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Abstract

Solution-processed light-emitting diodes of monolayers of colloidal quantum

wells

Hamed Dehghanpour Baruj
M.S. in Materials Science and Nanotechnology
Advisor: Hilmi Volkan Demir

June 2022

Semiconductor colloidal quantum wells (CQWSs) make an exciting quasi-2D class of
nanocrystals thanks to their unique properties emerging from their atomically-flat vertically-
thin geometry including highly anisotropic optical transition dipole moment (TDM), giant
oscillator strength, and extraordinarily high absorption cross-section. This regular shape of
the CQWs enables them to assemble on the surface of a liquid with a high degree of packing,
which creates an almost fully uniform monolayer film with the desired orientation. Nearly
all of the emission in a single CQW, again because of its geometry, comes from in-plane (IP)
transition dipole moments (TDMs). Thus, an assembled film of such CQWs with an all-face-
down orientation may show a highly anisotropic and directional emission. Using such a film
in an emissive layer (EML) of an electroluminescent device, in this thesis work our intention
is therefore to substantially boost photon outcoupling efficiency in a light-emitting device of
oriented monolayer of CQWs. Thus far, research efforts have been conducted to investigate
the properties of the deposited film of CQWs with self-assembly. However, in all of the
previous studies, the property of CQW monolayer has been investigated only in a passive

film; therefore, investigation of the self-assembled film in an active device is lacking. In this



thesis, we developed and demonstrated an all-solution-processed colloidal quantum well
light-emitting diodes (CQW-LEDSs) using a single all-face-down oriented self-assembled
monolayer (SAM) film of CQWs that enables a high level of IP TDMs of 92%. This film
significantly enhances the outcoupling efficiency of LEDs from 22% (of standard randomly-
oriented emitters) to 34% (of face-down oriented emitters). As a result of the outcoupling
efficiency increased by 1.55 times, along with the enhanced charge injection and reduced
reabsorption in the case of using a single SAM of CQWs, the external quantum efficiency
reaches a record high level of 18.1% for the solution-processed type of CQW-LEDs, putting
their efficiency performance on par with those of the hybrid organic-inorganic evaporation-
based CQW-LEDs and all other best solution-processed LEDs. This EQE value is 65%
higher than that in the devices fabricated by spin-coating with the same procedure and
structure. Also, the SAM-CQW-LED architecture enables a high maximum brightness of
19,800 cd/m? with a long operational lifetime of 247 h at 100 cd/m?, as well as a stable
saturated deep-red emission (651 nm) with a low turn-on voltage of 1.7 eV and a high Jgo of
99.58 mA/cm?. These findings indicate the effectiveness of oriented self-assembly of CQWs
as electrically-driven emissive layers in improving outcoupling and external quantum

efficiencies in the CQW-LEDs.
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All-solution-processed LEDs, colloidal-LEDs, colloidal quantum wells (CQWs), self-

assembly, orientation-controlled film, single monolayer film.
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Koloidal kuantum kuyularinin tekli katmanlarini i¢ceren ¢ozelti-bazli 151k

yayan diyotlar
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Tez Danigmani: Hilmi Volkan Demir
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Yariiletken koloidal kuantum kuyulari, yiiksek yonbagimli optik gegis dipol momenti,
oldukea biiyiik salinim giicli ve olaganiistii yliksek sogurma kesit yiizeyi dahil olmak {izere
atomik olarak diiz ve dikey olarak ince geometrilerinden ortaya ¢ikan benzersiz 6zellikleri
sayesinde dikkat ¢eken iki boyutlu nanokristaller sinifin1 olusturur. Koloidal kuantum
kuyularimin diizenli sekli, neredeyse tamami ayni sekilli ve tek katmanli bir film olusturarak
yiiksek derecede istiflenme 6zellikleri ile siv1 ylizeyinde bir araya gelmelerini saglar. Bir
koloidal kuantum kuyusunda olusan 1sima biiyiik biilimii geometrisinden kaynaklanan
diizlem ici gegis dipol momentleri sayesinde olusur. Bu nedenle koloidal kuantum
kuyularmin tamami asagi doniik bir yonelimle dizilerek olusturdugu film, yiiksek oranda
yonbagimli ve yonlii bir 1s1ma gosterir. Bu tez calismasinda, amag, yonlendirilmis koloidal
kuantum kuyularim1 bahsedilen film elektroisiyan katmaninda kullanarak 151k yayan
aygitlarin foton ¢ikarma verimliligini arttirmaktir. Bu zamana kadar bu konuda 6zdizilim
lizerine yapilan arastirmalar koloidal kuantum kuyularindan olusan 6zdizili film icinde
ozelliklerini arastirmak iizerinedir. Onceki ¢alismalarin tiimiinde koloidal kuantum
kuyularinin tekli katmanlar1 sadece pasif bir filmde c¢alisilmistir, fakat 6zdizili filmin aktif

bir cihaz icinde arastirilmasi eksiktir. Bu tezde tiimii asag1 yonlenmis olan 6zdizili ve tek



katmanl film, 151k yayan diyotlar i¢inde kullanilmis, %92’ye varan oranda yiizey i¢i gecis
dipol momenti elde edilmistir. Bu 6zdizili film, LED'lerin foton ¢ikarma verimliligini 6nemli
Olciide arttirmis, %22'den (standart rastgele dizilmis 1s1yicilar i¢in) %34'e kadar (ylizii asagi
yonlendirilmis 1siyicilar icin) yiikseltilmistir. Arttirllmis yiik enjeksiyonu ve azaltilmig
yeniden sogurma 6zelligi ile tek katmanli koloidal kuantum kuyularindan olusan 6zdizili
filmin foton ¢ikarma verimi 1.55 kat yiikseltilmistir. Tiimii ¢6zeltide gerceklestirilen ve dis
kuantum verimi rekor seviyede %18.1°e ulasan koloidal kuantum kuyularinin kullanildig1
151k yayan diyotlar, hibrit organik-inorganik buharlasma temelli koloidal kuantum kuyulari
ve diger yiiksek performansa sahip ¢ozelti-temelli 151k yayan diyotlar ile benzer bir
verimliligine ¢ikmigtir. Dis kuantum verimliligi %65 ile, ayni prosediir ve benzer bir yapi ile
dondiiriilerek kaplanmis aygitlardan daha yiiksektir. Ayrica, tek katmanli 6zdizili koloidal
kuantum kuyularinin kullanildig1 aygit, 100 cd/m? 1s1ldama seviyesinde 247 saatlik uzun
calisma dmriiyle 19.800 cd/m? maksimum parlakliga ulasmistir. 1.7 eV luk diisiik ¢alisma
voltaji ve 99.58 mA/cm?’lik yiiksek akim yogunluguna sahip olan aygit, kararli ve asiri
doygun kirmizi 1s1ma gostermektedir. Bu ¢iktilar, yonlenmis ve 6zdizili koloidal kuantum
kuyularinin elektrikle ¢alisan 1s1y1c1 katmanlarda kullanilmasi, foton ¢ikarimi ve dis kuantum

