at 375 nm was employed as the excitation source and the
time difference between the time of the maximum photon count and the time of

1/e of maximum photon count was reported as the lifetime.

7.2.8 Quantum efficiency measurements

The quantum efficiency measurements were carried out at an excitation
wavelength of 460 nm using a Spectral Products monochromator integrated
Xenon lamp, a Hamamatsu integrating sphere, and an Ocean Optics Maya 2000
spectrometer using the following method, also previously described by deMello et
al.[190] This technique involves three steps: (i) the measurement of the spectrum
when no sample is placed in the integrating sphere, (ii) the measurement of the
spectrum when the sample is directly illuminated by the excitation source, and
(iii) the measurement of the sample when the sample is not directly illuminated
by the light source of the integrating sphere. Here, in step (ii), the sample was
placed with a slight oblique angle as suggested. In step (iii), the sample was
rotated so that only the scattered light excites the sample. In Figure 7.2, an
illustration of this technique is presented and the quantum efficiency (7) is
calculated using Equation 7.1. In this equation, E stands for the excitation part
of the spectrum while L stands for the emission part of the measured spectrum.

The subscripts i, ii, and iii indicate the measurement steps described above.
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Figure 7.2. Illustration of the quantum efficiency measurement methodology: (i)
The measurement of the excitation spectrum without sample, (ii) the
measurement, of the spectrum when the sample is directly excited by the light
source, and (iii) the measurement of the spectrum when the sample is excited by
the light that scatters from the surface of the integrating sphere. Reproduced
with permission from Ref. [88]. © Royal Society of Chemistry 2015.

The accuracy of the measurement setup was tested using Rhodamine 6G
dissolved in ethanol with an optical density <0.1 at 460 nm. We measured a
quantum efficiency of 94.7%, which is in agreement with the standard value of
95%.

7.2.9 Emission stability tests

The emission stability of the films was tested by investigating the emission
intensity of the NCs with and without LiCl encapsulation on an Avago ASMT
blue LED driven at 100 mA for 96 h (four days). The NCs with LiCl
encapsulation were coated on the LED chip using the two-component epoxy. As
the control group, the NCs without LiCl were coated on the blue LED by first
drop-casting the NCs on the LED and then the epoxy was added and blended

with the NCs following the evaporation of the solvent.
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7.3 Results and Discussion

We integrated nonpolar NCs-in-LiCl powders as described in the Experimental
Methodology section and Figure 7.3. Briefly, we mixed the oversaturated LiCl
solution (in THF) with NCs dispersed in THF in a nitrogen environment.
Subsequently, the solvent was evaporated under vacuum and consequently NC
encapsulated powders were obtained. The NC weight percentage in these
powders was determined to be ~1.22%. Further structural characterizations were
performed using scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) (Figure 7.4).

NCin LiCl
powders

NC dispersion Acljdition of LiCl Evaporation of
i in THF to NC THF in vacuum
in THF . .
dispersion

(b)
L

Figure 7.3. (a) Schematics of NC encapsulation into LiCl salt. The real color
images of NC dispersion in THF (b) under ambient lighting and (c) UV
illumination at 366 nm. The real color images of the NCs-in-LiCl powders (d)
under ambient lighting and (e) UV illumination at 366 nm. Reproduced with
permission from Ref. [88]. © Royal Society of Chemistry 2015.
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Figure 7.4. Scanning electron microscopy (SEM) images of the LiCl powders (a)
without and (b) with NCs (scale bars: 30 pm). Transmission electron microscopy
(TEM) images of (c) the as-synthesized NC dispersion in hexane and (d) the
NC-in-LiCl powders (scale bars of larger images: 5 nm and inset images: 50 nm).
(e) Photoluminescence spectra of the nonpolar NCs in dispersion and the same
NCs encapsulated within LiCl ionic salt. Also, absorption spectra of the as-
synthesized NCs (dispersion in hexane) and NC-in-LiCl powder film were
provided. Real color photographs of the LiCl encapsulated NC film under (f)
ambient lighting and (g) UV illumination at 366 nm. Reproduced with
permission from Ref. [88]. © Royal Society of Chemistry 2015.

The SEM images of the representative LiCl powders with and without NC
loading show that the size of the powders is in general less than 200 pm for both
of the cases with and without NC loading and they do not exhibit crystal facets
as opposed to slower crystallizations previously studied in other media [84]. This
is mainly due to the fast evaporation of the solvent (THF in this case) under
vacuum. Another interesting feature is the occurrence of small grape-like
structures on the powders containing NCs while such an observation cannot be
made for the LiCl powders without NC loading (Figure 7.5(a),(b)). Here it is
worth noting that the NCs are small and cannot be imaged using SEM. Each of
these grape-like structures most likely includes many NCs inside. We think that
these grape-like structures may possibly take a role in preventing full aggregation
of the NCs within LiCl and thus avoid the quenching of the NCs.
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Figure 7.5. SEM images of (a) the only LiCl powder and (b) NC-in-LiCl powder.
Scale bars: 10 pm. Reproduced with permission from Ref. [88]. © Royal Society
of Chemistry 2015.

Furthermore, we used TEM to image the NCs without LiCl and the NCs
incorporated in LiCl (Figure 7.4(c)-(d)). These images show that the size of our
as-synthesized NCs is approximately 8 nm. In addition, we imaged the NC-in-
LiCl powder (Figure 7.4(d) and Figure 7.6 for a larger image) and observed that
the NCs in LiCl tend to be localized in some parts of the salt. Finally, having
the information of size and concentration of our NCs, we are able to estimate the
molar concentration of the NCs inside LiCl host. Our calculation reveals that

there are between 13.0 and 18.4 pmol of NCs inside 1 mg of powder.

136



Figure 7.6. TEM image of the NCs within LiCl host. Reproduced with
permission from Ref. [88]. © Royal Society of Chemistry 2015.

Following the morphological characterization, we prepared the NC-in-LiCl
film using a commercial epoxy that does not require any UV or heat treatment
for hardening. Subsequently, we measured the steady-state photoluminescence
spectra and quantum efficiencies of the NCs in the dispersion and encapsulated
into LiCl host. We observed that the encapsulation of the NCs by the ionic salt
causes a slight red shift in the emission spectrum (Figure 7.4(e)) as observed in
previous works(83], [154], which can be explained by the limited aggregation of
the NCs within LiCl (Figure 7.4(d), Figure 7.6) and also in part by the
interactions of dipoles of the NCs with the dipoles of the surrounding medium as
also reported by Ibnaouf et al.[191]. The quantum efficiency of the NCs-in-LiCl
was measured to be 75.1% while the quantum efficiency of the same NCs in
dispersion was found to be 73.0% and that of the NCs without LiCl
encapsulation in solid film remained at 67.9%. The observation of this increased
quantum efficiency of the nonpolar NCs in the salt matrix agrees well with the

previous reports of salt encapsulation of aqueous NCs in NaCl [86], [154].

Here, we also analysed the emission kinetics of the NCs in dispersion and the

same NOCs encapsulated by the LiCl salt. The measured time-resolved
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photoluminescence decays presented in Figure 7.7 revealed a lifetime of 29.1 ns
for the NCs dispersed in hexane and 19.4 ns for the NCs encapsulated in LiCl.
Using the quantum efficiency (1) information together with the lifetime (7o),
the effective radiative lifetime (z,.4) is predicted using Equation 7.2. This analysis
leads to a radiative lifetime of 39.9 ns for the NCs dispersed in hexane while that
of the NCs-in-LiCl decreases to 25.8 ns.
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Figure 7.7. Time-resolved photoluminescence decay curves of the NCs in
dispersion and the same NCs encapsulated in LiCl. Reproduced with permission
from Ref. [88]. © Royal Society of Chemistry 2015.

According to Nienhuis et al.[192], the radiative lifetime is related to the

Tvac

refractive index in the absence of local-field effects as 7,54 = where Ty.q is the

radiative lifetime in the dielectric medium, t... is the radiative lifetime in the

vacuum, and n is the refractive index.
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When the dipole is placed in an empty spherical cavity, the radiative lifetime

3n?

-2
m] %aecording to Glauber et al.[193] This model is
+

becomes Ty = (
called the empty-cavity model.

When the dipole is placed within a cavity with the same refractive index as

the host and the dipoles in the cavity do not contribute to the local electric field,

) -2
. . . . n +2 TV&C .
the radiative lifetime becomes T,y = T according to Knoester et al.

3

[194] This model is called the virtual-cavity model.

Finally, Crenshaw et al.[195] showed that the radiative lifetime becomes

) -1
n°+2
Trad =[—3 j Tyac if the microscopic local-field effects were introduced. This

model is called the fully microscopic model.

In our calculations, we first determined the vacuum radiative lifetime of the
NCs using the radiative lifetime information of the NC dispersion. Subsequently,
we predicted the radiative lifetime of these NCs according to these models as if
they were surrounded by LiCl, and compared these results with the measured
radiative lifetimes of NC-in-LiCl powders [196]. Subsequently, we predicted the
radiative lifetimes of the NCs using this value when they are surrounded by the
LiCl matrix and present the results in Table 7.1 in the rows indicated by the
names of these models. The computed results show that the predicted
experimental and theoretical radiative lifetimes are reasonably close especially
when the empty cavity model is considered. Therefore, we can suggest that the
dipoles generated in the NCs encapsulated by the LiCl salt experience a radiative
recombination that is not significantly affected by the local field of the

surrounding medium generating the cavity.
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Table 7.1. The quantum efficiency of the NCs in dispersion and the same NCs
encapsulated in LiCl; their total lifetimes and radiative recombination lifetimes.
In addition, the radiative lifetimes of the NCs in vacuum were first calculated by
employing the radiative lifetime of the NCs in dispersion, then these values were
used to predict the radiative lifetime of the NCs in LiCl matrix according to the

empty cavity, virtual cavity, and fully microscopic models.

