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ABSTRACT
MACROCRYSTALS OF SEMICONDUCTOR
NANOCRYSTALS FOR LIGHT-EMITTING DIODES

Halil Akcali
M.S. in Electrical and Electronics Engineering
Supervisor: Assoc. Prof. Dr. Hilmi Volkan Demir
August 2013

Worldwide energy consumption is rapidly increasing and general lighting
constitutes an important portion of it. By considering most of the lighting
sources to rely on fluorescent lamps today, solid-state lighting has a great
potential especially with recent advances on efficiency and color quality of
white light-emitting diodes (LEDs). One of the most promising approaches for
the current white LED technology is based on the use of color-conversion
materials. In recent years semiconductor nanocrystal quantum dots (NQDs) have
arisen as an important class of color-convertors because of their tunable and
superior optical properties and today there are various prototypes and
commercial products. Recently, a new material system involving macrocrystals
of NQDs has been introduced. In this thesis, different types of NQD
macrocrystals are developed and studied for the white LED application. These
macrocrystals of NQDs are produced by forming ionic salts in the presence of
water soluble NQDs. This enhances the stability of NQDs wrapped in salt solids
and allows for high integration capability in powder form to current LED
technology employing commercial encapsulants. This thesis also includes a
colorimetric study of white LEDs using such macrocrystals of NQDs to
demonstrate high-quality white light with high color rendering index, low

correlated color temperature, and high luminous efficacy of optical radiation.
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OZET
ISIK YAYAN DIYOTLAR ICIN YARIILETKEN

NANOKRISTALLER {CEREN MAKROKRISTALLER

Halil AKCALI
Elektrik ve Elektronik Miihendisligi Boliimii Yiiksek Lisans
Tez Yoneticisi: Dog. Dr. Hilmi Volkan Demir
Agustos 2013

Gilinlimiizde diinya genelindeki enerji tiiketimi hizla artmakta ve aydinlatma bu
tiketimin O6nemli bir kismini olusturmaktadir. Kullanilan 151k kaynaklarinin
baslica florasan lambalara dayanmasi, son zamanlarda beyaz 151k yayan diyotlar
tizerindeki verimlilik ve renk kalitesindeki ilerlemeler kati hal aydinlatma
technolojisinin verimlilik ve 1s1k kalitesi agisindan sahip oldugu potansiyeli
acikca gostermektedir. Gilinlimiiz beyaz 151k yayan diyot teknolojisinde en
gelecek vaat eden yaklasimlardan birisi renk doniistiirme metodudur. Son birkag
senede kontrol edilen ve istiin optik ozellikleri ile kuantum noktaciklar renk
doniistiirme teknolojisinde yeni bir siif ortaya ¢ikarmis ve cesitli prototipleri ve
ticari TUrlinleri ortaya c¢ikmistir. Son zamanlarda yeni olarak kuantum
noktaciklart igeren makrokristaller kesfedilmis ve bu tezde bu kuantum
noktaciklar igeren farkli makrokristal yapilar arastirilmis ve ayrica bu
malzemelerin beyaz 151k yayan diyotlar i¢in uygulamalar1 gdsterilmistir. Bu
kuantum noktacik igeren makrokristaller suda ¢6ziinen kuantum noktaciklarin
varliginda iyonik kristallerin olusturulmas: ile elde edildi. Boylece, kuantum
noktaciklariin  iyonik kristallerin igerisinde korunmasi ile kuantum
noktaciklarin kararlig1 arttirilmig ve ayrica toz haline getirilerek ticari kaplama
malzemelerinden  faydalanan  glinimiiz LED  teknolojisine  yliksek
tiimlestirilebilirlik kazandirmistir. Bu tez ayrica yliksek renk doniisiim indeksi,

diisiik korele renk sicakligi, optik 1simanin yiiksek aydinlatma verimliligi



Ozelliklerini barindiran yliksek kalitede beyaz 151k elde edilebilirligini géstermek

icin beyaz 151k yayan LED’lerin renk analizi ¢alismasini da igcermektedir.

Anahtar Kelimeler: Kuantum noktacik iceren makrokristaller, 11k yayan

diyotlar, renk bilimi, kuantum noktaciklari.
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Chapter 1

Introduction

1.1 Motivation

Recently, we have been hearing “LED” word so often and especially
everywhere related to screen technology such as TVs, computers, tablets and
cell phones. Now, LED appears more and more frequently in different ways
including flash lights, traffic lights, decorations in houses and streets, also even
in different electronic devices including ovens, kettles, remote controllers etc.
We are getting accustomed to hearing LEDs, and for many, it means superior
features especially in efficiency, color quality, strong emission over small areas,

easy integration into chips and reliability.

These are actually just a small glimpse of capability and potential of solid-state
lighting (SSL). A lot of research work focuses on ways to improve its properties
and a lot of new technologies and materials have already been introduced for
SSL. It is also expected that SSL will take the place of other conventional
lighting systems while enhancements of their various features continue [1, 2, 3].
We have already witnessed replacement of lighting sources in TV screens and
monitors by LEDs and LEDs now spread out into different application areas and

devices fast. For example, Audi have started to take advantage of LEDs in cars



since 2004, and today many car manufacturers utilize LEDs in especially head
and backlights by utilizing strong emission of LEDs and their efficiency, which
helps to save up to 1 mpg claimed by Lexus. Furthermore, 500 LEDs used in S
series models of Mercedes-Benz clearly show the inclination towards LED

technology [4].

The largest and most important application area where we need new
technologies is for general lighting including house and street lighting because
this currently constitutes an important portion of electrical energy consumption
and affects our daily performance and life quality as well. According to
statistics, in 2005, 19 percent of worldwide electricity consumption amounting
of 2650 TW-h [5] and in 2011, 17 percent of USA electricity consumption
amounting of 461 TW-h were used for lighting [6]. Especially considering the
use of fluorescent lamps which suffer from the lack of high efficiency or color
quality, we need different technologies but they have to offer more in terms of

cost, mass production, and quality for targeted replacement at global scale.

The main objective of interior lighting is to obtain high quality and cost efficient
white light. By means of quality, we aim to improve colorimetric properties of
light to enhance visual perception. With good adjustment of color spectrum of
light, it 1s possible to successfully render the true colors of illuminated objects
and to improve spectral energy efficiency by increasing the spectral overlap with
spectral sensitivity of human eye. Furthermore, undesired negative effects of

poor lighting on the human biological rhythm should be prevented [7].

In this thesis, our main purpose is to utilize a newly discovered composite
material system of wrapping macrocrystals in ionic salt macrocrystals, which
helps to bring out enhanced optical properties while offering high processing
and integration capability for white LEDs [8]. In this method, we use a single-
chip color conversion LED approach because multi-chip LEDs suffer from

inefficient green light and high cost of complex electrical circuitry. For color



conversion LED, we want to take advantage of compatibility to today’s LED
fabrication technology as already being used commonly with phosphors
materials despite some drawbacks due to cost, emission characteristics, and

supply chain of their rare earth elements.

In our study, we want to make use of nanocrystal quantum dots (QDs), which
present tunable and superior optical properties including broad absorption and
narrow emission with mono-disperse synthesis. Different from former studies of
QDs facing difficulties about integration and cost, we apply the recently
discovered method of macrocrystallization. In this method, QDs are embedded
in a crystal matrix of ionic crystals where they are protected, with gained
features of robustness, improved stability and easy packaging with LEDs while
being compatible to today’s LED chip fabrication technology. We have also
investigated properties of QDs in different host media that support enhanced

crystalline properties for different applications including nonlinear processes.

1.2 Thesis Structure

This thesis consists of five chapters and they are briefly outlined below.

In Chapter 1, we present a general overview for the necessity of the light sources
to be more efficient and improve color quality considering rapidly increasing
electricity consumption and attracting consumers by promising better life
standards to replace light sources. We have introduced our motivation based on
feasibility of today’s solutions and a promising method of QD embedded

macrocrystals integrated on LEDs offering advantages and superior features.