verimliliklerini iyilestirmedeki etkinligini gostermektedir.
Anahtar kelimeler

Cozelti-temelli 151k yayan diyotlar, koloidal 151k yayan diyotlar, kuantum kuyulari,

yonlendirilmis koloidal kuantum kuyulari, tek katmanli film.
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Chapter 1

INTRODUCTION

As a practical thin-film deposition technique, oriented self-assembly of the
colloidal two-dimensional nanocrystals (NCs) allows for controlling the
orientation. This method leads to the formation of a highly uniform, pinhole-free,
single monolayer nanocrystal film with a well-defined orientation over several
tens of centimeter squares [1], [2], [11]-[16], [3]-[10]. This approach also enables
us to take advantage of the inherent direction-dependent properties of colloidal
nanocrystals originating from their shape and electron confinement behavior.
Thus far, the successful creation of a highly uniform, pinhole-free, all face-down
or edge-up films from such two-dimensional nanocrystals has been reported, and
their properties have been investigated thoroughly [17], [18]. However, in all of
the previous studies, the investigation was carried out in a passive thin film, where
the structures are excited optically using an external light source. Consequently,
the properties of such an oriented film of nanocrystals in an active device platform

have remained unexplored.



Semiconductor colloidal quantum wells (CQWs), alternatively nicknamed
nanoplatelets (NPLs), having a quasi-two-dimensional structure with well-
defined vertical thickness, have emerged as an important class of NCs [19]-{22].
Compared to their spherical counterparts, NPLs exhibit a narrow emission
bandwidth because of their suppressed inhomogeneous broadening, extraordinary
large absorption cross-section owing to their giant oscillator strength [23], highly
suppressed Auger recombination thanks to their non-confined lateral dimensions,
and highly anisotropic transition dipole moments (TDMs) thanks to their one-
dimensional strong electron confinement [11], [12], [30]—[33], [21], [22], [24]—
[29]. These features have led to the fabrication of high external quantum
efficiency (EQE) and high-color purity colloidal quantum well light-emitting
diodes (CQW-LEDs) using hybrid organic-inorganic device structures. For
example, in a previous work of our group, we reported a high EQE value of 19.2%
with a maximum brightness of 23,490 cd/m? for the hybrid organic-inorganic
inverted CQW-LEDs [10]. However, the efficiency of CQW-LEDs having only
all-solution processed structures in their layers is still lagging far behind the state-
of-the-art values obtained with evaporation-based devices [28], [34][35]. Since
this architecture is relatively easier to fabricate and cheaper than evaporation-
based ones, achieving a high EQE from all-solution-processed LEDs is of great
interest. Thus far, Kelestemur ef al. reported the highest EQE of 9.92% with a
maximum brightness level of 46,000 cd/m? for all-solution processed red CQW-
LED [28]. However, this EQE value was insufficient to fulfill the high level
industrial demands. The fundamental light-extraction efficiency limitation and

exciton quenching of the zinc oxide (ZnO) layer impede the maximum EQEs from



reaching the state-of-the-art values in the case of all-solution processing [10],

[16].

As a new strategy, we target to overcome the light extraction efficiency
limitation by exploiting self-assembled monolayer (SAM) films of NPLs as an
emissive layer (EML) [36]—[38]. In this regard, NPLs are highly advantageous
owing to their anisotropic TDMs [36]-[38]. The CQWs are from the family of
anisotropic nano-emitters that exhibit almost all in-plane (IP) TDMs [30], [37]—
[42]. Thus, an all-face-down ensemble film of CQWSs can act as a highly
anisotropic EML. The Fresnel equation suggests that, from the emitter's point of
view, the ray escape cone has an opening angle of 30° to the surface normal [30],
[37]-39]. Accordingly, the density of light inside the cone determines the
intensity of extracted light. It has been reported that the ratio of optical power
inside the cone is higher in a device with directional EML than that in the isotropic

EML [30], [37], [38], [40]-[46].

In addition, self-assembly provides the lowest possible root-mean-square
(RMS) roughness among the various deposition techniques yielding an RMS
roughness level comparable with that of the spherical nanocrystals [10], [47]. The
film roughness, especially the EML film roughness, is a deterministic factor in
the efficiency of the devices [10], [15], [26], [48], [49]. It is known that the
interlayer transfer of electrons occurs by the hopping process, which depends on
the atomic-scale distance between layers and hence the roughness of EML [20],

[50]. Thus, self-assembled NPLs as an EML provide unique advantages.

In this thesis, we proposed and demonstrated a high-performance all-

solution-processed CQW-LED having all-face-down SAM film of NPLs as an



EML through precise control of their orientation in the liquid-air self-assembly
for the first time. Our optimized device architecture is made of consecutive layers
of indium tin oxide (ITO, 100nm)/poly(ethylene dioxythiophene):polystyrene
sulphonate (PEDOT:PSS, 30nm)/poly (N,N9-bis(4-butyl phenyl)-N,N9-
bis(phenyl)-benzidine) (p-TPD, 20nm)/poly(9-vinyl carbazole) (PVK
,10nm)/NPLs/Zno.9sMgo.0sO(30nm)/Al(100nm). Applying back-focal plane
(BFP) imaging techniques on our all-face-down SAM film of NPLs, we measured
TDMs direction (®) to be 92% in-plane (IP). Considering our device's structure,
we calculated the outcoupling efficiency to be 34%, which is significantly higher
than 22% of the conventional solution-processed structures with isotropic emitters
as an EML and without any light extraction feature. Our SAM-CQW-LEDs
reached an outstanding EQE of 18.1 along with a high luminance level of 19,800
cd/m? and a long lifetime of 247h at 100 cd/m? using ligand-exchanged
CdSe/Cdo2s5Zno.75S core/hot-injection shell (HIS) NPLs. These values are
comparable to those of the best reported organic-inorganic hybrid CQW-LEDs,
state-of-the-art OLEDs, PeLEDs, and QLEDs. In this work, we have, therefore,
addressed the fundamental outcoupling efficiency limitations commonly

encountered in conventional colloidal device structures.