Quantum Efficiency (%)  Tiota (nS)  Traa (nS)

NCs in dispersion 73.0 29.1 39.9
NCs-in-LiCl 75.1 19.4 25.8
Empty cavity model - - 28.7
Virtual cavity model - - 21.9
Fully microscopic model - - 32.5

In addition to the effect of the surrounding dielectric medium on the quantum
efficiency, we also expect the ionic salts wrapping the NCs to improve the
stability of the NC emission on LEDs. For this purpose, we tested the emission
stability of the NC-in-LiCl powders blended with epoxy on a blue LED driven at
a high current level (Figure 7.8(a)-(b)) while the NCs without LiCl encapsulation

blended with epoxy was our control group. We observed that the efficiency of
the NCs without LiCl encapsulation decreased to 34.7% of its initial value after
96 h (four days) of uninterrupted operation while the film of NC-in-LiCl powders
successfully preserved 95.5% of its initial quantum efficiency during the same
period. In terms of the absolute quantum efficiencies, the quantum efficiency of
the NC-in-LiCl powders decreased from 75.1% to 71.7% while that of the NCs
without LiCl encapsulation dropped from 67.9% to below 23.6% at the end of
the test (Figure 7.8(c)). We attribute this improvement in the emission stability
of the NCs on a LED driven at high currents to the formation of a physical
barrier against oxygen penetration by LiCl salt limiting the interaction with the
ambient environment. This improved stability is of significant importance

especially for the display backlighting.
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Figure 7.8. (a) Schematic image of NC-in-LiCl film preparation onto LED for
temperature stability test. (b) Real color images of the NCs-in-LiCl on a blue
LED under ambient lighting, UV illumination at 366 nm, and when LED is
driven, from left to right. (¢) Quantum efficiency variation of the NCs with and
without LiCl encapsulation as a function of time when they are integrated on the
blue LED driven at a high current level for 96 h (four days). Reproduced with
permission from Ref. [88]. © Royal Society of Chemistry 2015.

To test whether a chemical interaction occurs between the ligands of the NCs
and the host medium during crystallization process, we measured the FTIR
spectrum of the NCs without LiCl encapsulation, the NCs-in-LiCl, and the only
LiCl salt (Figure 7.9). The results show that the FTIR spectrum of the only LiCl
is coherent with the literature [197]. In FT-IR spectra of only NCs, which have
oleic acid ligands, we observe strong C-H stretching bond around 2860-2924 cm'!
and C-H bending bond around 1450-1460 ¢cm™ belonging to the ligands of NC.
Although both of the C-H bending and C-H stretching bonds are visible in NC
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embedded LiCl samples as well, their intensities are dominated. On the other
hand, we expect to observe strong stretching bond belonging to C-Cl around 550-
800 cm™ if there were a chemical reaction between the NC ligand and LiCl
However, we could not see any peak around these wavenumbers. This suggests

that LiCl only wraps the NCs without forming a C-Cl bonding.
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Figure 7.9. (a) FTIR spectra of the samples of only NCs along with LiCl powders
with and without NC incorporation. The zoomed version of the same spectra
between the wavenumbers of (b) 2500-3000 cm’ and (c) 1300-1550 cm™.
Reproduced with permission from Ref. [88]. © Royal Society of Chemistry 2015.

In order to gain further structural information, we performed thermal
gravimetric analysis (TGA) on the samples of only NC, only LiCl, NC-in-LiCl
powder and NC drop-casted LiCl powder. As seen from Figure 7.10, oleic acid
capped-NCs have multiphase degradation with the increased temperature.
Observed weight loss between 30-150 °C and 150-450 °C occurs due to the
evaporation of hexane from the sample and degradation of oleic acid ligands
[198], respectively. On the other hand, only LiCl, NC-in-LiCl and NC drop-
casted on LiCl samples have one-phase degradation and show a similar pattern.
Above 600°C, linear mass loss was observed in LiCl including samples. It was
attributed to the progressive vaporization of the salt LiCl near its melting point
[199]. NC-in-LiCl powders exhibit faster weight loss compared to only LiCl
powder. In order to understand whether chemical and physical interaction affects
this difference, NC drop-casted on LiCl powder, in which we do not expect any

chemical interaction, was also examined. We observed that NC drop-casting
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decreased the degradation temperature of the LiCl compared to only LiCl case,
which was also the case for the NC-in-LiCl powders. In addition, NC drop-casted
LiCl and NC-in-LiCl powders started to degrade at the same temperature and
have almost the same temperature stability at the end. Furthermore, we did not
observe a strong degradation phase in NC-in-LiCl or NC drop-casted on LiCl
powders related to NCs, which is mainly due to low NC incorporation ratio into
LiCl powders (~1%). The similarities in the weight loss curves of the NC-in-LiCl
powders and NC drop-casted LiCl powders suggest that this fastened
evaporation is more likely a physical process rather than an indication of a
chemical interaction. In addition, from the TGA curves we could not observe any
signature that we can relate to any indication of the NCs-salt chemical
interaction. As a result, using TGA, we were not able to identify an obvious

chemical interaction between the NCs and the host matrix.
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Figure 7.10. TGA curves of the NCs, NC-in-LiCl powders, only LiCl powders,
and NC drop-casted on LiCl powders. Reproduced with permission from Ref.
[88]. © Royal Society of Chemistry 2015.

To further investigate the interaction of the LiCl with the NCs, we performed
X-ray photoelectron spectroscopy (XPS) of only NCs, NC-in-LiCl powders, and
only LiCl powders (Figures 7.11 and 7.12). In our experiments, XPS spectra are
referenced to the C 1s peak at ~285 eV. For LiCl only (Figure 7.11), in the Li
spectra we observed two peaks, which can be assigned to LiCl (56.33 eV) and
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Li;O/LixCos (55.24 eV), respectively. Similarly, in the chlorine spectra (Figure
7.11) we observed the Cl 2p doublet (Cl 2ps. ~ 198.96 eV and Cl 2py, ~ 200.7
eV) with an additional peak, which can be assigned to Cl-O/C-Cl (197.1 eV).
This additional peak is most probably due to the moisture on LiCl. In the case of
the NC-in-LiCl powders, XPS data do not show any new peak, which confirms
the absence of any metal chloride (ZnCl; or CdCl,) formation or interaction in
the mixture. XPS spectra reveal a small shift (0.4 eV) in the Li and Cl peaks in
the mixture (see Table 7.2), which is most probably due to the change in the
medium. For the NCs (Figure 7.12), the XPS survey scan indicates the presence
of Cd, Se, S and Zn. High resolution XPS spectra of all NC-elements are also
obtained to study the interaction with the LiCl salt. For the NCs only, Cd 3d
(Cd 3dsp2 ~ 405 eV and Cd 3ds» ~ 411.73 €V) and Zn 2p (Zn 2ps» ~ 1022.33 eV
and Zn 2py, ~ 1045.23 eV) doublet has been observed. Similarly, Se 3d (54.15
eV) and S 2p (162.04 eV) peaks are observed. For the mixture (Figure 7.11) we
observe a small shift (0.5 eV) in the NC peaks in comparison to the only NC
case (see Table 7.2), which is most probably due to the change in the
microenvironment of the NCs. XPS results therefore support the notion that the
NCs and LiCl form a composite structure and NC incorporation into LiCl is also
confirmed by the decrease in the intensity of the NCs peaks in comparison to the
only NCs, since XPS is a surface sensitive technique (Figure 7.12). Considering
all of these results, here we conclude that XPS measurements did not provide
any indication of a notable chemical interaction between the salt medium and
the NCs.

Table 7.2.XPS data for the only NCs, NC-in-LiCl, and only LiCl samples.

Element Only LiCl Only NCs  NC-in-LiCl  Difference

(eV) (eV) (eV) (eV)
Li 56.33 - 56.78 0.45
Cl 19896 - 199.35 0.39
cd - 405 405.52 0.52
n - 1022.33 1022.84 0.51
Se - 54.15 - e
N T 162.04 162.6 0.56
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Figure 7.11. XPS spectra comparison of Li (left) and Cl (right) peaks in only
LiCl and NC-in-LiCl samples. Reproduced with permission from Ref. [88]. ©
Royal Society of Chemistry 2015.
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7.4 Summary

In summary, here we present the encapsulation of the colloidal as-synthesized
nanocrystals by the LiCl ionic salts in the form of powder, which significantly
improves the stability of the encapsulated NCs on LEDs operating at high
currents. We also observed that the LiCl encapsulation helps preserving the in-
dispersion quantum efficiency levels of the NCs for use in the color enrichment
films. Additionally, unlike the previous reports on the incorporation of the
aqueous NCs in salt or sucrose matrices, this method totally removes the need for
a ligand exchange of the nonpolar NCs, which are known to otherwise suffer
from decreased quantum efficiencies during the phase transfer. Considering all
these strong aspects, we believe that the proposed encapsulation technique
presented here will find a wide-spread use in the light-emitting diodes of display

backlights integrated with NCs as color enrichment films.
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Chapter 8

Excitonic Improvement of
Colloidal Nanocrystal Emission in

Salt Powder Matrix

In this chapter of the thesis, we present our study on the investigation of
nonradiative energy transfer (NRET) between green- and red-emitting color
converting nanocrystals within LiCl salt matrix. Here, we systematically studied
the resulting NRET process by varying donor and acceptor concentrations in the
powders. We observed that NRET is a strong function of both of the nanocrystal
concentrations and that NRET efficiency increases with increasing acceptor
concentration. Nevertheless, with increasing donor concentration in the powders,
NRET efficiency was found to first increase but then to decrease. As a device
demonstrator, we employed these NRET-improved nanocrystal powders as color-
converters on blue light-emitting diodes (LEDs), with the resulting hybrid LED
exhibiting a luminous efficiency >70 Im/Wae. The proposed excitonic
nanocrystal powders potentially hold great promise for quality lighting and color

enrichment applications.

This chapter of the thesis is mainly based on T. Erdem*, Z. Soran-Erdem*, Y.
Kelestemur, N. Gaponik, and H. V. Demir, Optics Express 24, 2, A74-A84 (2016)
[85] (*equal contribution). Reproduced with permission from Optical Society of
America © 2016.

8.1 Introduction

Semiconductor colloidal nanocrystals, which offer favorable and unique optical
properties such as narrow and tunable emission, broad absorption, and high
quantum efficiencies [10], have been in the center of interest in numerous fields

from biology [185] to photonics [200]. After twenty years of their first colloidal
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synthesis, these materials are utilized in various applications including displays
[122], [201], sensors [202], solar-cells [203], [204], and illuminants for general [12],
[57], [205] and outdoor lighting [59]. Their main Achille’s heel is the problems
associated with their deterioration occurring due to their moderate stability as

well as limited compatibility with the encapsulants and fabrication techniques.

One of the remedies to these problems is the incorporation of nanocrystals
into crystalline host matrices of ionic salts as it has been proposed by Otto et
al.[83] The effect of this crystallization process on the quantum efficiency was
studied by Miiller et al. and efficiencies of crystals above the in-dispersion
efficiencies were reported [154]. Subsequently, we investigated the plasmonic
interaction between nanocrystals and gold nanoparticles within sucrose
macrocrystals and reported an improvement of 58% in the quantum efficiency
via plasmonic interplay [84]. In these works, however, the host matrix of
nanocrystals allows for the incorporation of the nanocrystals dispersed only in
water. Therefore, the types and performance of the applicable nanocrystals are

strongly limited.