In Chapter 2, we provide basic background information about colloidal quantum
dots, their synthesis procedure, and characterization. Then, we summarize the

description of crystal structures including the discussions of unit cells, Miller



indices and generic lattices to distinguish crystals. Subsequently, we introduce
LEDs describing basic operating principles, and ways of producing white light

with LEDs and also summarize colorimetric measurements.

In Chapter 3, QD incorporated macrocrystals are investigated in detail, making
use of different host structures. The drawbacks and advantages of these material

systems are discussed and the results are presented.

In Chapter 4, white LEDs are fabricated with encapsulation process targeting
high quality light. Colorimetric results of the obtained white LEDs are

presented.

In Chapter 5, the main prospects of this thesis are briefly summarized. Future

plans and further possible improvements are discussed.



Chapter 2

Semiconductor Nanocrystal

Quantum Dots

2.1 Background

For the past 50 years, numerous innovations in semiconductor materials have
provided a basis for most of the technological improvements and have been
utilized extensively in almost all parts of our lives. Typically, when we try to
push limits of a current technology, potential enhancements in semiconductor
technology become the critical and leading part due to reduced costs and high
compatibility to new technologies. So now, there are a lot of ongoing efforts
focusing on semiconductors to make them more energy efficient, higher speed,
smaller to increase capacity and cheaper in general by combining with new

processes and new materials and exploring different properties.

Especially in optoelectronics, semiconductors have attracted significant attention

with the exploration of new features and production methods. One of the most



important properties is their size dependent features. When we decrease the size
of semiconductors to a few nanometers, they exhibit discrete and size dependent
band gap properties instead of having fixed energy band gap levels [9]. These
particles confine electrons and holes in three dimensions, and as a result, their
ground state energies vary as a function of the confinement. These
semiconductor particles, which allow for band gap engineering via size control,

are known as semiconductor quantum dots, or semiconductor nanocrystals.

In addition to size dependent optical properties, having broad band absorption
and narrow emission spectra with good photostability and strong
photoluminescence especially compared to traditional dyes have made QDs in
the center of interest in many studies [10]. So far, they have already been
applied in variety of fields such as biolabeling, bioimaging, photodetection,
energy harvesting as photovoltaics, lasers, and LEDs [11, 12, 13, 14, 15].
Currently, with the new improvements in QDs including new synthesis methods,
new designs, and combination with other materials, they attract more attention

with their enhanced optical properties.

In particular, quantum confinement effect is observed when the size of quantum
dot is smaller than or comparable to the Bohr radius [7, 16]. The Bohr radius of

a particle is determined by

“’t aq (2.1)
m

ﬂ'.E-=E

where ag is the Bohr radius of the particle, € is the dielectric constant of the
material, m is the rest mass of the electron and m* is the mass of the carrier in
the particle and ag is the Bohr radius of hydrogen. Actually, because of the Bohr
radius belonging to only one particle, there are three Bohr radii including one for

electron, one for hole and one for their pair called exciton. When the



nanoparticle size is smaller than all three of them, we can see very strong

quantum confinement effect.

e states

Wide band

Eg+Ee+Eh  Wide band
gap material

gap material

h states

Figure 2.1. Band gap diagram for quantum well [7, 17]

In Figure 1.1, a semiconductor quantum well system benefiting from band gap
engineering with quantum size effect is shown. Thanks to potential barriers on
sides, the exciton is confined inside to analyze quantum effects, we can start
with a most simple model as an infinite quantum well structure in three spatial
dimensions. In this model, we have a infinite potential well which is
mathematically described by (2.2) and we solve the wavefunction supported by
this potential profile and their corresponding entry levels with Schrodinger

Equation given by Equation (2.3).

vy ={2 T3¢ (22)
h 2 —
o+ V(Y = E .3

In Equations (2.2) and (2.3), V(r) is the potential, r is the radius parameter, a is
the radius of the quantum well , A is the Planck constant divided by 2w, m is the

mass of the particle, E is the energy eigenvalue, and v is wavefunction.



For the potential levels inside the quantum well, the Schrédinger equation boils

down to Equation (2.4)

h 2
—oa VY =EY (2.4)

For the spherical symmetry, using polar coordinates, he boundary conditions for
the wavefunctions can be described by ¢ =0 atr =0 and r = a. As a result, the
solutions of Schrodinger Equation are given in the form of spherical Bessel

functions as expressed in Equation (2.5) [17],

Jilkn )Y (6, 0)
r

Y(r.6,9) =C (2.5)
In Equation (2.5), jl(kn,lr) is the n™ order spherical Bessel function and
Y™ (0, @) is the spherical harmonics. For Equation (2.5),
Anl
Ky = % (2.6)
where y,,; is the nth zero of the spherical Bessel function, jl(kn,lr) as given in

Equation (2.6).

Finally, the corresponding energy eigenvalues are found in Equation (2.7) [18]

_ Pk _ P @.7)

E =
2m 2m a?

n,l

where n is the principle quantum number, | and m are the orbital and momentum

numbers, and m is mass of the particle.

While finding an analytical solution above, the interaction between electrons
and holes is neglected but these interactions have to be taken into account for a
better analysis. The models considering these effects are developed by Brus
[19], and Franceschhetti and Zunger [20, 21] and according to these models, the
optical energy gap is given by in Equation (2.8),



h? (xZ : 1.8
(In,z,e " An.Lh ) _ 2.8)

m; my, Einl

where Ezﬁ'r is the optical energy gap, E; is the band gap energy, xpn . and ¥ n

are the Bessel solutions for electron and hole with the corresponding quantum
numbers, m, and my, are the effective masses of the electron and the hole,
respectively, €in is the dielectric constant inside the quantum well and e is the
charge of an electron. This equation is not an exact solution and considers
giving an opinion about how they change the end expression instead of giving

exact solutions.

2.2 Colloidal Synthesis and Characterization of QDs

Colloidal synthesis results in dispersion of very small droplets or particles
synthesized mode of a substance as a second phase inside another substance
with a stable chemical reaction. With this method, different types of QDs which
are quite monodisperse and having suitable optical features for optoelectronics

have been synthesized for a while.

This method can be divided into two main parts as organometallic synthesis
based on high temperature thermolysis of the precursors, in other words on a
dehalosilylation reaction or in an aqueous medium using polyphosphates or
thiols [22, 23]. In this thesis, we have used the second method of colloidal
synthesis in aqueous medium with thiols whose role is to control kinetics of the
synthesis process, prevent the reaction of surface bonds and provide stability,
solubility, and surface functionality of the particles at the same time [24, 25]. In
the literature, different sizes of CdTe QDs, whose luminescence is stable and

covers most of the visible range (500-730 nm), have been synthesized and



applied in many areas. By using this method we have been able to synthesize

CdTe QDs emitting between 515 and 630 nm wavelengths.

2.1.2 Synthesis of Water Soluble Quantum Dots

For the synthesis of water soluble QDs made of CdTe, we first prepare main
precursors including cadmium perchlorate hexahydrate (Cd(ClO4),.6H,O) for
Cd and aluminum telluride (Al Te;) for Te. Thioglycolic acid (TGA-
SHCH,COOH) serve as the surfactant and stabilizer, sulfuric acid (H,SO4) as
the reactant to obtain H,Te to transfer Te, sodium hydroxide (NaOH) to regulate
pH, and deionized water as our main solvent. As the main synthesis apparatus,
reaction takes place, we need two flasks (1 liter one for the main synthesis and
25 mL one for the H,Te reaction) together with a condenser, a heater, an inert

gas source, and a glass link between flasks, syringe, and septas.