Chapter 2

SCIENTIFIC BACKGROUND

2.1 Quantum confinement effect

The size-dependent bandgap energy variation of the semiconductor nanocrystals
(NCs) is known as the quantum confinement effect. The mathematical expression
of this phenomenon can be obtained through the solution of the Schrédinger
equation (Eq. 2.1) using the particle-in-a-box model. The solution gives in energy
eigenvalues (En) (Eq. 2.2) that depend on the box's size (see Figure 2.1). The
eigenenergy value increases by narrowing down the box's size (L). Here, E,

represents the electronic state's energy values.

h? d*(x) (Eq. 2.1)
T 2m dx? Ep
_ En? (Eq. 2.2)
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Figure 2.1: Schematics of the particle in a box with a potential energy of each region.
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Optical emission in semiconductor originates from a vertical downward

transition from the first excitonic state the ground state. Therefore, a decrease in

the size of the NC shifts the emission toward the shorter wavelengths. This

confinement effect is more pronounced when the size the nanocrystal becomes

comparable with the exciton Bohr radius. As shown in Figure 2.2, an increase in

the size of NC decreases the bandgap energy and the wavelength of emitted light

shift to a longer wavelength.

Figure 2.2: Schematics of the dependence of bandgap energy on the size of nanocrystals.



The exciton Bohr radius describes the distance between an excited
electron and its hole, which, in the case of CdSe NCs, is 5.6 nm. In NCs,
depending on the dimension that have a size comparable to the exciton Bohr
radius, a different dimensions of confinement are possible: one, two or three-
dimensional (1D, 2D, 3D). If only one dimension (thickness) of an NC is
comparable with the exciton Bohr radius such as in the nanoplatelets (NPLs), this
NC experiences a 1D confinement effect. If the two dimensions (thickness and
width) are in that range, this NC feels a 2D confinement, such as in the nanorod.
Finally, if all three dimensionsof an NC are comparable with the exciton Bohr

radius, such as it is subjected to a 3D confinement effect, in the quantum dots

(QDs).

2.2 Colloidal quantum wells (CQWs)

This section provides general information about the CQWs and their

heterostructures, ligand-exchange process, and self-assembly.

2.2.1 CQWs heterostructures

The lateral sizes of NPLs are in the range of 10-50 nm, significantly larger than
the exciton Bohr radius, which is in the range of several nanometers. Ithurria et
al. [22] has discovered the method for synthesizing CdSe core NPLs in
reproducable way. Thus far, a lot of research has been devoted to exploring NPLs’
properties. The previous reports demonstrated the formation of 4.5 and 5.5
monolayers (MLs) consisting of alternating Cd and Se layers (see Figures 2.3 a-

b). Notably, the two facets of an NPL terminated by (100) plane of Cd atoms;



therefore, one extra Cd layer always exists. For example, in the 4.5 ML, there are

four atomic layers of Se and five atomic layers of Cd.

A typical emission and absorption spectra of 4.5 ML and 5.5 ML NPLs
are given in Figures 2.3 a-b. In this figure, the low-energy excitonic peak (for
example, 512 nm in 4.5 ML) is the heavy-hole (hh) peak and the second one (490
nm in 4.5 ML) is the light-hole (Ih) (see Figure 2.3a). These two peaks are the
characteristic excitonic peaks for NPLs rooted in a split in conduction band
offsets. Their absorption profile is similar to epitaxial growth quantum wells; both
have a stepwise density of states (DOS). In addition, compared to their spherical
counterparts (quantum dots), NPLs exhibit a narrow emission bandwidth due to
their suppressed inhomogeneous broadening. Typically, the full-width-half-

maximum (FWHM) of the NPLs is in the range of 7-11 nm.
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Figure 2.3: Photoluminescence (PL) and absorption spectra of a) 4.5 and b) 5.5 monolayer CdSe
CQWs.

In addition, the NPLs possess an extraordinarily large absorption cross-
section owing to their giant oscillator strength and highly suppressed Auger
recombination thanks to their non-confined lateral dimensions. These properties

make these materials an excellent candidate for light-emitting diodes (LEDs) and



colloidal lasers. However, the cores may suffer from low photoluminescence
quantum yield (PLQY) due to nonradiative recombination sites on the surface

originating from unpassivated dangling bonds.

To passivate the surface of the NPLs, different heterostructures of
core/shell, core/crown, and their combinations have been introduced thus far.
Considering the various heterostructures, the core/shell architecture shows a
higher PLQY than the core/crown structure; it could more effectively passivate
the surface of NPLs. Therefore, coating a shell on the core could be the most
effective method for passivating the surface, which improves the PLQY. The shell
usually consists of several monolayers of wide-bandgap inorganic
semiconductors such as ZnS, CdZnS, and CdS surrounding the core. Since coating
increases the thickness of NPLs, this relaxes the confinement. Thus, the emission
red-shifts after growing a shell. The common methods for growing a shell on the

core are atomic layer deposition (c-ALD) and hot injection (HIS).

Colloidal atomic layer deposition (c-ALD) is a layer-by-layer growth
method in which the various monolayers of atoms are sequentially added up on
top of each other to make a layered shell for an NC [28], [51], [52]. The c-ALD
is usually carried out at room temperature and offers a very precise control over
the number of monolayers. However, this technique usually yields low PLQY and
low stability due to the nature of the synthesis process. Thus far, there are a few
reports on enhancing the photophysical properties of core/shell NPLs using the c-
ALD method. Delikanli et al. [11], [53] have reported high PLQY NPLs of

CdSe/CdS@CdxZni~S core/crown@gradient-alloyed shell CQWs using the c-



ALD method. They have demonstrated an ultralow amplified spontaneous

emission (ASE) threshold in the solution.