To resolve these handicaps, Soran-Erdem et al. embedded the oleic acid
capped nanocrystals into the anthracene matrix, which is a blue-emitting
crystalline organic semiconductor material soluble in chloroform [86]. However,
the quantum efficiency of the nanocrystals in this material system decreased and
the thermal stability of the nanocrystals in anthracene is limited due to the low
thermal stability of anthracene. As an alternative to organic crystals, we
developed a vacuum-assisted technique for incorporating nanocrystals in
nonpolar solvents into LiCl salt without phase transfer. With this technique we
significantly improved the emission stability of the nanocrystals and protected

their in-solution quantum efficiencies in salt matrix [88].

Since the distance between the nanocrystals embedded into LiCl matrix can
be as low as 10 nm [88], this material system can be a good candidate for
utilizing nonradiative energy transfer (NRET) in color enrichment films. With
the small distance between the nanocrystals allowing for dipole-dipole coupling,
high NRET efficiencies can be realized within these powders as opposed to our

previous work [86] where low quantum efficiency of anthracene restricted the
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efficiency of NRET to red-emitting nanocrystals below 30%. Furthermore, the
broad emission spectrum of anthracene, which always exists in the
photoluminescence of the macrocrystal, did not allow for fine-tuning the final
emission spectrum. This is, however, an important requirement for general

lighting and display applications [12].

Since the utilization of only nanocrystals within powders can easily help to
control the spectral features of the color converting materials [60], [206], here we
aim at developing and demonstrating a material system consisting of dielectric
salt encapsulating nanocrystals that undergo NRET among them. For this
purpose, here we co-integrated green- and red-emitting nanocrystals into a single
LiCl salt matrix for the first time and studied the NRET dynamics between
these nanocrystals within the salt powder. We systematically varied the
concentration ratios of the green-emitting nanocrystals as the exciton donors to
red-emitting nanocrystals as the exciton acceptors by controlling their
incorporation amounts. In our experiments, we achieved a maximum NRET
efficiency of 53.9%, which is almost twice the value that could be previously
obtained in anthracene macrocrystal hosts. Furthermore, we employed these
nanocrystal powders on a proof-of-concept light-emitting diode as color
conversion film and obtained a high luminous efficiency of 70 lm/Wae:. We
believe that this present study can possibly pave the way for a wide-spread use
of LiCl encapsulation of colloidal nanocrystals on light-emitting diodes for use as
robust, efficient phosphor powders compatible with the packaging capabilities of

the lighting industry.

8.2. Experimental methods

8.2.1 Chemicals

Cadmium oxide (CdO, 99.99 %), zinc acetate (Zn(acetate)s, 99.9 %), sulfur (S,
99.9%), selenium (Se, 99.99%) and lithium chloride (LiCl) were purchased from
Sigma-Aldrich in powder form. Oleic acid (OA, 90 %), trioctylphosphine (TOP,
90 %), l-octadecene (1-ODE, 90 %), dodecanethiol (DDT, 99 %), octanethiol,
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cadmium oleate, tetrahydrofuran (THF) and hexane were bought from Sigma-

Aldrich and used without any purification.

8.2.2 Synthesis of colloidal nanocrystals

Colloidal nanocrystals having peak emission wavelengths of 534 nm (green) and
604 nm (red) were synthesized to be used in this study as exciton-donating and
exciton-accepting nanocrystals, respectively. The details of their syntheses were

explained below.

8.2.3 Synthesis of green-emitting CdSe/CdZnSeS/ZnS

colloidal nanocrystals

For a typical synthesis of CdSe/CdZnSeS/ZnS nanocrystals, we followed the
method published by Bae et al. [56] as described in Chapter 2. Briefly, 0.4 mmol
of CdO, 4 mmol of Zn(acetate),, 5.6 mL of OA and 20 mL of 1-ODE were loaded
into a 50 mL three-neck flask. Then, the mixture was degassed for 2 h at 100 °C
under vigorous stirring and the temperature of mixture was raised to 310 °C
under argon flow. At this temperature, 0.1 mmol of Se powder and 4 mmol of S
powder both dissolved in 3 mL of TOP were quickly injected into the reaction
flask. Following 10 min of growth, the mixture was cooled down to room
temperature and precipitated with hexane/acetone mixture. Finally, the

resulting nanocrystals were dissolved in hexane and used for further experiments.

8.2.4 Synthesis of red-emitting CdSe/CdS core/shell

colloidal nanocrystals

The synthesis of CdSe/CdS core/shell nanocrystals was carried out following the
method reported in Chen et al. [207] For the synthesis of CdSe core, cadmium
myristate and selenium dioxide were used as cadmium and selenium precursors,
respectively. These chemicals were dissolved in octadecene and evacuated at
room temperature for 10-15 minutes. Subsequently, the solution was heated to
240 °C within 10 min. Then, the temperature of the solution was kept at 240 °C

for the growth of CdSe cores until the desired size of CdSe cores was obtained.
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After the reaction was stopped by decreasing the temperature, as-synthesized
CdSe cores were precipitated by using acetone and dissolved in hexane. In the
second step, CdSe cores were coated with CdS shell. For this purpose, certain
amount of CdSe cores (100 nmol) dissolved in hexane was loaded to a four-neck
flask containing 3 mL octadecene and 3 mL oleylamine. After the solution was
degassed at 100 °C in order to remove hexane and any other organic residuals,
the temperature of the reaction was set to 300 °C for the coating of CdS shell
under argon atmosphere. When the temperature reached 240 °C, the calculated
amounts of cadmium and S precursors corresponding to six monolayers of CdS
were injected at a rate of 3 mL/min. After the injection of shell precursors were
completed within two hours at 300 °C, the reaction was stopped and the
temperature was decreased to room temperature. As-synthesized CdSe/CdS

core/shell nanocrystals were precipitated with acetone and dispersed in hexane.

8.2.5 Preparation of the LiCl encapsulated nanocrystal

powders, films, and light-emitting diode

For the preparation of oversaturated LiCl stock solution, 1.83 g of LiCl was
dissolved in 50 mL of tetrahydrofuran (THF) in a glovebox with nitrogen
environment. Prior to the encapsulation of the nanocrystals in LiCl, the green-
and red-emitting mnanocrystal concentrations were set to 3.7 mg/mL.
Subsequently, hexane of only green- and only red-emitting nanocrystals along
with that of their mixtures were evaporated. The volumes of the nanocrystals
used in this work were listed below in Table 8.1. After drying the solvent,
nanocrystals were dispersed in 250 pL of THF and 1 mL of LiCl stock solution
(36.6 mg) was slowly added. Subsequently, samples were placed within a
desiccator to encapsulate the nanocrystals within LiCl powders by completely

evaporating THF.

Table 8.1. The volumes for green- (donor) and red-emitting (acceptor)

nanocrystals used for incorporation into LiCl.

Green (Donor) Red (Acceptor)
Volume (nL) 25 50 75 100 50 150 250
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The nanocrystal incorporated LiCl powder films were prepared by mixing
~6.3 mg of the powders with a commercial two-component epoxy (Bison).
Similarly, the light-emitting diode was prepared by integrating 23 mg of the 50
pL green (donor) and 250 uL red-emitting (acceptor) on an Avago ASMT blue
LED using Bison epoxy.

8.2.4 Optical Characterizations

Steady-state photoluminescence spectra of nanocrystal dispersion and
nanocrystal incorporated LiCl films were taken using an Ocean Optics Maya
2000 spectrometer equipped with a Hamamatsu integrating sphere, a Spectral
Products monochromator at an excitation wavelength of 460 nm and a Xenon

lamp as the excitation source.

Absorption spectra of green-emitting and red-emitting nanocrystal solutions
were taken using Carry 100 UV-Vis spectrometer. However, the absorption
spectrum of the nanocrystal embedded LiCl powders could not be measured

reliably due to the scattering problem.

The photoluminescence lifetimes of the films were taken using a PicoHarp
200 time-resolved single photon counting system (PicoQuant). A pulsed laser
emitting at 375 nm was employed as the excitation source. Three exponentials
were fitted to the decay curves and amplitude averaged lifetimes were reported

as the lifetime.

8.3. Results and Discussion

In this thesis, we investigated for the first time the nonradiative energy transfer
from green- to red-emitting nanocrystals that are immobilized within a salt
matrix. Here we benefitted from the solubility of LiCl in THF which
simultaneously can disperse nanocrystals as well. This enabled the incorporation
of the nonpolar nanocrystals into LiCl salt without any ligand exchange.
Furthermore, this vacuum assisted salt incorporation of nanocrystals allowed for
immobilizing the nanocrystals emitting different colors in close proximity so that

nonradiative energy transfer (NRET) can take place.
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Toward this aim, we first synthesized green-emitting alloyed core/shell
nanocrystals of CdSe/CdZnSeS/ZnS and red-emitting CdSe/CdS core/shell
nanocrystals. These as-synthesized nanocrystals exhibited emission peaks at 534
nm and 604 nm, respectively. We note that there is a strong overlap between the
emission spectrum of the green-emitting nanocrystals and absorption spectrum of
the red-emitting nanocrystals as presented in Figure 8.1. This suggests that
NRET is possible from the green-emitting nanocrystals to the red-emitting
nanocrystals via dipole-dipole interaction if these nanocrystals are placed in close
proximity. Because the distance between nanocrystals can be below 10 nm when
they are embedded in LiCl using the technique presented in Ref. [88], NRET
from the green-emitting nanocrystals to the red-emitting nanocrystals becomes
possible. Therefore, in this work we embedded these nanocrystals into LiCl

matrix in varying volumes as shown in Table 8.1.

The concentration of the nanocrystals embedded into powders was calculated
by dissolving a certain amount of powders in THF, measuring the absorption
spectra of the nanocrystals, and comparing the absorbance of the nanocrystals in
the dissolved powders with the absorbance of the nanocrystal dispersion. The
results showed that almost all the nanocrystals used were incorporated into LiCl
matrix. The estimated molar concentrations of the green-emitting nanocrystals in
powders calculated according to Ref. [88] then became ~2.68-3.82 pmol/mg,
~5.36-7.64 pmol/mg, ~8.04-11.5 pmol/mg, and ~10.7-15.3 pmol/mg for the
powders prepared using 25, 50, 75, and 100 uL of nanocrystals, respectively. A
similar calculation of the red-emitting nanocrystal powders yielded ~8.92-10.7
pmol/mg, ~26.8-32.1 pmol/mg, and ~44.6-53.5 pmol/mg for 50, 150, and 250 pL

of nanocrystals, respectively.

To obtain exciton-transferring nanocrystal embedded LiCl powders, we
hybridized these green and red-emitting nanocrystals with the designated
amounts stated above prior to their incorporation into LiCl and subsequently
carried out the incorporation into salt. In this material system, green
nanocrystals act as exciton donors while red nanocrystals serve as exciton
acceptors. To assist the reader, we have chosen to use the volumes of the
incorporated nanocrystals instead of their weights or molar concentrations

throughout the rest of the chapter.
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Figure 8.1. Photoluminescence spectra of the green-emitting donor and red-
emitting acceptor nanocrystals (shown with green and red continuous lines,
respectively) and their absorption spectra (shown with green and red dashed
lines, respectively). In the inset, we provide the transmission electron microscopy
images of these nanocrystals. Reproduced with permission from Ref. [85]. ©

Optical Society of America 2016.