We can divide this synthesis procedure into three main parts. We will introduce

them briefly highlighting important points for the synthesis process.

a. Preparation of the main solution

In the beginning, we put 250 mL deionized (DI) water into 1 L flask and then
add 4.59 g Cd(ClO4),6H,O into water and stir the solution. Observing a
transparent solution indicates the complete dissolution of the Cd-precursor.
After this step, we add 1.33 g of TGA with 250 mL of DI water. The ratio of
TGA:Cd™ is extremely important for stability and determines the quality of
nanocrystals to affect the reaction between Cd and Te. Later, we inject 0.5 M
NaOH solution drop by drop into solution to set the pH of the solution between
11.8 and 12.0 to provide optimum conditions for the synthesis. The prepared

solution and reaction set up are illustrated in Figure 2.2.
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b. Setting up the mechanism to transfer Te into solution

At this step, we transfer all needed precursors into the main solution. For that,
first, we take 0.8 g of Al,Te; from the glove box into a 25 mL 3-neck glass flask
without allowing for any reaction with oxygen. Later, we set up the mechanism
given in Figure 2 to obtain Te gas and provide it as the main precursor for the
main reaction of QD growth. After setting up the system, we flow Ar for 1 h to

remove all possible oxygen molecules to prevent oxidation of Cd.

After 1 h, we decrease Ar flow and attach rubber tube to the synthesis setup to
prevent leakage of dangerous HoTe gas. Subsequently, we take 10-12 mL of 0.5
M H,SO; into along syringe and inject it into Al,Tes drop by drop and very

slowly and wait for 30 min till all H,Te’s transferred into the main solution.

The chemical reaction taking place of when we drop sulfuric acid into aluminum
telluride is given by in Equations (2.9) and (2.10). For a high-quality reaction,
dropping sulfuric acid slowly and waiting for a while after injection until

reaction finishes is important.

Al,Tes; + 3H,50, - 3H,Te + AL, (50,), (2.9)

Te®+2H" +2e” — H,Te (2.10)

11
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Figure 2.2. Synthesis setup to remove oxygen from the system and injection of sulfiric acid to

obtain and transfer H,Te into the main solution.

12



c. Heating and observing the change in the reaction mixture

After disconnecting the little flask, we can start heating the mental to provide the
necessary energy for the reaction. With boiling at around 100°C, the reaction
starts and CdTe QDs start to grow. We take samples at diferent time intervals
and check the emission of the reaction solution to verify that the synthesis
process is going fine and QDs grow as expected. The growth reaction is given in
Equations (2.11) and (2.12). Here SR represents SHCH,COO™ part of TGA. The
growth of green CdTe QDs occurs in about 5 minutes. Therefore, a very fast
cooling is needed to obtain green CdTe QDs. For the red CdTe QDs, depending

on our desired emission wavelength, we may have to wait 1 or 2 days.

H-5

SR
cd(Cl0,), + HyTe —> Cd— (SR),Te, + 2HCLO, .11

0|

10
Cd— (SR),Te, — CdTewithligands (2.12)

The setup used for colloidally synthesized CdTe QDs with TGA ligands are
illustrated in Figure 2.3. These synthesized CdTe QDs involve only one type of

core material surrounded with ligands.
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Figure 2.3. Synthesis setup where the main reaction takes places and the growth of QDs occurs.
On the right, the schematic of a synthesized CdTe QD with thiol ligands is shown.
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2.1.3 Optical Properties of QDs

2.1.3.1 Absorption

In physics, absorption can be described as a fundamental process by which the
energy of a photon is absorbed by a matter. In this case, the energy of electron is

increased.

Absorbance (A) shows how well a medium absorbs incident light by using the
ratio of intensity of incoming light compared to the light departing from the
medium. In Figure 2.4, the decrease in optical intensity through the material is
illustrated. Absorption coefficient («) is absorbance per unit length. Absorbance

is a unitless scale whereas the absorption coefficient has the units of cm™.

=1 cm

Light (==
——Light i
Source | g U Transmitted .

Filter Detector

Figure 2.4. Tllustration of absorbance measurement in which the number of arrows denotes the

intensity of light.

In general, when showing the absorption properties of a medium, the absorbance

spectrum is used as a function of wavelength.

0,

I, % T
A(A) = —log( . t) =—log(T) =— log(ﬁ

in

):z—mg%n (2.13)

Iout
o) — In (;m ) _ IHET) _ ln(lUD)E— In(%T) (2.14)
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In Equations (2.13) and (2.14), I,,; and I;,, are the intensities of the incoming
and departing light, T is the transmittance through a medium, %T is the percent
transmittance signal and [ is the length of the path over which absorption takes
place. The instrument we used for the absorbance measurement is photographed

in Figure 2.5.

Figure 2.5. Varian Cary 5000 UV/vis/NIF spectrophotometer.

Molar extinction coefficient (¢) is also an important metric to quantify the
absorption of light per unit concentration per unit length, and can be calculated
by using the Beer-Lambert law [26]. According to the Beer-Lambert law, the
absorbance is proportional to the multiplication of measurement path length and
concentration. The ratio between these gives a molar extinction coefficient at

specific wavelength as given in Equations (2.15) and (2.16).

AD) =e(D) =1+ C (2.15)
A(Q)
C:I*E(A) (2.16)

In Equations (2.15) and (2.16), €(4) is the molar extinction coefficient at a
wavelength of 4, [ is the path length over which the absorption takes pace, and C

16



is the concentration of the solution. The molar extinction coefficient can be
obtained using excitonic peaks based on empirical formulas obtained by prior
experiment with proper fitting functions. These derivations are explained in

detail in Reference [27, 28].

2.1.3.2 Photoluminescence

Photoluminescence (PL) is the emission of light as a result of optical pumping.
We measure the photoluminescence of our samples using a Varian Cary Eclipse

Luminescence spectrometer shown in Figure 2.6.

Figure 2.6. Varian Cary Eclipse luminescence spectrophotometer located in UNAM

2.1.3.3 Quantum Yield

By definition, quantum yield (¢) is the ratio of photons absorbed to

photons emitted as a result of fluorescence as given in Equation (2.17).

_ the number of photons emitted
~ the number of photons absorbed

(2.17)
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2.1.3.3.1 Measurement of Quantum Yield

To calculate the quantum yield of synthesized quantum dots, we use a reference
dye, Rhodamine 6G (Rh 6G), whose quantum yield is a well-known quantity
95% between the wavelengths of 460 and 480 nm.

First, we adjust the absorbance of QDs by changing its concentration to set the
crossing of the absorbance curve of Rh 6G with that QDs between 460-480 nm.
To minimize self-absorption the intersection point should have absorbance value
less than 0.1. At this intersection point, the QDs and reference have the same
number of photon’s absorbed for both samples. The intersection of the
absorption curves of Rhodamine 6G and green CdTe QDs is presented in Figure
2.7.

1.4 -

1.2

. Rh 6G
1.0 - — Green

0.8 -

0.6 4

Absorbance (a.u.)

0.4 <

0.2 4

0.0

v ] v ] v 1 v T v T v 1
400 450 500 550 600 650 700
Wavelength (nm)

Figure 2.7. Absorbance curves of Rh 6G and green CdTe. The crossing point is between 460
and 480 nm where the quantum yield of Rh 6G is 95%. The absorbance is kept below 0.1 to

prevent significant self-absorption.
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As a second step, we take photoluminescence measurements by exciting our QD
sample and the reference dye at the same wavelength of their absorbance
crossed. By taking the integral to calculate the area under photoluminescence
curve for each of them, we obtain the relative number of emitted photons for
both samples. By using the result of integrals and knowing the same absorbance
value for both the QDs and dye, we find the ratio between their quantum yields.
Since we know the quantum yield of the dye, we can easily calculate the

quantum yield of the QD as given in Equation (2.18).

[ PLyp(D)dA

_ 2.18)
o = %aye TpL. (Dal

&

where the QDs and Rh 6G are excited at the wavelength where Absqp = Absgye .
In Equation (2.18), @4y, and @, are the quantum yields of Rh 6G and the QDs

and similarly, PLgy,(4) and PLyp(4) are the PL of the Rh 6G and the quantum

dots. In Figure 2.8, an example of quantum yield calculation is given.
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Figure 2.8. PL of Rh 6G and green CdTe QDs when they are excited while having the same
absorbance value between 460 and 480 nm. The area under the curves shows the total emission

for each of them.
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2.1.3.4 Time Resolved Flourescence (TRF)

Time-resolved fluorescence spectroscopy is a type of fluorescence spectroscopy
used to reveal the emission kinetics of a sample under test. It is a very common
technique employed to investigate interactions of organic and inorganic
fluorophor molecules and fluorescent materials [29, 30, 31]. In this method, we
excite the sample with laser pulses or a pulsed flash light and observe the decay
of emission in time by counting photons that hit the detector in time and
recording their annual time with respect to the pulse [32]. While taking
measurements, because of the bandwidth of the laser pulse we use, we need to
deconvolve the measurement results with the response of the source pulse

(impulse response function, IRF) to obtain emission kinetics of the sample.