The other method for growing a shell on the core is the hot-injection
method or HIS method [54]. This technique has been introduced for growing a
shell on colloidal quantum dots (CQD) since the early 90’s, enabling a uniform
distribution of NCs with a high PLQY. In this method, the cation precursors have
been added at room temperature, followed by continuously injecting the anion
precursor at higher temperatures. The Norris group reported using this method for
growing shells on CQWs [55]. They successfully coated the CdS shell on CdSe
cores. The acquired NPLs exhibited a maximum PLQY of 60%. Since the shell
of CdS has a low lattice mismatch with the CdSe core due to the vicinity of the
conduction band between both core and shell materials, the electron wavefunction
delocalizes to the shell. This increases the nonradiative Auger recombination and
sensitivity to the surrounding dielectric media. The Demir group introduced the
ZnS shell, which significantly enhances the PLQY and stability of core/shell
NPLs [56]. However, the shell of ZnS causes a considerable lattice mismatch
between the core and shell, limiting the PLQY from reaching very high values.
Thus, a combination of these two materials in the form of a graded shell
(CdSe/CdZnS) has been introduced as a high-quality shell structure, which shows
an outstanding PLQY of 95% in solution with high stability [54]. The graded
structure of this shell enables a low lattice mismatch between the core and the
shell, which significantly reduces the nonradiative recombination. Also, the
carriers see a lower energy potential in moving from the shell into the core region
and reverse. Figure 2.4 shows the band offset of the core and various shells where

the bandgap energy of both shells are higher than that of the core.
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Figure 2.4: Schematics of bandgap structure of CdSe core with CdS and ZnS shells.

2.2.2 CQWs ligand-exchange

A polymeric or inorganic surfactant, called a ligand, is used for passivating the
surface traps of NCs and enabling solubility in a solvent. The commonly used
ligands during the synthesis process for CQWs are oleic acid (OA) and oleylamine
(OLA). Figure 2.5 shows the chemical structure of these ligands. They have a
large organic chain (eighteen carbons) with a functional group attached to one
end. Also, these ligands have nonpolar properties, making the synthesized NC

soluble in the nonpolar solvents.

@ CH3(CH2)7 (CH2)8NH2

@)

/WA
CH3(CH2)7

Figure 2.5: Chemical structure of a) oleylamine and b) oleic acid.

OH
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The ligands added to the NPLs during the synthesis process are the as-
synthesis ligands. Usually, these ligands' long-organic tail affects the charge or
energy transfer efficiency from or into the NPLs by enlarging the hopping or

transfer distance, limiting their performances in optoelectronic applications.

The concept of ligand exchange has been introduced to modify the
physical and electrical properties of NCs [20], [50]. The ligand-exchange process
is replacing the as-synthesis ligands with other organic or inorganic ligands to
change their physical and chemical properties. The replacement of ligands could
be undertaken for several reasons. For example, shorter ligands modify the
hopping length in the CQWs, facilitating the charge hopping in their ensemble
film. Also, since the ligand's nature (polarity) determines the solvent (polar or
nonpolar) for NCs, the ligand exchange can be a way to change the solvent type.
For example, the as-synthesized NPLs with OA or OLA ligands dissolve in
nonpolar solvents such as hexane. But changing these ligands by
phenylpropanolamine (PPA), the NCs can be soluble in polar solvents such as
water. In addition, ligand exchange enables us to use both the organic such as
amine-based or thiol-based organic ligands (for example, 2-Ethylhexanethiol
(EHT) (Figure 2.6)), or inorganic, such as alkali metal sulfides, amide,

hydroxides, and hydrogen sulfide ligands [49], [57].

H3C SH
CH3

Figure 2.6: Chemical structure of 2-Ethylhexanethiol (EHT) ligand.
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The ligand exchange process can be performed in solution or film after depositing.
In the solution form, the as-synthesized NPLs, in a controlled environment, mixed
with the ligands' solution, kept for some duration and washed. In the in-film
method, a substrate containing a deposited film of the as-synthesized NPLs has

been exposed to the ligand solution and then rinsed with cleaning solvents.

2.2.3 CQWs self-assembly

The spontaneous ordering of separate components into ordered structures is called
self-assembly. At the first stage of the process, the individual particles have a
collectively random movement until they come together in an organized structure.
The order of such a structure is obtained by the interaction between the particles
and the media. The technical details of this method vary with on the material type

and the medium.

(a) (H (b) Nonstacked NPL monolayer |C) Stacked NPL monolayer

i
! |

Substrate Subphase

| (II) |
v
NPL solution

(111)
—_— m—— T
]

NPLmonolayer

Figure 2.7: a) Schematic illustration of liquid-air self-assembly starting with (I) substrates and

subphase and contenuing with (II) NPLs solution and (IIl) draining. b) Sketch of face-down
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oriented COWs with its scanning electron microscopy image. c) Sketch of edge-up oriented CQWs
with its scanning electron microscopy image. With permission from ref. [58]. Copyright © 2019,
American Chemical Society.

To control the orientation of CQWSs, various approaches of solvent
destabilization [2], drying mediate [59], doctor blade [60], and liquid-air self-
assembly have been introduced [17]. Among them, the liquid-air self-assembly
method is the most suitable method for controlling the orientation of NPLs over
a large area, creating a highly uniform film. In this process, NPL solution is
introduced to the surface of an immiscible solvent with the solvent of NPLs to
create a monolayer film on the liquid surface, followed by a transfer process.
Here, the subphase cannot dissolve the organic ligands capped NPLs, creating a
surface for spreading the NPLs across the surface. The transferring process has
been carried out after full evaporation of the solvent of the NPLs in which a thin
membrane of CQWs remains sitting on a desired substrate. Usually, the transfer
of the film is carrying out by draining the solvent from the bottom of the container

in which self-assembly process taken place.

Usually, both directions of face-down (the large facet orienting parallel to
the surface of the substrate) and edge-up (the large facet orienting perpendicular
to the surface of the substrate) (see Figures 2.7 b-c) can be obtained in the liquid-
air self-assembly. Here, the interaction force between the subphase polar solvent
(ethylene-glycol, diethylene-glycol, acetonitrile, etc.) [57], [61] and the NPLs'
nonpolar solvent (hexane, octane, etc.) determines the direction of the NPLs; the
higher difference in the polarity of solutions results in the edge-up configuration
and the lower difference results in the face-down. Scanning electron microscopy

(SEM) images of the face-down and edge-up films are presented in Figure 2.7. In
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most of the cases, for obtaining the face-down orientation of CQWs in hexane or
octane solvents, the diethylene-glycol (DEG) and for the edge-up configuration,
ethylene glycol (EG) are used as a subphase. Here, the polarity of EG is higher
than that in the DEG; therefore, it imposes higher forces on the CQWs, which

leads to the edge-up configuration.