Within the framework of our study, we first investigated the
photoluminescence of the nanocrystal incorporated powders (Figure 8.2). In the
powders with only single color nanocrystal incorporation, we observe a red shift
of 2 and 8 nm for green and red nanocrystals in LiCl powders compared to their
dispersions, respectively. In addition, we did not observe an apparent red shift in
the emission spectra of the nanocrystals with the increasing nanocrystal
incorporation amount. If the aggregation of nanocrystals was prominent,
however, we would expect increasing red shift of nanocrystal emission with
increasing nanocrystal incorporation amount. This shows that the red shift in the
emission spectrum is mainly caused by the interaction of the dipoles in the
nanocrystals with the surrounding medium [191]. Another observation is the
decreasing intensity of the green-emitting nanocrystals when red-emitting

nanocrystals are co-immobilized within LiCl powders. In parallel to this, we
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observe an increase in the intensity of the red nanocrystals when hybridized with
green nanocrystals compared to the intensity of the only red nanocrystals

immobilized in LiCl powders.
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Figure 8.2. Photoluminescence spectra of the films prepared using the green-
emitting and red-emitting nanocrystal hybrids embedded into LiCl powders.
Here, the green-emitting nanocrystals serve as exciton donors while the red-
emitting nanocrystals accept excitons. In (a), (c¢), and (e) the spectra of the only
green-emitting nanocrystal embedded powders are given together with the hybrid
and only red-emitting acceptor nanocrystal embedded powders prepared using
50, 150, and 250 pL of nanocrystals, respectively. Frames (b), (d), and (f) show
the variation of the spectra for the cases where 50 pL of green (donor)
nanocrystals are embedded into LiCl together with 50, 150, and 250 uL of
acceptor, respectively. The inset images are the real color photographs of these
films under ambient (left) and UV lighting (right). Reproduced with permission
from Ref. [85]. © Optical Society of America 2016.
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In these hybrid powders, the decrease of the green-emitting nanocrystal
intensity along with the increase of the red-emitting nanocrystal intensity can be
explained by both the radiative and nonradiative energy transfer. Radiative
energy transfer can occur via the absorption of the green light by the red
nanocrystals; as a result, the intensity of the green light decreases while the red
intensity increases. This process does not require close proximity between the
nanocrystals; instead, it only requires the emitted green light to reach the red-
emitting nanocrystals that absorb the green light. On the other hand, NRET
requires close proximity between green and red nanocrystals within LiCl to
transfer the excitons from one emitter to another. These two energy transfer
mechanisms can be safely distinguished by time-resolved fluorescence (TRF)
spectroscopy. While the radiative energy transfer does not have any effect on the
time-resolved decay of the emitter, the occurrence of the NRET can be
monitored in the TRF decay of the donor as an acceleration in the decay curve.
In addition, slowed-down acceptor decay curves are also expected if the lifetime
of the acceptor is comparable to that of the donor lifetime [208]. Since in our
system we utilize nanocrystals having similar lifetimes, we expect to observe an
increase in the red nanocrystal lifetime simultaneous to decreasing lifetime of the

green-emitting donor nanocrystals.

To reveal the emission mechanisms within the LiCl powders incorporating
green and red nanocrystals, we measured the TRF decays of the films. In Figure
8.3, we present exemplary decay curves of the hybrid LiCl films prepared using
powders incorporating 250 uL of the red-emitting nanocrystals together with 25-
100 pL of the green-emitting nanocrystals. Similar trends are observed in the
samples prepared by incorporating 50 and 150 pL of red nanocrystals. All of
these data indicate a clear acceleration in the time-resolved decay curve of the
green nanocrystals in LiCl powders when co-immobilized in LiCl together with
the red-emitting nanocrystals while acceptor decays slow down. These
observations confirm that NRET takes place between the green-emiting

nanocrystals and the red-emitting nanocrystals.
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Figure 8.3. Time-resolved fluorescence decays of the green-emitting exciton-

donating nanocrystals within powders prepared using (a) 25 upL donor

nanocrystals (red line) and hybrid of 25 pL donor nanocrystals together with 250

pL red-emitting exciton-accepting nanocrystals (green line), (b) 50 pL donor

nanocrystals (red line) and hybrid of 50 pL donor nanocrystals together with 250

pL acceptor nanocrystals (green line), (¢) 75 pL donor nanocrystals (red line)

and hybrid of 75 pL donor nanocrystals together with 250 pL acceptor

nanocrystals (green line), and (d) 100 pL donor nanocrystals (red line) and

hybrid of 100 uL donor nanocrystals together with 250 uL. acceptor nanocrystals

(green line) at the donor emission peaks. Frames (e) and (f) show the TRF

decays of the acceptor nanocrystals alone and in hybrid nanocrystal powders.
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The black dashed lines are the fitted multiexponential functions on the TRF
decays. Reproduced with permission from Ref. [85]. © Optical Society of America
2016.
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Figure 8.4. Amplitude-averaged lifetimes of only donor nanocrystal embedded
LiCl powders, only acceptor nanocrystal embedded LiCl powders, and powders
prepared using donor and acceptor nanocrystals. Frame (a) presents the lifetimes
for the incorporated acceptor amount of 50 uL while in (b) and (c¢) the
illustrated lifetimes stand for the powders prepared using 150 and 250 uL of
acceptor, respectively. Frame (d) presents the NRET efficiency of the hybrid
nanocrystal powders for varying acceptor incorporation amounts. Reproduced

with permission from Ref. [85]. © Optical Society of America.

To quantitatively analyze the NRET dynamics within the hybrid powders, we
fitted the TRF decays with three exponential functions and calculated the
amplitude-averaged lifetimes. Subsequently, the efficiency of the NRET process

is calculated according to Equation 8.1 where zp stands for the donor lifetime in
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the absence of the acceptor while 7p4 stands for the donor lifetime in the presence

of acceptor. These calculated lifetimes are illustrated below in Figure 8.4.
1/ 7,
1/ 7o,

n=1- (8.1)

In this figure, we observe that the lifetimes of the green-emitting
nanocrystals decrease when they are hybridized with the red-emitting
nanocrystals in LiCl compared to the case of only green-emitting nanocrystals
embedded within LiCl for all the red-emitting nanocrystal amounts in the hybrid
powders. For example, the lifetime of the green-emitting nanocrystals decreases
from 21.0 to 9.7 ns when 50 pL green-emitting nanocrystals are embedded into
LiCl together with 250 pL of red-emitting nanocrystals. In addition, the red-
emitting nanocrystals exhibit a lengthened lifetime in hybrid powders. For
instance, the lifetime of the red-emitting nanocrystals increases from 10.0 ns to
12.0 ns following the hybridization of 250 pL red-emitting nanocrystals with 50
pL of green nanocrystals in LiCl. These findings show that excitons are donated
from the green-emitting nanocrystals to the red-emitting nanocrystals. It is here
worth noting that NRET in such material system might originate from dipole-
dipole interaction or charge transfer. However, in our system the high energy
barrier occurring due to the LiCl in the medium and ZnS shell of the green
nanocrystals blocks the charge transfer [209]. This hypothesis is also supported
by the lengthened acceptor lifetimes, which should have shortened if charge
transfer occurred between the nanocrystals [208]. Therefore, here we conclude
that the main NRET mechanism taking place in our system is Forster-like

energy transfer that relies on the dipole-dipole interaction of two emitters.

The NRET efficiencies presented in Figure 8.4(d) exhibit a dependence on the
amounts of the incorporated exciton donating green-emitting nanocrystals and
exciton accepting red-emitting nanocrystals. As expected, as the amount of the
acceptor nanocrystals increases, the efficiency of the NRET process increases for
all the donor amounts. This is because the number of acceptors surrounding the
donor nanocrystals increases; as a result, the probability of exciton transfer from
the donor nanocrystals to the acceptor nanocrystals increases leading to

increased NRET efficiencies. On the other hand, for the fixed incorporated

159



acceptor amounts the NRET efficiency first increases with the increasing donor
amount in the powders up to 39.6%, 46.6%, and 53.9% in the samples prepared
by mixing 50 uL of the green-emitting donor nanocrystals with 50, 150, and 250
pL of the red-emitting nanocrystals, respectively. Nevertheless, further increase
of the donor concentration in the powders is found to decrease the NRET
efficiency. This observation can be explained with two effects that possibly work
together. The first one is that there are enough acceptors in the close proximity
of the donors to transfer their excitons up to a donor concentration around
~5.36-7.64 pmol/mg (50 uL); but beyond this concentration a competition starts
to occur between the donor nanocrystals to transfer their excitons. As a result,
some excitons can be transferred nonradiatively while some of them cannot as
the donor concentration in the powders further increases. Consequently, the
lifetime of the donor nanocrystals in the nanocrystal hybrid powders converges
to the lifetime of the only green-emitting nanocrystal incorporated powders with
further increase of donor nanocrystal concentration. The second effect is that
after a certain point increasing the donor concentration cannot increase the
number of donors which are in close proximity of the acceptors. As a result, the
number of the nanocrystals transferring their excitons cannot increase. In this
case, further addition of donors would decrease the fraction of the donors
undergoing exciton transfer. Consequently, the donor lifetime in the hybrid
nanocrystal powders starts to converge to the lifetime of the only green
nanocrystal embedded LiCl powders leading to smaller ensemble NRET

efficiencies.

This material system of nanocrystal embedded LiCl powders is an excellent
system for use on light-emitting devices as color converters because it offers high-
efficiency along with the improved stability of nanocrystals [88] and
compatibility with the current production facilities of the light-emitting diode
(LED) producers. In this work, we also utilized NRET in these powders to
realize exciton transferring light-emitting diodes. For this purpose, we integrated
about 23 mg of the powders prepared using 50 pl. of green- and 250 pL. of red-
emitting nanocrystals, which achieved the highest NRET efficiency among our
samples, on a blue LED emitting at 460 nm. This LED, whose emission spectrum

is presented in Figure 8.5, reached a luminous efficiency above 70 Im/We in the
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violet-purple color regime with chromaticity points around x=0.32-0.35 and
y=0.23-0.26. Considering this performance, we believe that this NRET improved
LEDs can be a good alternative for replacing violet LEDs based on epitaxially

grown GaN.
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Figure 8.5. Emission spectrum of the NRET enhanced nanocrystal embedded
LiCl powders at varying currents together with the chromaticity points of the
emitted light (inset, left) and luminous efficiency of the device (LE) (inset,
right). Reproduced with permission from Ref. [85]. © Optical Society of America
2016.