By modeling the decay data with a proper fitting function, we can analyze the
experimental results and obtain lifetimes. The fitting is carried out by making
use of exponential functions. First, the number of emitted photons is correlated
with the number of excited electrons. Second, the number of emitted photons in
a time interval is proportional to the change in the number of excited electrons
in that time interval. From these two relationships, we arrive at a conclusion that
the number of emitted photons in a time interval is proportional to the change in
the total number of emitted photons. This relationship is expressed in the

Equation (2.19).

dn
T —nIl —f(t) (2.19)

where n is the number of excited elements, I' is the rate constant of emission,
and f(t) is the arbitrary funciton of time expressing excitation. Assuming
excitation occurred at t=0, Equation (2.19) turns into Equation (2.20), which

describes this decrease in the number of excited electrons at each point in time.

20



dn B r
at - " (2.20)

By solving Equation (20) and taking the integral we obtain Equation (21),

t _t £ 1
%= e ¢ = n(t)=n(0)e ¢ where §=F (2.21)

where n(0) and n(t) describe the number of excited electrons at the beginning
and after a time duration, respectively, and ( is the time constant at which the

number of excited electrons drops to 1/e of its maximum.

By using a fixed maximum count, we send an optical excitation pulse and then
collect emitted photons as a function of time and repeat these steps until
reaching the fixed count. As the set point for the maximum count increases, our
results become more reliable because the signal-to-noise ratio is enhanced. In
our experiments, we take n(0) as the maximum total count, and n(t) is the total

count after time duration. A TRF decay curve is shown in Figure 2.9.

A

Maximum Count T -

Max Count/ e 1 - {*

Decay Curve

Pulse Response
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Figure 2.9. TRF decay curve

However, in our experiments, we do not have only one exponential component

coming from only one rate constant since there are other decay pathways
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(channels) changing the overall rate constant such as nonradiative channels abd
energy transfer. Therefore, we make use of a numerical fitting method
employing multi-exponentials and then calculate their intensity-averaged or
amplitude-weighted lifetime. The model using multiple rates based on the multi-

exponential fit is shown in Equations (2.22), (2.23) and (2.24).

dn n n
E=—;Cin1}where;q=l (2.22)
n(t) . _t - _t
— = e G = e &
n(0) ; Ce S — n(t) ; n(0) C,e (2.23)
mn £ mn
n(t) = ZAie_ﬁ where ZAi =n(0) (2.24)
i=1 i=1

To calculate the amplitude-averaged lifetime, we use Equation (2.25).

_ E?:l‘digi _ E?:lAié'i

-5 o (2.25)

¢

We carry out our experiments using PicoQuant’s PicoHarp 300. A time
correlated single photon counting system (TCSPC) is shown in Figure 2.10. The
fitting is carried out by using Fluofit software developed by the PicoQuant.

Figure 2.10. Picoquant Fluotime 200 lifetime spectrometer and Picoharp 300.
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Chapter 3

Macrocrystals (MCs)

3.1 Background

A crystal can be defined as a solid in which atoms are placed in a long range
order providing an arranged periodic pattern in all three spatial dimensions. The
smallest repetitive structure that shows the periodicity and defines crystal
structure is called the unit cell. We can classify crystals into groups in terms of
different unit cells. There are 7 types of main unit cell shapes and 14 Bravais
lattices to support the crystal structure. They are shown in next section of thesis.
Another important way of classifying crystals is their physical and chemical
properties. They can be divided into four main groups in terms of these features
and these make the main features of crystals. The first group is the covalent
crystals, which are the ones including only covalent bonds between atoms in
their structure. They have in general high melting points. Diamond and zinc
sulfide are two common examples of it. The second group is the metal crystals,
in which only metal atoms are placed in their lattice structure where electrons
are free to move. The third group is the ionic crystals, which have strong ionic

bonds between their metal and nonmetal atoms. They have high melting points

23



and are very hard materials. The last group is the molecular crystals in which
weak bonds such as van der Waals and hydrogen bonds hold crystal together.
They consist of molecules. Sugar is a common example of it. There are also
crystals, which are more complicated, and include more types of bonds inside

and exhibit different properties.

In this thesis, we focus on mainly ionic, molecular, and some common complex
crystals. We look for crystals that are water soluble so that they can be ionized
in water with ionic or hydrogen bonds. In the later sections of the thesis, the

reason of this choice will be explained clearly.

3.1.1 Crystal Planes and Growth Mechanism

According to atom stocking in crystal structures, there are 7 generic unit cell and
14 Bravais lattices showing placement of atoms in these crystal lattices, which
are presented in Figure 3.1. Especially, atom bonds and placements in crystal
lattice determine the features of the crystal. Miller indices are defined to show
the direction from where we look at and planes which are perpendicular to that

direction on which atoms are positioned.
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Figure 3.1. Crystal tructures and bravais Lattices [33]

3.1.2 Showing directions and planes with Miller Indices

First, we determine three main axis coordinates, which pass over three main
edges of the unit cell as a, b, and c. These coordinate systems start from where
the edges of the unit cell are intersect at (0,0,0) and continue in positive
direction over the edges. The vectors coinciding with these edges on those axes
are defined as a,, a,, and a3 unit vectors, each of whose length is set to be 1 on
this coordinate system. Miller directions are defined as a vector using these start
point as the origin (0,0,0) and where the vector (or projection of the vector)
intercepts the unit cell. We show the coordinates by writing in a bracelet without

any comma. Some of Miller directions are presented in the Figure 3.2. Miller
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planes show the planes of a unit cell. They are determined by the reciprocals of
intercept points on the axis and written in parenthesis without any symbol

between numbers.
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Figure 3.2. Miller directions and planes.

3.2 Crystal Structures of Water Soluble MCs

3.2.1 Properties of lonic Salt Macrocrystals

Ionic salt crystals occur when positive and negatively charged ions come
together in an arranged way. In these structures, the number of total charges is
always zero and each ion is surrounded by oppositely charged ions and the
whole structure creates a lattice. The simplest example of ionic salt crystals is
sodium chloride, which involves Na" and CI ions. The lattice structure of this

crystal is shown in Figure 3.3.
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Figure 3.3. Crystal lattice of NaCl.

These crystals are water soluble in general since water has polar properties and
can pull ions from crystal and let them ionize. Because of having strong
electrostatic bonds, these crystals are very hard and strong and disturbing these
tight bonds needs a lot of energy. These bonds, surrounded by other ions tightly,
cause the crystal to break down suddenly left being cleaved with a sharp edges
since they have tight lattices and they provide protection for QDs when

incorporated in them.

3.3 Characterization of Crystals

3.3.1 X-Ray Diffraction (XRD) Analysis

X-Ray diffraction method is used to analyze crystal structure of materials by
sending X-ray light to sample under test and looking at the diffraction pattern.
The wavelength of X-ray light is quite close to the sizes of atom. Therefore, the
Bragg reflection occurs when X-ray light hits the atoms. The schematic of atoms
placed in a crystal lattice and the Bragg reflection of X-ray light from atoms is
presented in Figure 3.4. Reflections coming from those atoms interfere

destructively or constructively [34-35].
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Figure 3.4. Principle of X-Ray diffraction.

Tpath difference between the X-ray beams is 2dsinf, where d is the spacing
between the atoms in lattice and 6 is the incident angle of the incoming X-ray.
So, when this path difference is equal to the wavelength as shown in Figure 13,
they have constructive interference. It is also valid when the path difference
become integer multiples of wavelength and the mainte general condition for

this is given in Equation (3.1).