The second deterministic factor for controlling the orientation of CQWs is their
solvent's nature. It has been reported that the evaporation rate of the solvent could
affect the orientation of CQWs by giving more time for NPLs (low evaporation
rate), they tend to stand in edge-up configuration[41]. Accordingly, the solvents
with a higher evaporation rate favor face-down configuration. For example, self-
assembly of CQWs in the octane solvent is more likely to create the edge-up
configuration film, whereas NPLs in hexane align face-down [38], [41]. In this
regard, many different strategies have been developed for controlling the
evaporation rate of solvent and achieving the desired CQWs configuration, such
as using different solvents or controlling the vapor pressure of the solvent in the

self-assembly vessel.

2.3 Light-emitting diodes (LEDs)

CQWs offer promising performance levels in light-emitting diodes. In this
section, we are explaining the principles of their LED device and its related parts

of the device.

2.3.1 Working principles

A light-emitting diode is an optoelectronic device that emits light when an electric

current passes through its structure. The first demonstrated LED device was by
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Oleg Losev in 1927 [62]. In the simplest form, an LED consists of a layer of
emissive semiconductor material sandwiched between two electrodes deposited
on a substrate, usually glass or quartz. During the operation, an electrical potential
is applied across the electrodes in direct current (DC) mode in a way that the holes
are injected from the anode (the positive electrode) and the electrons, from the
cathode (the negative electrode). Finally, both the injected electrons and holes

recombine in the emissive semiconductor layer and generate a photon.

In the surface-emitting planar LEDs, one of the electrodes must be
transparent to allow the generated light to be outcoupled. Also, it must also
provide good electrical conductivity, chemical stability, and mechanical
properties. The most popular and practical type of transparent electrode is made

of indium tin oxide (ITO) deposited on a glass substrate [15], [48], [63]-[65].

Substrate

Figure 2.8: Schematic illustration of the simplest architecture of a LED.

While flowing the current of electrons through the device from cathode to
anode, as is shown schematically in Figure 2.8, electrons enter the conduction
band (CB) or the lowest unoccupied molecular orbital (LUMO), and the holes

into the valance band (VB) or the highest unoccupied molecular orbital (HOMO)
16



of the emissive layer (EML). Here, the electrostatic forces between holes and
electrons bring them together to form an exciton (electron-hole pair) in the EML.
The recombination of electrons with holes results in downward transition
electrons. This relaxation of energy states produces light at a specific wavelength

depending on the band-gap energy of the EML material.

Electrode Hole Emissive Electron  Electrode
injection layer injection

Figure 2.9: Schematic illustration of electron and hole movement in the LEDs.

The magnitude of the released energy is equal to the energy of the effective
bandgap of the semiconductor (E;), which is the difference between conduction
band minimum (£.) and valance band maximum (£,) with Coulomb interaction
corrections [66]. Resultantly, the EML's bandgap energy (E,) determines the color
of emitted light based on the relation of electromagnetic wave frequency to the
photon energy (E = hv). In this equation, E is the bandgap energy, % is Planck's

constant, and v is the frequency of light.
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2.3.2 LED architecture

The aforementioned structure is the simplest form of planar LEDs, which consists
of three primary layers. However, this type of structure cannot efficiently carry
the electrons and holes to the EML for recombination because it presents a
considerable energy barrier for charge movements, which causes malfunctioning
of the device or reduction in device performance. Therefore, the engineered
layered architectures have been introduced to facilitate the charge movement from
electrodes to the EML; such a structure presents a gradual and stepwise energy
profile. It also blocks the carriers from reaching the other electrode to be wasted.
As shown in Figure 2.9, the holes and electrons can easily move through a step-
like energy band from electrodes to the EML with facing a low energy barrier. In
this regard, the different intermediate layers of organic or inorganic
semiconductors have been introduced [66]. The standard form includes a hole
injection layer (HIL), a hole transport layer (HTL), an electron injection layer

(EIL), and an electron transport layer (ETL) (see Figure 2.10).

2.3.2.1 Electrodes

Electrodes are metallic or conductive compound materials in direct contact with
the power sources. Transparent indium tin oxide (ITO) is the commonly used
substance as an electrode in the LEDs for either cathode or anode side typically
with a thickness of 100-150 nm. It is highly transparent with reasonably good
levels of hole and electron mobility and conductivity. It also provides a suitable
work function, in the range of 4.60 — 4.75 eV. This range eases the hole injection
into the LED by generating a relatively low energy barrier for holes to enter the

VB of HOMO levels of HIL. As opaque electrodes, aluminum, silver, chromium,
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and gold are the commonly used layer in planar LEDs. Their thickness is typically

in the range of 80-150 nm, which presents sufficient enough conductivity.

2.3.2.2 Hole injection layer (HIL)

The hole injection layer is a p-type semiconductor —the material with excess holes
in its structure— placed in contact with the electrode. Usually, the highest occupied
molecular orbital (HOMO) or valance band maximum (VBM) level of these
semiconductors is close to the Fermi level of the metal electrode to provide a small
energy barrier for holes to move from the electrode to this layer. The HIL could
be an organic material such as poly(3,4-ethylene dioxythiophene): polystyrene
sulfonate (PEDOT: PSS) [14], [67], or it can be inorganic such as molybdenum
oxide (M0O3) [10]. The hole mobility in this layer should also be high enough to

transfer holes to the next layer.

Cathode

Electron injection layer

Hole transport layer

Anode

Substrate

Figure 2.10: Sketch of various layers of a planar LED.



2.3.2.3 Hole transport layer (HTL)

HTL is an intermediate layer between the EML and the HIL (see Figure 2.10).
HTL consists of a layer of semiconductor material with a HOMO or VBM energy
level between the HIL and EML (see Figure 2.9); the primary goal of this layer is
to decrease the energy barrier for holes to move from the HIL to the EML. This
layer could be either organic or inorganic semiconductor material. In some cases,
to decrease the energy barrier of charge movement, multiple-HTL has been used.
For example, Lei et al. [68] used co-HTL of PVK and p-TPD to create a stepwise

band-energy alignment to facilitate the charge injection.