8.4 Summary

In summary, here we co-immobilized nonpolar green- and red-emitting
nanocrystals into LiCl salt matrix. The short distance between these co-
integrated nanocrystals allowed the green-emitting ones to strongly transfer their
excitons to the red-emitting ones. For a systematic study, we varied the

concentrations of the donor and acceptor nanocrystals within these powders and
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studied the NRET efficiency. We observed that the increase of the acceptor
incorporation in the powders increases the NRET efficiency because there are
more acceptors to receive excitons per donor. On the other hand, the increasing
donor concentration in the powders was found first to increase the energy
transfer efficiency and then to decrease it, which is attributed to the competition
between the donors with increasing donor concentration and to the increased
amount of donors immobilized further away from the acceptors. In our powder
system, the NRET efficiency reached a maximum level of 53.9% at the donor
concentration of ~5.36-7.64 pmol/mg and the acceptor concentration of ~44.6-
53.5 pmol/mg. Subsequent to these analyses, we integrated these NRET-
enhanced color-converting nanocrystal powders on blue LEDs. The resulting
violet-emitting LED reached a luminous efficiency above 70 Im/Wee:. We believe
that these excitonic LiCl powders of colloidal nanocrystals, which offer improved
stability, robustness, and compatibility to current packaging facilities of the LED

industry, can find wide-spread use in lighting and display applications.
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Chapter 9

Morphology-Dependent
Nonradiative Energy Transfer from
InGaN/GaN Quantum Well
Nanopillars to Conjugated
Polymer Nanoparticles

In this chapter of the thesis, we present our study on the investigation of
nonradiative energy transfer (NRET) between conjugated polymer nanoparticles
(CPNs) prepared  in  aqueous  dispersion  from  poly[(9,9-bis{3-
bromopropyl Hluorenyl-2,7-diyl)-co-(1,4-benzo-{2,1,3}-thiodiazole)]  (PFBT-Br),
and InGaN/GaN multiple quantum wells (MQWs) nanopillars to demonstrate a
new organic/inorganic class of nanostructured excitonic model system. This
hybrid system enables intimate integration for strong exciton-exciton interactions
through nonradiative energy transfer (NRET) between the integrated CPNs and
MQW pillars. The NRET of these excitonic systems is systematically
investigated at varied temperatures. To understand morphology-dependent
NRET, PFBT-Br CPNs coating InGaN/GaN MQWs are made to defold into
polymer chains by in situ treatment with a good solvent (tetrahydrofuran, THF).
The experimental results indicate that NRET is significantly stronger in the case
of CPNs compared to their defolded polymer chains. This work may potentially
open up new opportunities for the hybrid organic/inorganic systems where strong
excitonic interactions are desired for light generation, light harvesting, and

sensing applications.

This chapter is based on T. Erdem, V. Ibrahimova, D.-W. Jeon, I.-H. Lee, D.
Tuncel, and H. V. Demir, J. Phys. Chem. C 117, 36, 18613-18619 (2013) [100].

Reproduced with permission from American Chemical Society © 2013. This work
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is a collaboration with Prof. Tuncel’s research group at the Department of
Chemistry and UNAM, Bilkent University.

9.1 Introduction

Conjugated polymer nanoparticles (CPNs) attract significant attention for
important applications including bioimaging [210]-[212], biosensing [213], [214],
and optoelectronics [215]-[221]. One of the most attractive features of CPNs is
the convenient tunability and control of their properties through the choice and
functionalization of the polymer, and the surface modification of nanoparticles.
Furthermore, CPNs exhibit low toxicity [222] and their mechanical stability can
be enhanced through cross-linking [64]. Their optical properties arise from the
controlled conformational changes of the polymer and their aggregation form,
rather than the quantum confinement effects, in contrast to inorganic
nanoparticles, e.g., colloidal semiconductor quantum dots (QDs) [222]. As a
result of these attractive properties, CPNs find use as alternative color
convertors, or molecular beacons, in various biotechnology [210], [212], [213] and
optoelectronics [64], [215], [218], [219], [222] applications.

The emission of color convertors, including CPNs, can be enhanced wia the
Forster-type nonradiative energy transfer (NRET) (also dubbed as Forster
resonance energy transfer, FRET), which basically relies on the exciton-exciton
interactions between the donor and acceptor emitters [96]. For example,
polymers [223], organic dyes [224], inorganic quantum dots [225], and epitaxial
quantum wells [225], [226] have been widely investigated for NRET studies.
CPNs were also used in similar studies because of their preferably high

absorption cross-sections [15].

Another important class of materials in optoelectronics is the IlI-nitrides.
They are the main building blocks of today’s UV, blue, green, and white light-
emitting diodes. Using these materials, a wide range of spectral region from the
ultraviolet to the green can be covered by controlling their alloy composition.
Especially quantum well (QW) architectures are of great importance as they
enable spectral tuning and enhancement in the emission quantum efficiency.

Since InGaN/GaN quantum wells having a wide bandgap are used for high-
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energy photon generation, they are also valuable for studying NRET dynamics.
In the literature this type of QWs were used together with both organic and
inorganic luminophors. As an example of inorganic material integration on QWs,
Achermann et al. used epitaxial quantum wells with semiconductor nanocrystal
QDs and reached a transfer efficiency of 65% [225]. Later Chanyawadee et al.
achieved an NRET efficiency of 82% using nanocrystal QDs and QWs having
elliptical holes reaching down their wells [227]. In an independent work of
Nizamoglu et al., the use of nanopillars housing QWs was also reported to
increase the NRET efficiency to 83% [228]. The enhancement in the NRET
efficiency is basically enabled by the reduced distance between the QWs and the

colloidal QDs in these examples.

In this work, different than the previous reports of our group and others, we
studied  aqueous  dispersions of CPNs made of  poly[(9,9-bis{3-
bromopropyl Hluorenyl-2,7-diyl)-co-(1,4-benzo-{2,1,3}-thiodiazole)] ~ (PFBT-Br)
whose chemical structure is given in Figure 9.1, immobilized into InGaN/GaN
QW nanopillar architecture to make a new class of hybrid excitonic model
systems consisting of organic and inorganic nanostructures. We observed that
nanopillars transfer their excitation energies to CPNs with a substantially higher
efficiency compared to their defolded polymer chains at varying temperatures (at
296, 250, 200, 150, and 100 K), while preserving the same number of polymer
molecules in the system. We also observed that the NRET efficiency and rate are
functions of temperature and decreases with decreasing temperature as a result
of stronger exciton localization within InGaN/GaN QW nanopillars at lower
temperatures in the case of CPN hybridization. Also, to further identify the
effects of morphology directly on the emission kinetics of organic molecules used
in this study, we examined the emission decay characteristics of PEFBT-Br CPNs
and their defolded polymer chains on a quartz substrate. We found that the
emission kinetics of CPNs decorating nanopillars and those on quartz are similar
whereas the defolded polymer chains exhibit completely different behavior. This
study shows that the emission dynamics of CPNs are more immune to

environmental and morphological changes than defolded polymer chains are.
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Figure 9.1. Molecular structure of poly|[(9,9-bis{3-bromopropyl}fluorenyl-2,7-
diyl)-co-(1,4-benzo-{2,1,3}-thiodiazole)] (PFBT-Br). Reproduced with permission
from Ref. [100]. © American Chemical Society 2013.

9.2 Experimental Methodology

9.2.1 Synthesis of PFBT-Br

2,1,3-Benzothiadiazole-4,7-bis(boronic acid pinocol ester) (411mg, 1.06 mmol),
2,7-dibromo-9,9-bis(3-bromo-propyl)-9H-fluorene (566 mg, 1.06 mmol) and
K>,COs (1.47 g, 10.6 mmol) were dried under vacuum for about 30 min.
Subsequently, degassed solvents, tetrahydrofuran (THF) (10 mL), water (10 mL)
and toluene (10 mL) were added into the mixture under argon gas. Then, the
catalyst, tetrakis(triphenylphosphine) palladium [Pd(PPhs),| was quickly added.
After 3 h stirring of the mixture under argon at 80-90°C, the phase transfer
catalyst, tetra-n-butylammonium bromide (TBAB), was added. The stirring was
continued for another 48 h at 80-90°C to complete the polymerization reaction.
The mixture was evaporated under vacuum to obtain a solid residue, which was
suspended in water; the water insoluble particles were then collected by suction
and dissolved in THF (15 mL) and the solution was precipitated into cold
methanol (200 mL). The precipitates were collected by suction and dried under
vacuum for 6 h (547 mg, 56%). The synthesis of PFBT-Br can also be found in
Ref. [229].

"H NMR (400 MHz, CDCl, 8) 7.99 (m, 8H, Ar-H), 3.35 (q, 4H, CH,Br), 2.41
(q, 4H, CH,), 1.25 (m, 4H, CH,). GPC: M,= 4.5 x103 g/mol, M= 1.1 x 104
g/mol (polystyrene as standard).
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9.2.2 Preparation of PFBT-Br nanoparticles

Nanoparticles were prepared by the reprecipitation method [222]. 2 mg of PFBT-
Br polymer were dissolved in 10 mL of THF and ultra-sonicated for 15 min.
After sonication the solution was filtrated via syringe filter and injected into
rapidly stirring 100 mL Milli-Q water (18.2 M) and ultra-sonicated for another
1 h. Vacuum rotary evaporator was used to remove THF to obtain stable
nanoparticles. Dynamic light scattering (DLS) measurements showed that the
average diameter of the prepared CPNs is 69 nm. Absorption and fluorescence
spectra of the polymer and nanoparticles are given in Figure 9.2(a), and DLS
results are given in Table 9.1 and Figure 9.3(a). Absorption spectrum of PFBT-
Br film on quartz is also recorded (Figure 9.3(b)). We observed that there is no
major difference in the photoluminescence between PFBT-Br films prepared
directly and prepared by adding THF onto PFBT-Br CPN film and drying it.

9.2.3 Epitaxial growth of InGaN/GalN quantum wells

InGaN/GaN multiple QWs were grown on a sapphire substrate using metal
organic chemical vapor deposition (MOCVD). The precursors of Ga, In, and N
were trimethylgallium (TMGa), trimethylindium (TMIn), and NH;, respectively.
First the c-plane sapphire substrate was annealed at 1000 °C for 10 min.
Subsequently, a buffer layer of GaN was grown at low temperature. Following
the buffer layer, an undoped GaN layer (1 um) and n-type GaN layer (2 pm)
were grown at 1060 ° C. Five pairs of InGaN/GaN QWs were then grown on top
of this n-type layer. Finally, a 150 nm thick GaN layer was grown to complete

the epitaxial structure.