2dsing = nd 3.1

There are two types of XRD methods depending on the type of crystal: single
crystals and powders of polycrystals. In single crystal XRD, we have to use a
single crystal and when we send an X-ray light, we see only a few spots on the
detector end, which looks like the one where a diffraction grating is placed in
front of light. However, in powder XRD measurement, because of having
diffractions of many different crystals in different directions and sizes, we end
up with rings on the detector and look at just a cross-section of rings. The
instrument we used for powder XRD analysis in our measurements is shown in

Figure 3.5.
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Figure 3.5. Panalytical X’pert Pro Multipurpose X-ray Diffractometer (MPD) located at

UNAM.

Depending on the incident angle of X-ray beam, crystal planes and their lattice
distances, we observe peaks where constructive interference occurs. The
position of peak gives information about the spacing of atoms and the crystal
plane. The area under the peaks gives information about contents of unit cells
and phases if it is a mixture. The bandwith and shape of peaks describe the

crystallite size and defects. An example of XRD analysis result is shown in

Figure 3.6.
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Figure 3.6. Results of XRD measurement
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3.3.2 Transmission Electron Microscopy (TEM) Analysis

We can think of TEM as a complex version of light microscopy. The main
difference between them is to send an electron beam in TEM instead of light
beam for high resolution. The working principle is quite similar, like using a
series of lenses to magnify the image, and a proper arrangement of lenses to see
diffraction patterns and then to transfer the image with magnification; however,
these lenses and other parts of devices are complex components to direct
electron beam with electromagnetic coils and also need a very powerful vacuum

system and a high eV source to accelerate the electron beam.

TEM has different operation modes and features, which enable to make a much
detailed analysis such as understanding formations of crystal structures, or to
analyze used materials. For example, to look at a sample in diffraction mode
helps to see its atoms placement in the lattice. Also, different spectroscopy
features help us to understand the material amount at different parts of a sample
and focus on the desired parts including a energy dispersive (X-ray)
spectroscopy (EDS) and electron energy-loss spectroscopy (EELS). The
instrument we have used in our experiments and the main operations of TEM

are presented in Figure 3.7.
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Computer network

Figure 3.7. a) FEI Technai G2 F30 TEM located at UNAM and b) the main functions and basic
operating principle of TEM [36].

3.3.3 Scanning Electron Microscope (SEM) Analysis

SEM is an electron microscope like TEM; however, instead of sending an
electron beam to an area and detecting the ones passing from it, the electron
beam focuses on a spot and then scans the sample by detecting back-scattered
electrons. In SEM measurement, surface of the sample has to be electrically
conductive, grounded and the material has to be hard and fixed. The
measurement gives information about surface topology of the material. The

SEM we have used in our measurements is shown in Figure 3.8.
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Figure 3.8. FEI Nova Nanosem located at UNAM.
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Chapter 4

LED Lighting

4.1 White Light Emitting Diodes (WLEDSs)

Within a short period of time, it is expected to see the dominance of solid-state
lighting technology thanks to its superior features such as low energy
consumption, long lifetime, strong emission and compatibility to current chip
technology. WLEDs have already become the main light source of electronics
and screen technologies. Some auto manufacturers have started to use WLEDs
in headlights of their cars and this is spreading very quickly to other sectors. In
this part of the thesis, we will review the basic operating principles of WLEDs
and some current LED technologies and will introduce the characterization tools

to obtain high quality and efficient illumination with WLED.

4.1.1 How to Generate White Light

Color (Chromaticity)

The color of a substance is the perception of light coming being reflected from

that substance by human eye and it should not be mistaken as a physical
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intrinsic feature of the substance since illuminating light is important for
perception. For example, when illuminating a red apple with sunlight, we can
see red. However, when we illuminate it with a low pressure sodium lamp, we
can see its color changed to yellowish or grayish. We can easily see how

important the illumination is for our perception.

Our eyes can sense light between 380 and 700 nm, known as visible spectrum.
In this range, we have different sensitivities to light at different wavelengths and
can see only the mixture of colors according to our perception. At the same
time, our eyes cannot separate at which frequencies the stimulus is, so we can
perceive the same color with polychromatic light having different spectrum
characteristics. It means that we can apply different light sources whose unique
spectral distribution of power (SDP) is suitable obtaining the same color

perception.

4.1.2. Different White Light Sources

As a traditional and primitive white light source, the ‘“kerosene lamp”, or
“paraffin lamp”, comes to mind, which takes advantages of combustion of oil. It
does not have good photometric qualities; however, it is still the main source for
many places where electricity is not available. Another traditional source and
previously one of the most common one is the incandescent lamp. It is simply
the blackbody radiation of tungsten filament heated with electricity. It has the
highest color rendering index (CRI) since they can depict the real colors of the
illuminated object, but its luminous efficacy is very low because of its low
efficacy, it was banned in many European and Latin American countries and

soon different restrictions will come into force by many other countries.
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Fluorescent lamps make presently the most common class of white light sources
thanks to having better luminous efficacy compared to incandescent lamps.
However, the quality of light remains poor. At the same time, fluorescent lamps
involve mercury, which is harmful for the environment. Solid state lighting
offers a big potential in replacing the conventional light sources thanks to its
superior features in terms of energy efficiency, color quality, strong emission

and easy integration to current semiconductor chip technology.

Spectra of traditional incandescent and fluorescent light sources together with
sunlight and phosphor LEDs are presented in Figure 4.1. The differences on
their spectra determine the colorimetric properties of these sources and effect the

visual perception.
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Figure 4.1. Spectra of different light sources [37].
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4.1.2 Measurement Methods and Comparisons of Light Sources

To evaluate the color quality and photometric efficiency, white light sources
should be analyzed in a quantitive manner. For this purpose, The International
Commission for Illumination (Commusion Internationale de I’Eclairage, CIE)
published a report presenting a standardized method for the definition of color.
CIE determined three color matching functions, X, y, and z, which are shown in

Figure 4.2.
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Figure 4.2. CIE Color matching functions [38].

The method introduced by CIE uses three color matching functions and a
chromaticity diagram. The three tristimulus values, X, Y, and Z show the
amount of the color stimulus by using these color matching functions and the
spectral power distribution of light. X, Y, and Z values are calculated through

Equations (4.1), (4.2) and (4.3) [37, 39].

X =[5(Dx(DdA 4.1)

Y = f S(A)y(A)da (4.2)
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Z- f Sz dA (4.3)

4.1.2.1 Chromaticity Coordinates

Chromaticity diagram uses calculated tristimulus values to define the
coordinates via using a mapping method enabling to present the color
information in terms of two parameters instead of three by considering their
relative ratios among each other. The calculations are shown in Equations (4.4),

(4.5) and (4.6) [37,39,40].

X 4.4
CX+Y+2Z 4.4

Y
ot 45
Yo X+r+z (4.5)
iy 4.6
TXtvv+z 77 (4.6)

According to the calculated (x,y) values, the chromacity diagram, or color

coordinates, defined by CIE is shown in Figure 4.3.
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Figure 4.3. CIE 1931 (x, y) Color Coordinates [41].

Although CIE 1931 is used frequently, this approach lacks the ability to
correlate the color differences with a color distance difference. To fix this
problem, CIE presented new chromaticity diagrams in 1960 and 1976 as (u, v)
and (u’, v’), respectively.The color coordinates of (u’,v’), shown in Figure 4.4,
are calculated by using these tristimulus values in different ratios, as given in

Equations (4.7), (4.8) and (4.9) [37,39,40].

4X

- 4.7
el =Ty 15y 132 7
6Y
p— (4.8)
X+ 15Y + 32
9y
r_ 4.9
VS X+isv+3z (49)
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Figure 4.4. CIE 1976 (u', v') color coordinates [42].

4.1.2.2 Color Rendering Index (CRI)

Color rendering index (CRI) is the widely accepted metric quantifying the color
rendering performance of light sources by comparing of the color of an object
under a test light source and a reference illuminant. CRI takes a value between
100 and -100 and a higher number indicates a more successful color rendering

performance.