2.3.2.4 Electron injection layer (EIL)

An EIL is a layer of n-type —the material with excess electrons in its structure—
semiconductor material in direct contact with the anode electrode. This layer
should provide good electron conductivity and mobility, injecting the electrons
inside the LED. This layer's conduction band minimum (CBM) or LUMO energy
level is close to the Fermi level of the electrode material. As a result, the electrons
can easily make it to this layer to diffuse further inside the structure. This layer
could be either fully an organic material with an engineered structure or fully an

inorganic semiconductor. One widely used semiconductor for EIL is a thin layer

of lithium fluoride (LiF) [47].

2.3.2.5 Electron transport layer (ETL)

An electron transport layer consists of a layer of n-type semiconductor, either
organic or inorganic, with a CBM or LUMO level between the HIL and EML.

This layer act as an intermediate layer for decreasing the energy barrier for
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movement of the electrons. Usually, the ETL is thicker than the EIL. An example
of'the ETL is the 4,4'-Bis(N-carbazolyl)-1,1'-biphenyl (CBP) [53] polymer, which

is processed in solution and spin-coating or evaporated as a film.

2.3.2.6 Emissive layer (EML)

EML is the layer of a direct bandgap semiconductor where an electron recombines
with a hole to produce a photon, which depends on the material's effective energy
bandgap (Eg). The type of LED may be categorized in accordance with the nature
of this layer; for example, if the EML’s material is organic, it is called organic
LED or (OLED) [69]. For quantum dots, it is QLED [49]; for perovskite it is Pero-
LED [4], and for colloidal quantum wells, it is CQW-LED [53]. This layer must
present special properties such as high in-film PLQY, high film uniformity, high

optical and chemical stability, and low density defects [66].

2.3.3 LED categorization and types

Standard LEDs are categorized based on the EML material, the substrate's

mechanical property, the architecture, and the fabrication methods.

2.3.3.1 LED types based on architecture

Based on LED architecture, two types of devices exist: the normal and the
inverted structures. In the normal architecture, the light outcouples from the hole-
injection electrode or anode side (see Figure 2.11a). In this type, the ITO is widely
used as a transparent hole-side electrode. This structure is suitable for all types of
materials with various deposition methods. The inverted structure LEDs are the

ones where the light is out-coupled from the electron injection electrode or
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cathode. These two types of LEDs have been shown schematically in Figure

2.11b.

2.3.3.2 LED types based on the fabrication method

Another way of categorization of LEDs is the fabrication method. Here two
primary techniques for fabricating an LED are in-solution or evaporation-based
depositions. However, some LEDs have been manufactured using a combination

of both methods.

2.3.3.2.1 Solution based methods

The solution-processed method is a thin-film deposition technique that uses a
spinner to deposit a target material, which is in liquid phase, onto a substrate. In
this process, a small amount of target material in the form of a solution is added
to the center of a substrate while rotating or in static mode. Then, the substrate
rotates at a prescribed speed (up to 10,000 rpm) to spread the material by

centrifugal forces.

In this process, the thickness of the deposited film is controlled by the
solvent's concentration, viscosity, and rotation speed of the spinner. Increase in
the solvent concentration or decrease in the rotation rate increase the film's
thickness. As this method does not require costly instruments such as high-
vacuum chambers, it is a widely used technique for device fabrication. It enables

the fabrication of affordable and reproducible optoelectronic devices.
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Figure 2.11: Schematical illustration of a) normal architecture and b) inverted structure of planar LED:s.

2.3.3.2.2 Evaporation based methods

Deposition of the vapor of a material on to a substrate is called evaporation-based
deposition. This method requires ultra-high vacuum chambers and very precise
controllers. In this process, the substrate is placed on top of a boat containing the
target material (organic or inorganic), which is heated to evaporation temperature.
Under ultra-high vacuum, the target material's vapor reaches the substrate,
creating a highly uniform thin film. In the case of LED fabrication, the thermal
evaporator system is usually attached to a glove box system to operate in an

oxygen-free medium.
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2.3.4 Properties of LEDs

To analyze the performance of LEDs, several methods have been introduced.
Here, we summarize the characterization analysis tools which we used in our

work.

2.3.4.1 Luminance

Luminance quantifies the light intensity or brightness per unit area in a given
direction. It is used to quantify the emission or reflection from a surface,
indicating the brightness of a given surface. The international system of units (SI)
of luminance is candela per square meter (cd/m?). In this unit, 1 candela is
approximately the amount of light that comes from one candle from a one meter

distance.

2.3.4.2 International Commission on Illumination (CIE)

coordinates

The International Commission on Illumination (CIE) coordinates relate the
wavelength distribution of the electromagnetic spectrum to the color that human
vision can detect. Figure 2.12 shows the typical CIE diagram with three edges
representing red, green, and blue colors. The diagram is placed on a cartesian axis
of x and y. Each (x,y) value represents a color point in the graph, which shows
the perceived color of that point. Based on these x and y values, the color of the

emitted light could be identified.
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Figure 2.12: Color diagrams of the International Commission on Illumination (CIE).

2.3.4.3 Current density voltage (J-V)

The current density voltage diagram of LEDs is a graphical representation of the
non-linear dependence of current density flowing through a device in response to
the applied voltage across it. Figure 2-13 shows a typical behavior of the J-V
diagram of a CQW-LED. In this diagram, the current density increases rapidly in
response to a slight increase in the voltage, after a specific voltage known as the
turn-on voltage. Noteworthy, the turn-on voltage is commonly taken as the
voltage value corresponding to the current density of 1 mA/cm?. Graphically, it is
the intersection of the linear part of the diagram with respect to the voltage axis.
Followed by the linear region, the graph reaches a plateau where the current
density does not change while increasing the voltage, which is the saturation
region. Finally, the diagram comes down to a point where the device starts to fail

possibly by overheating (see Figure 2.13).
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Figure 2.13: A typical J-V behavior of a COW-LED.