9.2.4 Preparation of InGalN/GaN QW nanopillars

A 100 nm thick SiO, was deposited by plasma enhanced chemical vapor
deposition (PECVD) on the epitaxially grown layers, followed by a 10 nm thick
Ni thin film deposition using an e-beam evaporator. The formation of Ni clusters
was realized upon annealing the epi-wafer at 800 °C for 1 min under N, flow.

SiO, and GaN layers were etched using inductively coupled plasma-reactive ion
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etching (ICP-RIE). Ni and SiO, regions were then removed using buffered oxide
etchant (BOE). Surface passivation was carried out wia KOH and NH,S
treatment and confirmed by an increased intensity compared to both non-treated
and planar cases. The photoluminescence spectrum of nanopillars is given in
Figure 9.2(b).

9.2.5 Experimental procedure for NRET

characterization

First, time-resolved and steady state photoluminescence measurements of the
InGaN/GaN nanopillars were taken at 100, 150, 200, 250 and 296 K. Then,
PFBT-Br CPNs having an average diameter of 69 nm were integrated with the
nanopillars via careful drop-casting and dried at 50 ° C. Time-resolved and steady
state fluorescence measurements were taken at the same temperatures.
Subsequently, the CPNs decorating the nanopillars were converted into the
polymer chains by adding small amounts of THF and then fully evaporating it.
By doing so, we aimed to preserve the number of acceptor molecules in the
hybrid system and make a fair comparison between both of the cases using
exactly the same polymer chains. This experimental methodology is illustrated in

Figure 9.3.

To ensure the validity of our results, it is necessary to make sure that there
are enough acceptors surrounding the quantum wells. For this purpose, we
carefully prepared the samples, and took their SEM image including CPNs
immobilized around nanopillars (Figure 9.4(a)) as well as the THF-treated
version of the hybrid structure in which the CPNs were made to defold into
polymer chains using and fully evaporating THF (Figure 9.4(b)). As can be seen
from the images of both cases, nanopillars are just fully covered. In addition, the
same amount of PFBT-Br CPNs was also drop-casted on a quartz substrate and
later THF was added onto this film, while again preserving the same number of

polymer molecules.

Consequently, this systematic study allowed us to analyze the emission and
NRET kinetics of these two different architectures of PFBT-Br molecules (as

CPNs and polymer chains). Time-resolved fluorescence decays of all these films
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were also recorded at the corresponding temperatures. The lifetimes were
determined by fitting multi-exponential functions to the experimentally
measured decay curves. In all of the cases, x? remained within 0.9 and 1.1,
mostly very close to 1.0, which indicates a strong correlation between the
experimental data and the fitted exponential functions. The error in the lifetimes
was calculated to be <7.6% and <5% for the nanopillars and acceptor molecules,

respectively.

9.3 Results and Discussion

Aqueous dispersions of CPNs were prepared from PFBT-Br [229] using the
reprecipitation method in which the polymer chains are collapsed into spherical
nanoparticles upon exposure to a poor solvent (e.g., water). The average size of
the resultant CPNs were determined to be 69 nm using dynamic light scattering
measurement (Figure 9.3(a) and Table 9.1). The fluorescence and absorbance
spectra of PFBT-Br in THF and PFBT-Br CPNs in water are given in Figure
9.2(a). PFBT-Br CPNs were incorporated into the nanopillars to obtain
nanostructured hybrid systems in which InGaN/GaN QWs serve as the donor

and CPNs as the acceptor in the nonradiative energy transfer.

The donor peak emission wavelength is around 450 nm, whereas the peak
emission wavelength of the acceptor is located around 550 nm. Following the
characterization of the InGaN/GaN-CPN hybrids, CPNs coating the MQW
nanopillars were made to defold in situ into polymer chains by carefully treating
with a good solvent (e.g., THF), which allows for preserving the amount of
polymers to study the morphology-dependent energy transfer and emission
kinetics of the hybrid system. The absorbance spectra of the PFBT-Br CPN and
defolded PFBT-Br are presented in Figure 9.2(b) along with the
photoluminescence spectrum of the InGaN/GaN nanopillars. The experimental
procedure is illustrated in Figure 9.5, and the scanning electron microscopy
(SEM) images of the hybrid system before and after THF treatment is given in
Figure 9.4.
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Figure 9.2. (a) Absorbance and fluorescence spectra of PFBT-Br in THF and
PFBT-BR CPNs in water, and (b) absorbance spectra of PFBT-Br CPN film
and de-folded PFBT-Br (while preserving the amount of polymers on quartz),
together with the photoluminescence of InGaN/GaN QWs. Reproduced with
permission from Ref. [100]. © American Chemical Society 2013.

Table 9.1. Emission (Aem) and absorption (Aus) peaks and quantum efficiencies
(®;) of PFBT-Br in THF and PFBT-Br CPNs in water together with mean

diameter, polydispersity index, and zeta potential of the nanoparticles.

DLS zeta
Aem diameter  polydispersity potential
Aaps(nm) @ (%) .
(nm) (mean) index (mean)
(nm) (nm)
PFBT-
319, 442 534 17 . - -
r
PFBT-
330, 473 544 0.5 69 0.294 -28.6
Br CPNs
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Figure 9.3. (a) Dynamic light scattering (DLS) histogram of PFBT-Br CPNs in
water. The average diameter is 69 nm with a polydispersity index of 0.294, (b)
the absorption spectrum of PFBT-Br film directly deposited on quartz.
Reproduced with permission from Ref. [100]. © American Chemical Society 2013.

NRET efficiency (n) and NRET rate (ynrer) are calculated using Equations
9.1 and 9.2, respectively. Here, tpa stands for the lifetime of donors in the

presence of acceptors and tp denotes the lifetime of donors in the absence of

acceptors.
n=1-Toa (9.1)
2
1 1
VNRET =T T (9.2)
Ton Tp
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Figure 9.4. SEM images of (a) PFBT-Br nanoparticles on the nanopillars and (b)
PFBT-Br polymer chains on the nanopillars (after the addition and evaporation
of THF). The amount is carefully set such that the nanopillars are almost fully
covered in both cases to ensure the coverage of the emissive QW region inside
the nanopillars. Reproduced with permission from Ref. [100]. © American
Chemical Society 2013.

drop-wise THF addition

Figure 9.5. Tllustration of the comparative study: First aqueous dispersion of
nanoparticles is drop-casted on the nanopillars and cryogenic time-resolved and
steady state fluorescence measurements are taken at 296, 250, 200, 150, and 100

K. Later, THF is drop-wise added onto the nanoparticles on the nanopillars to
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defold them into polymer chains and then fully evaporated. The same
measurements are repeated for the case of open polymers. Reproduced with

permission from Ref. [100]. © American Chemical Society.

The corresponding lifetimes of the nanopillar—-PFBT-Br hybrid systems at the
donor peak emission wavelength are given in Figure 9.6 and listed in Table 9.2,
together with the energy transfer efficiencies for CPNs and defolded polymer
chains. Additionally, time-resolved fluorescence decay curves are presented at the

donor and acceptor peak emission wavelengths in Figure 9.7 and Figure 9.8,

respectively.
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Figure 9.6. Temperature-dependent lifetimes of (a) nanopillars alone, nanopillars
in the presence of PFBT-Br CPNs, and nanopillars in the presence of defolded
PFBT-Br polymer chains, and (b) temperature-dependent NRET efficiency of
the nanopillar-CPN hybrid and nanopillar defolded PFBT-Br hybrid. Black error
bars indicate the measurement errors for (a), and the error bars in (b) were
calculated using the information in (a). The minimum NRET efficiency was
calculated by taking the minimum lifetime value of nanopillar and the maximum
donor lifetime of acceptor including system. Similarly, the minimum NRET
efficiency was found by using the maximum lifetime value of nanopillar and the
minimum donor lifetime of acceptor including system. Reproduced with

permission from Ref. [100]. © American Chemical Society 2013.

We observe a significant difference in the donor lifetimes and, consequently,
in the energy transfer efficiencies after both (i) PFBT-Br CPN hybridization on
InGaN/GaN nanopillars and (7)) PFBT-Br polymer chains obtained by defolding
these CPNs via THF addition. Furthermore, the average donor lifetimes in the

case of CPNs shorten more after hybridization than in the case of the defolded
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polymers. This further lifetime shortening of nanopillars can possibly stem from
the following: (a) an increase in the distance between the QWSs of donor
nanopillars and acceptor molecules after defolding, (b) a more successful surface
passivation by defolded polymers compared to CPNs, or (¢) a more successful
energy transfer process in the case of CPNs compared to defolded polymer
chains. Here the first problem was avoided during the experiment by drop-wise
addition of THF without removing the defolded polymers away from the
nanopillars. The SEM imaging revealed that the nanopillars were fully covered
by CPNs before the THF treatment and a significant surface coverage was
achieved after THF addition (Figure 9.4). With great care taken not to remove
the polymers, the defolded polymers come even closer to the active region of the
nanopillars. If the defolded polymers had the same NRET characteristics as the
CPNs, one would expect to observe a stronger decrease in the lifetime of the

nanopillars compared to CPNs.
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Figure 9.7. Time-resolved fluorescence decay curves of the nanopillars alone, the
nanopillars hybridized with PFBT-Br CPNs and those hybridized with PFBT-Br
polymer (after the addition and evaporation of THF) at 450 nm at temperatures
of 296, 250, 200, 150, and 100 K. Black curves within the colored decay curves
are the multi-exponential functions numerically fitted to the experimental data.

Reproduced with permission from Ref. [100]. © American Chemical Society 2013.
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Figure 9.8. Time resolved fluorescence decay curves of PFBT-Br nanoparticles on
quartz and on nanopillars, and defolded PFBT-Br polymer chains (after the
addition of THF onto nanoparticles) on quartz and on nanopillars at 550 nm at
temperatures 296 K, 250 K, 200 K, 150 K, and 100 K. Black lines indicate the
fitted multi-exponential curves (4 exponentials). Reproduced with permission

from Ref. [100]. © American Chemical Society 2013.

Table 9.2. Lifetimes (together with y*values) and energy transfer rates and
efficiencies of (i) the hybrid system of the nanopillar and PFBT-Br CPNs and
(ii) that of the nanopillar and PFBT-Br defolded polymer chains. tpa: lifetime of
the donor in the presence of acceptor at 450 nm, 1p: lifetime of the donor (in the
absence of the acceptor) at 450 nm, and ta: lifetime of the acceptor (in the

absence of the donor) at 550 nm.