To calculate general CRI, 8 general test samples are illuminated under the test
and the reference illuminant. The chromaticity differences between the

reflections from the samples are used in the calculations.

The first step is to calculate three tristimulus values and find their coordinates in

the chromaticity diagram of (u,v) according to 1960 CIE standards.
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Subsequently, we convert them into (c, d) coordinates by using Equations (4.10)

and (4.11) and will use those parameters in next parts of calculation [39,40].
v

, _ (0404 —1.481u+1.708v)
N [

4.11)

Here, we use “r” and “t” subscripts to denote these values belong to either the
reference or the test, respectively, and “i” subscript to specify which test sample
we illuminate [39, 40]. The calculations of u;;, v/;, u; and v; are given in

Equations (4.12), (4.13), (4.14), and (4.15).

10.872 — 0.4045¢, , — 4%%
c t

. 4.12)
ut‘i C'r dT (
16.518_ 1.4816'_: Ct,l' - d_t dt,l'
] 5.52 @.13)
4 i = .
“ 16518—1.481%¢,, — &ﬁd“
C - £
10.872 — 0.404c, — 4
u = - —4d, (4.14)
16.518— 1.481c, — d,
5.52
vl = (4.15)
16.518 — 1.481c¢, — d,
AL* = [25[};1.)5 - 17] - [25(1;’1.)5 - 17] (4.16)
Au® = 13[f-r,i* (u'r,i - ur) - Lt,i*(u;,i - u;}] (4.17)
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AV =13[L, (v, — v,) — L (v5, — v7)] (4.18)

After obtaining these values, we can calculate the color shift indicated as AE;

using Equation (45) [39, 40].

AE; = J(AL)? + (Au™)* + (Av?)? (4.19)

As a final step, we find the CRI for each sample and take their average using

Equations (4.20) and (4.21) [39, 40].

CRI, = 100 — 4.6AE” (4.20)
CRI =~ Y2 CRI, 4.21)

4.1.2.3 Correlated Color Temperature (CCT)

Correlated color temperate is a very commonly used quantity used to compare
lighting sources with the light generated by a blackbody radiator. By definition,
a blackbody absorbs and does not emit light at -273.15 K, which would then
appear black and when heated, it radiates light in accordance with the blackbody
radiation law. The blackbody radiation at different temperatures is shown in

Figure 4.5 and the radiation spectrum is modeled in Equation (4.22) [39].
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Figure 4.5. Blackbody radiation spectra [39].

2hc? 1

A2 e%)—l

L(A) = (4.23)

In Equation (4.23), h is the Planck’s constant, k is the Boltzmann’s constant, c is
the speed of light, A is the wavelength, and T is the absolute temperature in
terms of K and the peaks of radiation are determined by Equation (4.24) [39].

;{mT i ch

= — = 0.0028978 mK (4.24)
4.965k

According to its temperature, a blackbody radiator, radiates light in different
colors (at different wavelengths). When the temperature of the blackbody
radiator is increased, the color of the light becomes bluish and seems colder.
When it is heated more, the color shifts further to blue. According to the
blackbody radiation, the color temperature is defined for the color of light at
which temperature the blackbody radiator emits. However, the Planckian locus
describing the blackbody radiation makes only a curve on the color gamut. To
compare other colors, a correlated color temperature is defined to find the
closest point on the Planckian locus corresponding to the most similar light a

blackbody radiator emits. The lines of constant color temperatures are shown in
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Figure 4.6. We can see the color dependence on the temperature and it is
opposite to the common judgment that higher CCT means colder bluish colors

as shown in Figure 4.6 and Figure 4.7.

0.9

Figure 14.6. Planckian locus and constant CCT lines ]39].
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Figure 24.7. CCT values of common light sources.
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4.1.2.4 Luminous Efficacy of Optical Radiation (LER)

Light is also an electromagnetic radiation. Therefore; it can be described in
terms of consumed and dissipated power with radiometric units. However, we
have to consider the sensitivity of human eye since the perception level will
change depending on the color content as presented in Figure 4.8. Hence,

photometric quantities are introduced by taking this phenomenon into account.
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Figure 4.8. CIE 1978 eye sensitivity function [39].

The radiant flux (®r) defines the total of amount of light radiated by a light
source. To find the luminous flux, we weight the radiant flux with the eye
sensitivity function (V(A)) and integrate it across the spectrum and the

calculation of luminous flux is given in Equation (4.25) [39,40].

&, = 683

Im
425
Woon f & (DV(D)dA (4.25)

Luminous efficacy of optical radiation (LER) is the ratio of the luminous flux to

the radiant flux. It is a very important metric since it describes how well the light
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source produces visible light for a human eye to sense at a given optical power.

The calculation of LER is given in Equation (4.26).

683 [ & (NV(DdA
yvépt

u—

- [@rMdx (4.26)

4.2. White Light Generation Techniques using LEDs

4.2.1. Principles of LED

Light-emitting diodes make a type of diodes typically in a p-i-n junction
architecture that produce light under forward bias conditions as a result of
electroluminescence. With carrier injection the minority carrier density is
increased in highly doped regions leading to increased recombination of
electrons and holes. However, the recombination process is not always
necessarily radiative. In some materials, radiative channel is more dominant and
these materials are more suitable for producing LEDs. The recombination

process under different biases is shown in Figure 4.9.
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Figure 4.9. Band diagrams of a) homojunction under no bias b) homojunction under forward

bias, and c) heterojunction with a quantum well under forward bias [39]

To produce an efficient LED at a desired wavelength, we have to take into

account these features. First, we need to use direct band gap materials or some
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specific methods such as adding N to create a new energy level and obtain
efficient radiative channels. Second, to obtain emission at a desired wavelength
we can calculate the photon energy of the targeted emission and match it with
the repaired band gap of one of semiconductor materials presented in Figure
4.10. Third, the ability to dope material is quite significant since the carrier
density plays an important role. Fourth, with band gap engineering, carriers can
be confined in junction region, which increases recombination process in
quantum wells. In thesis we used LEDs of indium gallium nitride (InGaN) -

gallium(III) nitride (GaN).
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Figure 4.10. Energy bandgap diagram and lattice constants of various semiconductors.

4.2.3. Different Approaches for WLEDs

To obtain white light, we need to blend two or more colors. LEDs are quite
superior in terms of efficiency, luminous intensity and color quality; however,
the emitted light is monochromatic. Hence, to produce white light, as a first
approach, we need to use more LED chips or as a second approach, we have to

make us of the color conversion technique to obtain other color components.
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4.2.3.1 Multi-chip WLEDs

In this approach, we use typically three different LED chips emitting in blue,
green and red colors with very narrow bandwidths, so that we can shape the
spectrum as we desire. Although WLEDs exhibit good colorimetric and
photometric features, and allow for spectral tuning, the cost of production
increases tremendously because of the electrical circuitry. Another problem is to

obtain the green color since current green LEDs are inefficient.

4.2.3.2 Single-chip WLEDs using Color Conversion Technique

This approach is based on using a single LED chip that emits high-energy
photon to optically pump a photoluminescent color-converting material. By
employing this approach, by coating a LED chip with color converter materials,

we can produce multiple colors and collectively obtain white light emission.

Currently, the most common color-converting materials are phosphors with rare
earth elements and QDs since they can be easily integrated to today’s LED
fabrication technology and very cost effective. However, for phosphors , most of
the source of rare earth elements is under the control of China and sometimes
supply chain of those materials becomes a critical problem. Phosphors suffer
also the drawbacks of broad emission towards longer wavelengths, leading to
limited color quality and tunability. As an alternative material system, QD
integrated white LEDs have started to emerge in recent years. They allow for
fine-tuning the emission spectra because of their narrow emission bandwidths.
Therefore, very high quality white light generation can be realized when QDs
are used as color converters. However, to integrate them on a LED chip can
become a problem. In this thesis, we will introduce a recently discovered
method to integrate QDs embedded in macrocrystals into LEDs, which

addresses to the integration problems of QDs.
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Chapter 5

QD Incorporated Macrocrystals

5.1 Principles of QDs embedded in macrocrystals (MCs)

Recently, embedding QDs into MCs has been discovered [8]. Our partner
noticed a change when he looked at the forgotten bottle involving a mixture of
quantum dots and ionic salts solution. He saw crystal parts at the bottom in
different color and they also emitted light under UV light like regular QD. This
has led to the idea of incorporating QDs into macrocrystals of ionic salts and
showed that QDs are embedded into macrocrystals where they are protected in a
poly-crystalline structure and present enhanced optical features including high

stability, robustness, and integration capability for LEDs [8].