2.3.4.4 Lifetime

The lifetime of a LED is defined as the time it takes for it to reach half of the
initial brightness, commonly taken at the initial luminescence of 100 cd/m?,
shown by Tso. Usually, reaching to Tso in the 100 cd/m? brightness takes too long.
Therefore, to ease the measurement, the test is performed at a higher initial
brightness (for example, 5000 cd/m?), and then using the relation of Lo"Tso = Li"T,
the Tso for the illumination of Li= 100 cd/m? is being calculated. Here, Lo
represents the initial test brightness, Tso is the half-life time for the brightness of
Lo measured during the test, and n is the acceleration factor, typically taken as 1.5
for the case of CQWs [10]. This metric depends on many factors such as the
stability of EML material, the device architecture, the charge transport layers'

stability, and the charge accumulation in the device.

26



Substrate ‘“/\\\ n;

Anode ng

Cathode

Figure 2.14: Schematic illustration of the ray path inside a LED structure.

2.3.4.5 Efficiency

For measuring the performance of LEDs, several efficiency definitions have been
introduced. Among the important ones are external quantum efficiency (EQE) and

light-extraction efficiency.

2.3.4.5.1 External quantum efficiency (EQE)

EQE is the most critical metric for measuring the performance of a LED. EQE is
defined as the ratio of the number of outcoupled photons to the number of injected
electrons. Also, it can be calculated theoretically using the relation for internal

quantum efficiency (IQE) in Eq. 2.3:

I0E = r.q. Eq.2.3

EQE = nouIQE Eq.2.4

In Eq. 2.4, nou represents the photon extraction efficiency or outcoupling
efficiency,and in Eq. 2.3 r represents the fraction of excitons with the probability
of radiative recombination, ¢ is the film PLQY, and y represents the charge
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injection efficiency inside the device. Higher PLQY, balanced electron-hole

injection, and better outcoupling efficiency lead to a better higher efficiency.

2.3.4.5.2 Light extraction efficiency (#our)

Fresnel equation proves that a large portion of produced light in the EML can not
escape from the LED's structure (see Figure 2.14). This happens because the total
internal reflection occurs at the interface of glass and air due to a difference in the
refractive indices. To overcome this issue, some smart designs have been
introduced to improve the 7., including the patterned glasses, the curved glasses,
and directional EML. The former ones are applicable to almost any type of LED.
However, the last one is just for particular materials which possess a directional

emission.

Directionality in emission could be utilized in order to improve the
outcoupling efficiency. As shown schematically in Figure 2.14, there is an
escaping cone for light to be outcoupled into the air. The rays inside this cone can
escape the LED, while the others are reflected back. The refractive indices of two
media determine the cone's angle with respect to the surface normal (©¢). The
mathematical description is based on Snell's Law (Eq. 3.5): [69]

— ol
O, = sin ("nl) Bq.3.5

Here, n; is the refractive index of air and n; is the refractive index of glass. The
value of O, for planar LEDs is usually between 20-30° meaning the light inside a
cone of at most ~30° can escape the LED, and the rays with a higher degree would

be reflected inside the structure. For isotropic EMLs —the case that the emission
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pattern of EML is isotropic— the outcoupling efficiency has the value of 15-22%
[36]. This means only 15-22% of generated photons inside the structure can
outcouple to the air. Considering the Eq. 2.4 (i.e., EQE = IQE X #ou, the maximum
achievable EQE values are therefore limited by the outcoupling efficiencies.
When using such light extraction features in the patterned surfaces, the total
internal reflection decreases, leading to an increase in the amount of outcoupled

light.
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Chapter 3

EXPERIMENTAL METHODS

This chapter will discuss the experimental methods involving the CQWs synthesis
process, self-assembly, fabrication of CQW-LEDs, and the various techniques for

characterizing CQWs and LEDs.
3.1 Synthesis of cadmium myristate

The synthesis of core (CdSe) starts with the cadmium myristate (Cd(myr)), which
is a white color substance. We synthesized Cd(myr) according to the previous
recipes in the literature, with slight modifications [70]. In a typical synthesis, 2.46
g of cadmium nitrate tetrahydrate and 6.26 g of sodium myristate were dissolved
in 80 and 500 mL of methanol, respectively. After 3 h stirring, they were mixed
and kept stirring for 5 h. Then, a white color cadmium myristate was precipitated
by centrifugation. The cadmium myristate powder was washed twice using
methanol to purify and remove the impurities. Finally, the product was kept
overnight under vacuum at room temperature and stored under ambient

conditions.
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3.2  Synthesis of 4 ML CdSe core CQWs

After Cd(myr) preparation, the four monolayers (ML) CdSe NPLs were
synthesized according to a reported protocol. First, 24 mg of Se powder and 340
mg of cadmium myristate, and 30 mL of ODE were loaded into a 100 mL three-
neck flask and degassed at 95 °C for 1 h. Then, under argon gas, the temperature
was set to 240 °C. When the color of the solution changed to an orangish color
around 195 °C, 120 mg of cadmium acetate dihydrate was added to the reaction.
The solution was kept stirring at 240 °C for 8 min. Finally, the growth was
terminated by adding 1.5 mL OA and quenched in a cold-water bath. The 4 ML
CdSe NPLs purified through size-selective precipitation to obtain a monodisperse

solution. The final product was redispersed in hexane and kept for further use.

3.3 Synthesis of CdSe/Cdo.2sZno.75S core/ hot-injection shell (HIS)

CQWs

As mentioned in the literature review section, the core solely does not show
sufficient PLQY for use in LED. Therefore, a shell coating of high band-gap
material is mandatory. Here, we synthesized the high-PLQY core/HIS NPLs
based on published protocols with slight modifications. The previously
synthesized four-ML CQW solution in hexane, Zn-acetate (55 mg), Cd-acetate
(22.5 mg), and ODE (7.5 mg) were added to a 25 mL flask and degassed for 1 h
at ambient temperature and 30 min at 80 °C. Then, under argon gas, 1 mL of OLA
was added to the solution, and the temperature was set to 300 °C. Starting from
165 °C, the mixture of ODE (5 mL) and octanethiol (140 plL) was injected at a

rate of 10 mL/h. Note that, after reaching 240 °C, the injection rate was decreased
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to 4 mL/h. After finishing the injection, the solution was kept for 1 h to complete
the growth. The reaction was terminated by quenching with a cold-water bath.
Then, the solution was washed by adding 5 mL hexane and 3 mL of ethanol.

Finally, the NPLs redispersed in toluene and kept for the next step.