296 K 250K 200K 150K 100K

) toa (ns) — 5.897-  8.907- 1434~ 17.622-  20.247-
E X° 1.002 1.013 0.995 1.007 0.998

< Fwor +/-  0.44/041 0.68/0.61 1.02/0.95 1.18/1.12 0.83/0.78
= 8.736-  11.943-  18.34-  21.821-  23.714-
;f 2 1o (ns) —x* 1.097 1.041 1.084 1.009 0.993

$ © Emor+/-  048/046 0.536/0.54 0.73/0.70 0.81/0.78 0.79/0.77
o] £

7 @ ta(ns) - x2 0288 0.32- 0.352-  0.384-  0.416-
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1.017 0.987 0.940 0.914 1.098

Error(x107)
o 7.50/7.50 9.90/7.70 13.0/12.3 18.2/17.8 19.3/19.0
NRET
efficiency 32.5 25.5 19.7 23.8 194
(%)
Error +/-  7.98/9.09 8.23/9.52 7.94/8.87 7.81/8.60 5.94/6.45
Tpa (ns) — 7.830- 9.925- 15.410- 19.370- 22.440-
x2 1.043 1.015 0.995 1.014 1.047
Error 4 /- 0.65/0.61 0.68/0.64 1.08/1.00 0.38/0.38 1.17/1.09
é 8.736- 11.943- 18.34- 21.821- 23.714-
%3 tp (ns) — x*  1.097 1.041 1.084 1.009 0.993
© Bmor /- 048/046 0.56/0.54 0.73/0.70 0.81/0.78 0.79/0.77
'—? 0.320- 0.384- 0.480- 0.544- 0.544-
% Ta (n8) — x*  0.991 0.904 1.028 0.977 1.080
< Error(x10%)
H—g /- 0.71/0.33 0.72/017 0.58/0.15 0.65/0.16 0.86/0.17
9
= NRET
;f efficiency 10.4 16.9 16.0 11.2 5.4
G0
2. Error +/-  11.3/10.4 8.81/9.93 8.43/9.41 4.85/5.10 7.48/5.37

As the second possibility, the surface passivation issue was addressed during
the preparation of samples. To eliminate this problem, nanopillar surfaces were
carefully passivated via KOH and NH,S surface treatment during the fabrication
process. The proper passivation was verified by the increased intensity () of the
nanopillars with respect to the planar case. We observed that the emission
intensities are ordered in magnitude as Licfore treatment<< Dpianar <ILufter treatment , and the
peak emission wavelength, which blue-shifts with the nanopillar etching, stays
constant before and after the surface treatment, i.e., Apunar >Abefore treatment ~ Aafter
meatment- L Nis means that the nanopillar etching leads to strain relaxation, which is
expected to blue-shift the peak emission and increase the emission intensity.
Once the nanopillars are formed, the surface treatment does not affect the

spectral content of the emission, but only its intensity. This implies that the
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surface states were in fact effective before the surface treatment, reducing the

emission intensity substantially before passivating the pillar surfaces.

As a result, here we attribute this stronger lifetime shortening of nanopillars
mainly to NRET process; however, an error analysis is still necessary. Such an
analysis should be carried out considering Figure 9.6(b) and Figure 9.7 together.
According to Figure 9.6(b), the minimum NRET efficiency of the nanopillar-
CPN hybrid system at room temperature turns out to be higher than the
maximum NRET efficiency of the defolded CPN hybrid system. At 250 and 200
K, the NRET efficiency error bars overlap more strongly, which is a consequence
of the increasing NRET efficiency of the defolded CPN hybrid system together
with the decrease in the NRET efficiency of the CPN hybrid system. A similar
conclusion can be drawn by investigating the decay curves in Figure 9.7 where
the decay curves of the both hybrid systems get closer. Nevertheless, CPN
hybrid system is observed to attain a faster decaying trend at these two
temperatures and at 150 and 100 K as well, although the overlap of the decays
gets stronger. Considering this observation, we believe that assigning a higher
NRET to CPN hybrid system is still qualitatively reasonable, especially down to

200 K, because the faster decay is a clear trend rather than noisy data points.

According to the analyses of the measured average lifetimes, the maximum
NRET efficiency for the CPN hybridization is calculated to be 33% at room
temperature, whereas this value drops to 10% when the nanoparticles are
defolded into polymer chains viac THF addition and evaporation. This is an
indicator that here the CPNs within the nanopillars constitute a better NRET
donor-acceptor pair compared to polymer chains. The absorption spectrum of
CPNs yields 1.8 times higher overlap-integral [96] with the emission spectrum of
nanopillars compared to that of defolded polymers (Figure 9.2(b)). However, our
calculations reveal that this difference in the overlap integral can increase the
NRET efficiency at most by 1.7 folds, which is not enough to explain almost 3-
fold enhancement at room temperature. We reckon that the modified
photophysical properties and exciton dynamics in the CPNs compared to the
defolded polymer may play an important role in this observation. Other
acceptor-related factors such as the refractive index and dipole orientation

factors, which are closely related to the stacking, in other words, morphology of
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the acceptor, should also have an important contribution to the change of the
NRET efficiency.

While decreasing temperature, we further observe that NRET rate of the
CPNs is a strong function of temperature (0.055 ns™ at 296 K, 0.029 ns™ at 250
K, 0.015 ns! at 200 K, 0.011 ns™ at 150 K and 0.007 ns™ at 100 K) and NRET
efficiencies of the system follow a slowly decreasing trend while taking the values
of 33%, 25%, 22%, 19%, and 15% at the same temperatures, respectively (Figure
9.6). This observation can be explained by slightly stronger localization of
excitons within QWs as the temperature decreases. Further investigation of the
decay dynamics reveals that the lifetime of the bare nanopillar case () increases
as the temperature decreases down to 100 K. This is an expected behavior
because of the suppression of the nonradiative transitions within the nanopillar
as the temperature decreases. In the case that THF is added and defolded
polymers are obtained, NRET rates decrease strongly to 0.013 ns' at 296 K,
0.017 ns™* at 250 K, 0.010 ns! at 200 K, 0.006 ns™ at 150 K, and 0.002 ns™ at 100
K, while the NRET efficiency first increases from 10% to 17% when the
temperature decreases from room temperature to 250 K and remains closer to
this value (16%) at 200 K. However, further decrease of temperature to 150 and
100 K decreases the NRET efficiency again down to 11% and 6%, respectively.

Nevertheless, the error bars of the NRET efficiencies calculated using the
maxima and minima of the lifetimes reveal a strong overlap of the efficiencies.
This prevents a healthy quantitative discussion on the change of morphology
dependent energy transfer efficiency with respect to temperature. However, a
qualitative analysis based on the decay curves reveals that the PEFBT-Br exhibits
a strong morphology-dependent energy transfer character. Based on the
qualitative discussion carried out above, one can conclude that the realization of
a higher NRET efficiency is highly probable with the PFBT-Br CPN
hybridization of inorganic InGaN/GaN nanopillars compared to their
hybridization with defolded CPNs especially at room temperature, 150 and 100
K. Here, although the change at cryogenic temperatures cannot be quantitatively
assigned to the variation in the absorption due to the inability of our
measurement setup, while it was possible to quantitatively relate this behavior at

room temperature partly to the difference in the spectral overlap integral in
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addition to other factors. We consider that the observed behavior may also occur
due to the temperature related morphology changes of PFBT-Br leading to
changes in its photophysical properties — mainly the available electronic states
and the absorption — and the changes in the dipole orientation factor and the

refractive index might contribute as well.

In the case that CPNs were hybridized and later defolded on nanopillars, we
observe that the acceptor lifetimes (74) increase monotonically and substantially
as the temperature decreases. This can be an indicator for the dominance of the
nonradiative recombinations in the films at room temperature because of the
suppression of nonradiative transitions as the temperature decreases. For
comparison purposes, the same lifetime characterization of PFBT-Br CPNs and
polymer chains were repeated using quartz substrate. The corresponding lifetimes
are shown in Figure 9.9, the tabulated values can be found in Tables 9.2 and 9.3,
and the decay curves are presented in Figure 9.8. Here we observe that the
lifetimes of the nanoparticles on quartz increase monotonically as the
temperature decreases. This monotonic increase in the lifetime with the
decreasing temperature is also consistent with the behavior of polymer chains
generated by defolding the CPN structure into polymer chains. Nevertheless, the
polymers exhibit much longer lifetimes compared to CPNs showing that CPN
morphology enables additional nonradiative recombination pathways, whereas
these pathways are suppressed in the defolded form of polymer chains on quartz.
When compared with the acceptor lifetimes on nanopillars, we observe that the
CPNs exhibit similar lifetimes on quartz, whereas defolded PFBT-Br films have
completely different decay lifetimes. This observation clearly shows that the
emission dynamics of PFBT-Br CPNs are less morphology-dependent than that
of defolded PFBT-Br.
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Table 9.3. Lifetimes of PFBT-Br nanoparticles and polymer chains on quartz at
550 nm.

Temperature 296 K 250 K 200 K 150 K 100 K
TPFBT-Bi-CPN 0.240- 0.272- 0.304- 0.336- 0.336-
(ns)— x* 1.074 1.084 0.972 0.993 0.937
Error (x107)
/ 0.14/0.02 2.20/2.20 0.41/0.38 0.30/0.27 0.20/0.03
+/-
. 0.368- 0.464- 0.592- 0.608- 0.624-
TPFBT-Br (HS)* X~
0.991 0.904 1.028 0.977 1.080

Error (x107)
0.43/0.10 0.02/0.11 0.83/0.38 0.70/0.12 1.00/0.15

+/-
0.7 1
061 * x
1 =
0.5 -
— N > x
m ]
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Figure 9.9. Temperature dependent fluorescence lifetimes of PFBT-Br CPNs and
defolded PFBT-Br on the nanopillars and quartz. Reproduced with permission
from Ref. [100]. © American Chemical Society 2013.

9.4 Summary

In this work we studied the hybrid excitonic structures of both PFBT-Br
nanoparticles and their defolded polymer chains intimately integrated on the

nanopillars of InGaN/GaN multiple quantum wells and investigated the
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temperature dependent nonradiative energy transfer dynamics in these two
hybrid architectures. We found that the nonradiative energy transfer from the
quantum wells to the PFBT CPNs is more efficient compared to the defolded
PFBT-Br polymer chains at the temperatures tested in this study. At room
temperature, the CPNs exhibit the maximum NRET efficiency of 33% whereas
this value decreases to 10% in the case of polymer chains. Another finding of this
study is that the efficiency of the energy transfer decreases as the temperature
decreases for the CPNs while the NRET efficiency shows an oscillating behavior
in the case of defolded polymer chains. For comparison purposes, we further
investigated the emission kinetics of the nanoparticles and polymer chains on the
nanopillars and on a flat quartz substrate. We observed that in both type of
substrates the nanoparticles reveal similar behavior. However, the open polymer
chains are observed to feature significantly different emission kinetics depending
on the substrate. In summary, this work demonstrates an efficient excitonic
hybrid model system made of organic and inorganic nanostructured components,
enabling new possibilities for future excitonic systems in light generation and

harvesting as well as sensing.
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Chapter 10

Conclusions

In this chapter, we present our thesis research work on the development of
efficient and stable light-emitters for general lighting and display backlighting by
employing colloidal semiconductors and conjugated polymer nanoparticles. Here

we also list our contributions to the literature.