In this thesis, we have used this method; however, here we have focused on two
main points: The first one was to analyze the effect of physical crystal properties
depending on the crystal size, material, and structure. Our main purpose was to
produce a single crystal in a large size, survey its properties. The second point
was to obtain WLEDs using QD embedded MCs as color-converters by coating
the directly on LEDs and studying their colorimetric properties. In this chapter,

we investigated their physical crystal properties such as size, transparency, and
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changes depending on different host materials to improve optical properties and

crystal quality for different applications.

5.2 Embedding QDs into Different Host Media

We aimed at understanding the effect of host media and crystal structure. We
thought of making big, single crystalline structures instead of poly-crystals of

ionic salts to enhance optical properties of QDs.

Existence of common, cheap, easy-to-grow materials for single crystalline
structures was another motivation behind this study. We have used Alum
(aluminum phosphate), K-Alum (potassium aluminum phosphate), Epsom salt
(magnesium Sulfate) and sugar molecules (glucose) for macrocrystal synthesis

in the presence of QDs.

In our experiments, we studied controlling and analyzing important parameters
including evaporation conditions, concentrations and surface properties of the
container while using these highly common and easy-to-grow crystals. We have
succeeded at making good macrocrystals of QDs of around a few centimeters in

size within a day, although we have noticed some problems.

Epsom crystal is very common material for fast crystal growth. It consists of
Mg*" and SO4* ions. It grows in shards or spikes. Although it is transparent at
the beginning, it eventually becomes white due to dehydration. In Figure 5.1,
we have investigated two different samples of QD-incorporated Epsom crystals

to observe the difference as a result of dehydration.
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Figure 5.1. Epsom salt crystal samples at the beginning and after dehydration.

Alum crystals are quite common and commercially available material to make
single crystals. It involves potassium, aluminum, and sulfate groups inside and
its formula is KAI(SO4),. They are even sold by crystal kits for children to grow
single crystals in a few days. We have made some alum crystals involving QDs
for incorporation of QDs finely. However, we have encountered accumulation of
QDs in some parts inside the crystals. For a very simple and fast growth, we
have used petry dishes because of their hydrophobicity enabling a better crystal
quality. We have succeeded to grow 1-2 cm QD-incorporated crystals in a day,

which are presented in Figures 5.2, and 5.3.

Figure 5.2. Newly grown samples of Alum crystals, with red CdTe QDs on the left and green

ones on the right.
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Figure 5.3. Different Alum samples with inhomogenous distribution of QDs.

We have also observed that embedding green QDs into epsom and alum crystals
is easier and faster, and produces better crystals. We have also noticed that, the
emission of QDs in these crystals, is not as strong as that in as poly-crystals of
KCI. Later, we have also made some crystals using sucrose presented in Figure
5.4. We have obtained a very large crystal using seeds but it takes too long time

to grow about a few weeks.

Figure 5.4. CdTe incorporated macrocrystals of sucrose.

In Figure 5.5, we present QD-embedded macrocrystals of ionic crystals using
KCIl. When we compare them, we observe stronger emission of QDs in KCI
crystals. Therefore, we decided to analyze KCI host more deeply and use it in
the next chapter of the thesis where we aimed at producing a high-quality

WLED employing KCI macrocrystals of QDs.



Figure 5.5. CdTe QD-embedded crystals of KCl salt.

5.3 Characterization Methods

5.3.1 TEM Analysis

To analyze incorporation of QDs into the macrocrystals, we need high-
resolution images to see these nanoscale structures. Hence, we imaged the
crystals using TEM. While focusing on very small scales, we confronted two
main problems: First, we have to increase energy of the incident electron beam
to increase resolution, but this causes salt crystals to melt and move around.
Second, QDs accumulate locally in some parts and finding these regions to
analyze becomes quite difficult. We were able to obtain some images presented

in Figures 5.6 and 5.7.
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Figure 5.7. TEM image of CdTe QD-embedded KCI macrocrystal.

5.3.2 SEM Analysis

Using SEM, we aimed at observing the crystal structure of our macrocrystal at
the scale with power electron beam energies. We observed poly-crystals of KCI

as we expected. An example of SEM image is given in Figure 5.8.
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Figure 5.8. SEM images of CdTe QD-embedded KCI macrocrystals.

5.3.3 XRD Analysis

We aimed at investigating the crystal structure of the salt crystals and observe
the effect of incorporated QDs in the crystal structures. We analyzed the results
shown in Figure 38 and obtained very close peaks to the standard KCl ionic
crystal, also called sylvite, which is listed in Table 1; however, we cannot
distinguish the peaks of QDs. It shows that the concentration of QDs remains

low so that the crystal structure is not disturbed.
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Figure 5.9. XRD results of CdTe QD-embedded KCI macrocrystals with relative intensities

of peaks.

Table 5.1. Analysis of XRD peaks of sample and comparison with sylvite (KCI) peaks.

2theta Plane Intensity FWHM Sylvite
24.48 (111) 4.7 - -
28.34 (200) 1000.0 0.1576 791.8
28.55 - 17.9 0.1576 -
40.51 (202 2443 0.1576 509.8
47.9 B11D 2.9 - -
50.18 (222 68.6 0.1576 158.7
58.64 400) 53.1 0.1576 66.7
64.49 (313) 0.6 - -
66.39 402 77.8 0.1576 168.1

According to the results listed in Table 1, we observed strong match between the

peaks of our sample and the standard KCI crystal called sylvite, we could not

observe peaks of CdTe QDs because of their low concentration.
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5.4 Optical Characteristics of QD incorporated MCs

5.4.1 Photoluminescence
We measured the photoluminescence of both CdTe QDs and CdTe QD-
embedded macrocrystals. In the crystal lattice, we noticed that the peak emission

wavelengths of the QDs red-shift by 10-15 nm. Measurements of some samples

are shown in Figures 5.10 and 5.11.
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Figure 35.10. Photoluminescence of different size aqueous CdTe QDs in solution with their
emission peaks at 519, 543, 556, 611, and 628 nm from left to right.

In our experiments, we applied mainly two of these QDs, those that provide
green around 555 nm where the eye sensitive is maximum and those that
provide red at a wavelength longer than 600 nm. These are targeted to obtain

high CRI and while keeping LER high, at the same time.
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Figure 5.11. Photoluminescence of CdTe QD-embedded KCl poly-crystals. The emission peaks
shifted from 543 to 549 nm for the green, from 556 to 568 nm for the yellow and 611 to 629 nm
for the red.

5.4.2 Time Resolved Fluorescence (TRF)

We also conducted TRF analysis of the QDs and the QD-embedded
macrocrystals in films using silicone mixture on glass. We presented the results
in Figures 5.12 and 5.13. TRF results are significant for different applications of
macrocrystals of QDs, which investigate transition from excited state and

interactions for energy transfer analysis.
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Figure 5.12. TRF measurements of KCI macrocrystals incorporating green, red, yellow emitting

CdTe QDs whose emission peaks are at 543, 611, and 556 nm.
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Figure 5.13. TRF of measurement of QDs (A, B, C, D, and E )whose emission peaks are at 628,
519, 543, 556, 611 nm in solution, respectively.
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Chapter 6

White LEDs using QD-embedded

macrocrystals

QDs exhibit great potential for LED applications because of their optical
features. Their main advantage is that they allow for color purity at any desired
wavelength across almost whole visible region with narrow emission bands and
high absorption. Currently, two main techniques of using QDs in a LED chip are

based on electroluminescence and photoluminescence processes.

Electroluminescence means direct light emission as a result of driving
electricity. In LEDs, a transporting film is required to inject carriers and excite
different type of luminous materials. In recent designs, thin organic materials are
used as the transport layers that provide transportation of holes and electrons. A
QD layer can be placed between those layers as a luminous material and injected
holes and electrons recombine inside QDs resulting for the emission of photons
as a result of the applied bias. LEDs using electroluminescence are presented in

Figure 6.1.
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Figure 6.1. QD LEDs using electroluminescence process developed by QDVision.

The second method is the photoluminescence of QDs by optical pumping with
high energy photons, resulting in the emission of lower energy photons. Here,
different sizes of quantum dots are employed as color converter materials and
they are excited by an integrated blue LED. The blue pump from LED will be
converted into photons of longer wavelengths in green and red colors and by
their right combination high-quality white light will be obtained. However, we
need to protect the QDs by using different host materials such as encapsulation
with polymers and epoxy and they can decrease luminescence. By using QDs
embedded in macrocrystals, they are protected by a surrounding lattice and can

be easily integrated on a LED device.

6.1 Assembly of QD-embedded MCs into WLED with

encapsulation

The encapsulation of QD-embedded macrocrystals is a very easy and simple
process. First, we powder macrocrystals by grinding with a mortar. Later, we put
silicone mixture as a clear, soft, low viscosity resin on top of the LED, add the
powders of crystal and then blend them on top of a blue LED, which is shown in
Figure 44. After that step, we cure the resin to make it hard. LEDs before and

after encapsulation are shown in Figures 6.2 and 6.3.
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Figure 6.2. Blue LED chip with an area to store color-conversion materials for coating on top.

Figure 6.3. Blue LED chip coated with green QD-incorporated macrocrystals on the left and red

ones on the right.

Another important point is the placement of macrocrystals involving different
types of QDs as the green and red ones. There are two main methods as
integrating them layer by layer horizontally or vertically. To place them
horizontally is good but we have to make thin layers. However, in our LED
design, making layers on top of each other is easier. As an important point, we
should not coat red QD-MCs on top of green QD-MCs since this also absorbs
green and its efficiency is already low. That is why, in our designs, we coat
green QD-MCs as the bottom layer and red QD-MCs as the top layer on top of
blue LED chip.
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6.2 Optical Characterization Methods

6.2.1 Photometry and Color Parameters

To obtain colorimetric properties of a light source, we need to know spectral
power distribution of the light source. In our laboratory, we use a Maya
spectrum analyzer with an integrated sphere. Then, we substitute the optical data
of spectral power distribution into equations, which are given in Chapter 2, and

obtain the numerical results of LER, CRI and CCT. In Figure 6.4, the resulting

spectra belonging to different LEDs are shown.
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Figure 6.4. Spectral power distributions of LED sources consisting of blue LED chips together
with green, and red CdTe QDs involving KCI macrocrystals.
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6.2.2 Photoluminescence

We made PL measurements of macrocrystals involving green, yellow and red
CdTe QDs whose emissions are at 543, 556 and 611 nm, respectively. We
encapsulated these macrocrystals of QDs with silicone resin on top of glass to
take measurements. The results are shown in Figure 6.5. We have observed a 5-

10 nm red shift in the PL of QDs.
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Figure 6.5. Photoluminescence of CdTe QD-embedded KCI macrocrystals encapsulated by

silicone on glass excited at 460 nm at the same wavelength as the blue LED chip.

We model the collective emissions when we place all other color components on
top of LED chip with a similar encapsulation process. We looked at the
electroluminescence spectrum of LED on its own and together with
macrocrystals of green and red quantum dots. By extracting the blue component,
we aimed to identify their individual spectral behavior. We show these results in

Figure 6.6.

Analyzing blue, red and green color components of the collective spectrum was

very important to predict which ratios of colors are required to obtain the highest
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color quality and the limit of possible achievement with the quantum dots.
According to our calculations, it is possible to reach a LER of 300 Im/Wopt, a
CRI of 80, and a CCT of 2700-3000 K at the same time with the right ratios of
the blue to the red at 0.5-0.6 and the green to the red at 0.8-0.85.
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Figure 6.6. Individual color components of the blue, the green, and the red obtained using color
spectrum of the LED chip alone and overlapping then LED coating with only KCI macrocrystals
of red CdTe QDs (to distinguish the red from their green thanks to their negligible overlaps) and
by subtracting them from the final LED to obtain the green.

6.3 Results and discussion

Some of our results are presented in Table 2 and the best results we have
achieved are highlighted and overall the best one (sample AD) and the highest
CRI (sample N) at 92.56. The LED spectrum giving the best overall result is
presented in Figure 6.7. This has reached the LER of 302.46 Im/W , the CRI
of 76.49 and the CCT of 3073.78 K, which are quite close to our theorical limits.
However, there is still room for further improveents in CRI, which can possibly

reach 0.
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Table 6.1. Colorimetric properties of the prepared LEDs using KCI macrocrystals of green and

red coating CdTe QDs.
A B C D E F G
LER
24228 | 251.30 | 246.57 | 249.38 | 25543 | 212.73 | 222.15
(Im/W o)
CRI 78.89 89.04 88.96 87.20 86.50 68.00 81.55
CCT(K) | 2151.60 | 1811.90 | 1633.00 | 1660.30 | 2017.80 | 1821.80 | 1636.00
H I J K L M N
LER
23421 | 230.05 | 23841 | 228.62 | 204.12 | 226.25 | 248.54
(Im/W )
CRI 93.17 76.82 83.38 87.75 71.39 84.15 92.50
CCT (K) 1492.20 | 1931.10 | 1837.90 | 1586.60 | 1482.40 | 1622.60 | 1733.70
0] P R S T U A"
LER
203.63 | 239.26 | 279.11 | 239.82 | 180.43 | 214.74 | 238.17
(lm/Wopt)
CRI 47.10 71.53 85.26 71.09 35.76 55.33 71.21
CCT (K) | 9864.00 | 3580.00 | 2339.00 | 3328.00 | 2871.80 | 6964.00 | 3641.00
Y Z AA AB AC AD
LER
302.32 | 307.01 | 314.70 | 264.19 | 318.23 | 302.46
(Im/W o)
CRI 75.58 72.79 71.48 78.56 70.71 76.49
CCT (K) | 2856.38 | 2799.31 | 2878.99 | 5240.21 | 2632.33 | 3073.78
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Figure 6.7. LED integrated with KCL macrocrystals of green and red emitting CdTe

nanocrystals offering high quality whit light in our experiments.
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Chapter 7

Conclusion

In this thesis, we studied a recently discovered material called QD-embedded
macrocrystals of ionic salt crystals, which provide better photostability and
chemical stability. This approach is based on an easy process of evaporation of
salt solution in the presence of QDs. Also, the macrocrystals of QDs, powdering
makes it quite compatible with today’s LED technology. Another advantage of
this approach is to prevent degrading of QDs due to LED encapsulants by
protecting them. These macrocrystals of QDs with all these extraordinary
properties present a great opportunity for LED applications, which promises
high-quality, high-efficiency lighting systems, enabling higher life standards for
future. Here, we focused on colorimetric study of the color-conversion LEDs
using macrocrystals of QDs and benefiting from these aforeme advantages. We
showed the potential of QD-MCs as the color converter by obtaining high-
quality white light with a CRI value of 76, LER value of 300 Im/W,; and CCT
value of 3074 K. We also found that it is possible to reach CRI of 80, LER of
300 Im/Wp and CCT between 2700-3000 K.

We have been also interested in the physical structure of macrocrystals of QDs
and wondered how a change in composition and crystal structure would affect

properties. We aimed at producing a single, large size of crystals and have
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obtained some macrocrystals even by using quite common affordable crystal
hosts such as alum and epsom crystals. Our point of focus was to produce single
crystals in a short time and we demonstrated enlarged macrocrystals. These
macro-crystals can possibly be applied for different applications such as
nonlinear processes. However, their emission was not as strong as in salt
crystals and, hence, we did not use them in LEDs. The further research work

will include the study of these macrocrystals of QDs for nonlinear processes.
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