10.1 Contributions to scientific knowledge

Within the framework of this thesis, we studied the color science and photometry
of nanoemitters with discrete and sharp emission that we use to evaluate the
color quality and photometric performance of the white LEDs targeting general

lighting and display backlighting applications.

In Chapter 3 of the thesis, we showed the potential of the discrete nanocrystal
emitters for display backlighting applications and determined the necessary
conditions for designing a display backlight of nanocrystals that helps
maintaining our natural daily biological rhythm. With a focus to achieve a
broader color gamut than the phosphor based LEDs, we demonstrated that the
use of nanocrystals provides excellent opportunities when especially narrow
green-emitting nanocrystals are employed. We also evaluated and revealed the
effect of the nanocrystal based display backlights on the human biological
rhythm. Our results showed that by employing strategically selected nanocrystal
combinations, it is possible to improve the color definition of the displays by 34%
while exhibiting 33% disruption on the biological rhythm compared phosphor
based backlighting. Moreover, we found out that for a circadian rhythm friendly
display backlighting, it is essential to choose the peak emission wavelengths of
the blue and green color components at 465 and 535 nm, respectively with full-
width at half-maximum values as narrow as 20 nm. As opposed to the
requirements of the general lighting applications, surprisingly, the performance of

the circadian rhythm friendly displays with a broad color gamut is not found to
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require narrow emitters for the red color component. Here, for the first time in
the literature we showed that employing nanocrystals for display backlighting
enables obtaining a broad color gamut while minimizing the effect of the displays
on the human biological rhythm at the same time. This thus leads to bio-friendly

color enrichment.

The next problem, which we studied in Chapter 4 of this thesis work, was the
significant energy waste of displays due to the use of polarizers with unpolarized
backlighting. To address this issue, we aimed to produce polarized light and
proposed the integration of magnetic nanowires together with semiconductor
nanocrystals. We showed for the first time in the literature that the nanocrystals
hybridized with magnetically aligned nanowires may possess polarization
anisotropy despite the fact that the nanocrystals are intrinsically isotropic
emitters. The obtained polarization ration of 15 shows that this material system
may find a widespread use in the display industry as it significantly decreases
the need for polarizers in the displays and offers a cost-effective fabrication

methodology based on the magnetic alignment of the nanowires.

Subsequently, in Chapter 5 we focused on solving the low emission stability,
incompatibility with the LED production line, incompatibility with the silicone
encapsulants, and emission degradation at elevated temperatures and under high
photon flux issues of the nanocrystals for their use on high power LED chips. As
a solution, we proposed and demonstrated the incorporation of the nanocrystals
into borax matrix that forms a protection layer around the nanocrystals against
oxygen and humidity diffusion. We showed that these macrocrystals can be
easily powdered and they can maintain their emission capabilities when
integrated with silicones. With this approach, we solved the compatibility issues
of the nanocrystals with the existing LED production line and with the
commonly used silicones. Using the powders of these macrocrystals of
nanocrystals and designing the device structure providing feedback from
experiments and photometric calculations, we also demonstrated the most
photometrically efficient white LED of the world, to the best of our knowledge.
We further showed that this material system is also capable of solving the
thermal stability and photostability problems of the nanocrystal emission when

integrated with a high power LED. Considering all these findings, we believe
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that the results of this work opened the way for a widespread use of nanocrystals

in salt matrices for general lighting applications.

In Chapter 6, to increase the quantum efficiency of the nanocrystals in solid
form we studied the potential of using plasmonic interaction. Within this
framework, we successfully maintained the plasmonic character of the metal
nanoparticles in sucrose matrix as opposed to salt matrices causing the
aggregation of the metal nanoparticles. Protecting this plasmonic character was
shown to enable plasmonic fluorescence enhancement of semiconductor
nanocrystals upon their co-immobilization with metal nanocrystals. We found
that the occurrence of this interaction requires a careful optimization of the
semiconductor nanocrystal and metal nanoparticle concentrations. Another point
that deserves attention regarding these plasmonic macrocrystals is the fact that a
solid and robust plasmonic material system was made possible for the first time.
In this work, we showed that plasmonic interaction may be conveniently utilized
to improve the emission capability of the nanocrystals within macrocrystals and
this material system may be employed as color converters for light-emitting
diodes.

The straightforward techniques for preparing macrocrystals required the
nanocrystals to be dispersed in aqueous environment. This necessitates the
synthesis of the nanocrystals in water or a ligand exchange is needed. However,
the quantum efficiency of the nanocrystals synthesized in water remains typically
low and the ligand exchange of the nanocrystals is known to substantially
decrease the quantum yield of the synthesized semiconductor nanocrystals. To
avoid this decreasing efficiency problem so that the fabrication of efficient
nanocrystal integrated LEDs becomes possible, in Chapter 7 of this thesis, we
showed our novel methodology that involves the evaporation of the nanocrystal
dispersion and LiCl solution mixture in tetrahydrofuran in vacuum. This method
enabled the incorporation of the nanocrystals into the salt matrix without
requiring ligand exchange process for the first time and allowed for maintaining
the quantum efficiency of the nanocrystals in salt powders. We also showed that
the emission stability of the nanocrystals at high temperatures and under high
photon flux is also improved significantly within salt matrix. Considering all of

these achievements we showed that this technique solves an important problem
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of the nanocrystal incorporation into salts and makes this material system ready

for use in LED fabrication.

In Chapter 8 of this thesis work, we investigated the potential of nonradiative
energy transfer between the nanocrystals incorporated into salt matrix to further
improve the nanocrystal emission. For this purpose, we utilized green- and red-
emitting nanocrystal quantum dots within LiCl matrix and proved the
occurrence of the exciton transfer by using steady state and time-resolved
fluorescence spectroscopy for the first time. These excitonically improved
nanocrystal integrated salt powders were integrated with a blue LED to form a
violet LED that exhibited luminous efficiencies >70 lm/Wee, which are higher
than the performance of the epitaxially grown violet LEDs. These excitonically
improved powders are robust, their emission is stable, and they can be easily
integrated with LEDs; therefore, we believe that they are excellent candidates for

use in LEDs as color converters.

As part of the efforts for obtaining efficient soft color converters without
cadmium content, in Chapter 9 we utilized the nonradiative energy transfer for
improving the emission capabilities of the conjugated polymer nanoparticles. For
this purpose, we used InGaN/GaN quantum well nanopillars as the donors and
investigated the dependence of the energy transfer on the nanoparticle
morphology by dissolving the nanoparticle in situ to obtain their polymers. We
discovered that the conjugated polymer nanoparticles construct a better
nonradiative energy transfer pair with the InGaN/GaN nanopillars compared to
their polymer form. Our investigations revealed that the reason behind this
observation is the improvement of the absorption capabilities of the
nanoparticles compared to their de-folded polymer chains. We believe that this
material system has the potential to be employed for excitonically improved light
harvesting and generation applications if their emission stability problem is
addressed in addition to compatibility issues with the LED fabrication

techniques.

Overall, during this graduate study at Bilkent University we carried out
research at the interface of electrical engineering, physics, chemistry, and

materials science. We designed, implemented, and characterized light-emitting

185



devices for lighting and display applications with a special emphasis on
increasing their efficiency and stability. For this purpose, we also investigated
the near-field dynamics within various material systems. We showed that using
nano-emitters the present disadvantages for generating high quality white light
of using rare-earth ion based color converting phosphors can be overcome.
Furthermore, the studies that we presented here enabled to solve the existing
problems of the colloidal nano-emitters and improved their performance so that
they can find ubiquitous use in high-quality and high-efficiency light-emitting

devices.
10.2. Contributions to the literature

Below we list the SCI journal papers, refereed conference presentations, book
chapters, and patents that we contributed during the graduate study at Bilkent

University.
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10.3 Challenges and future outlook

There are still some challenges of employing colloidal nanocrystals for solid-state

lighting applications. Among them, the most well-known issue is the cadmium

content of the efficient nanocrystals. To avoid the health and environmental

risks of these materials, either a proper recycling method has to be developed or
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proper cadmium-free alternatives have to be synthesized. The existing inorganic
cadmium-free nanocrystals possess significantly lower efficiencies compared to
their cadmium-containing counterparts. Furthermore, their emission spectra are
significantly broader. Therefore, even if we can increase their efficiencies using
methods such as incorporation into macrocrystals or near-field interactions, their
emission spectra should be definitely narrowed. Otherwise, high-quality lighting
cannot be realized using these materials. As an alternative, developing cadmium-
free colloidal quantum wells may step forward if they can be made efficiently
emitting. In addition to inorganic nano-emitters, the use of organic nanoparticles
may also be utilized for solid-state lighting. However, their emission spectra have

to be narrowed before they can be employed ubiquitously in solid-state lighting.

Another important issue related with the use of colloidal nanoparticles in
solid-state lighting is the need for a significant amount of materials for
integration on an LED, which makes it difficult to incorporate their powders on
the LEDs. This basically stems from the relatively low absorption coefficients of
the quantum dots. As a solution to this problem, the use of colloidal
nanoplatelets or perovskites can be offered. Another advantage of using these
materials is the possibility of achieving significantly narrow emission spectra
enabling photometric optimization. However, the main difficulty of using these
materials is the significant decrease in their efficiencies in their solid-films. This
problem may be addressed in the future by incorporating them into crystalline
matrices. Nevertheless, both of these materials are very sensitive to the
variations in their environments. Therefore, novel methods need to be developed

to embed them into macrocrystals.

In addition to the existing challenges of these materials, the methods that we
developed here also offer unique opportunities. For example, we believe that the
presented macrocrystal approach may be very important for optical gain and
lasing applications in the future if the nanocrystals could be integrated in higher
concentrations. Furthermore, the smart self-assembly methods may enable the
formation of robust metamaterials inside a solid crystalline matrix and it would
be also possible to produce some exotic optical components or even devices.
These macrocrystals can be also very beneficial when they are used on solar cells

for spectral concentration of the sun light. Considering that the macrocrystals
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offer a robust platform for near-field interactions, they can be an interesting
platform for studying nonlinear, plasmonic, and excitonic interactions involving

various types of nanomaterials.

We believe that the challenges that are presented above may be addressed in
the near-future by using the materials systems we presented here. Furthermore,
the opportunities listed above should be able to be realized following the
improvements in the structural and optical features of the nanomaterials.
Considering these, we think that within the next decade we will witness an
increasing use of the colloidal nanomaterials in optoelectronic devices including

light-emitting diodes, displays, lasers, solar cells, photodetectors, and sensors.
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