3.4 Ligand exchange of CQWs

We have followed a previously published protocol with slight modifications to
change the as-synthesized OLA and OA ligands to the shorter ones. Under argon
flows, 150 pL of 2-ethylhexane-1-thiol (EHT) ligands were added to 1 ML of
NPLs in toluene solution (100 mg/mL) while stirring. Then the solution was kept
stirring for 2 h under the gas environment to give the ligands enough time to be
replaced by the as-synthesized ones. Then, NPLs were precipitated by adding
ethanol and re-dispersed in toluene. The process was repeated twice to have a
complete exchange, but in the second and third, 50 pL of EHT was added to the
mentioned amount of CQWs. Finally, the resultant NPLs were washed by adding

ethanol and re-dispersed in hexane.

3.5 Synthesis of Zn.95sMgo.0s0

In our LED architecture, we have used ZnoosMgo.osO as an efficient electron
injection layer. Here, to synthesize it, 2.95 mmol Zn-acetate dihydrates and 0.05
mmol magnesium acetate tetrahydrate were dissolved in 30 mL of dimethyl
sulfoxide (DMSO) solvent and stirred vigorously (~1,000 rpm). Then, the mixture
of 5.5 mmol tetramethylammonium hydroxide in 10 mL ethanol was injected into
the Zn-acetate solution at a rate of 50 mL/h. Under the ambient conditions, the

mixture was kept being stirred for 2 h. Afterward, the Zno.9sMgo.0sO
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nanocparticles were precipitated by adding ethyl acetate and re-dispersed in
ethanol. To improve Zno.9sMgo.0sO nanoparticles’ solubility, inside the nitrogen-
filled glovebox, 200 pL of ethanolamine was added to the mixture and kept
stirring for 2 h. Finally, the obtained Zno.9sMgo.0sO nanoparticles were washed by

adding ethyl acetate and re-dispersed in ethanol.

3.6 Device fabrication

After preparing the required materials, such as CQWs and ZnMgO, in the second
step, we fabricated devices. The fabrication started with cleaning substrates, layer

deposition, and finally encapsulation and measurement.

3.6.1 Substrate cleaning

We have used a pre-patterned indium tin oxide (ITO) coated substrates (see Figure
3.1) purchased from Ossilla with a sheet resistance of 20 {)/square. They were
cleaned in several steps: firstly, they were sonicated in distilled (DI) water and
detergent (Hellmanex) solution for 15 min, then in DI water for 15 min, after that,
in an acetone bath for 15 min and finally in an isopropanol bath for 15 min. At
this point, the substrates were cleaned from any dust, oil, and packaging processes'
contamination. The substrates were treated by ozone-plasma to clean any
remaining organic substances thoroughly. We have used the Asher Ozon-plasma
instrument for this purpose. Also, the highly active oxygen atoms in the oxygen
plasma process could increase in magnitude the workfunction of the ITO layer.
This enhancement in the workfunction of ITO decreases the barrier for holes to
move from ITO to the HIL. However, the oxygen-plasma process can also

increase the sheet resistance of the ITO, affecting the charge mobility. So, the
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oxygen-plasma process should be carried out in an optimum duration and at

optimal power levels. In our case, we have used 30 W for 10 min.

ITO \

Glass

Figure 3.1: Photograph of patterned ITO on a glass substrate.

3.6.2 Layer deposition

As the first layer, the HIL of PEDOT:PSS has been deposited on the pre-patterned
and cleaned ITO substrates using a spin-coater. Since the solvent of PEDOT:PSS
was water, we could not carry out this process inside the glove box. The
PEDOT:PSS was mixed with isopropanol in the ratio of 1:1. This mixing helps
obtain a high-quality film since the isopropanol enhances the surface wettability.
The mixture was filtered by 0.25 hydrophilic filters (PTFE membrane) to remove
large aggregated polymer. In our work, we have used a spinner in the dynamic
mode, in which the solvent is introduced to the substrate while rotating. The
spinner's rate was set to 3,000 rpm for 45 s. After deposition, we had to bake them
in the air at 120 °C for 30 min due to water in the PEDOT:PSS solution, which

can cause moisture contamination in the glove box system.

After the first step in the air atmosphere, the PEDOT:PSS coated

substrates were transferred to a nitrogen-filled glove box (02<0.1 and H>0<O0.1
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ppm) and baked for 5 min at 110°C inside the glove box to remove the possible
absorbed moisture and oxygen while transferring. As the second layer, poly-TPD
in the concentration of § mg/mL dissolved in chlorobenzene spin-coated at 2,000
rpm for 60 s. To prepare the poly-TPD solution, 8 mg of powder of the polymer
was dissolved in 1 mLof chlorobenzene and kept being stirred for 24 h. After
deposition of poly-TPD, the substrates were baked for 30 min at 110 °C. Then,
the PVK in the concentration of 2 mg/mL dissolved in 1-4 dioxane was spin-
coated at 2,000 rpm for 60 s and then baked at 150 °C for 30 min. Noteworthy,
solely for the PVK layer, we have used the spinner in the static mode in which the
solvent is introduced to the substrate and then the spinner starts to rotate. Also,

the solvent preparation for PVK was the same as poly-TPD.

After finishing the hole-side, the EML has been deposited. Then CQWs
solution in the hexane with the concentration of 15 mg/mL was spin-coated on
the PVK film. The NPLs were washed four times using antisolvent of ethanol to
clean up all the remaining ligands. The rate of spinning was 2,000 rpm for 45 s.
Then, to completely dry the substrates, they were baked for 30 min at 60 °C.
Following EML, the ETL of Zno.9sMgo.osO in the concentration of 25 mg/mL
dissolved in ethanol was deposited by spin-casting at 2,000 rpm for 60 s and then
was baked at 90 °C for 30 min. Finally, the substrates have been moved inside an
oxygen-free thermal evaporation system (~9x 1077 torr) for deposition of the Al
layer. Here, a shadow mask was used to make an active area of 4.5 mm?. The
substrates have stayed inside the chamber for 30 min to stabilize the vacuum level.
After that, the deposition started, first with 10 nm of Al with a deposition rate of

0.4 °A/s and then the rate was increased to 10 °A/s to create a gleaming Al layer.
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Finally, the devices were encapsulated by glass coverslip and UV-curable
resin. After finishing the layer deposition, one droplet of UV-curable resin was
added to the substrates' active area. Note that, to prevent the resin from covering
the substrate's electrode area, the droplet should be as small as possible; it should
solely cover the active area. Then a glass coverslip was put on the active area.
Finally, the sealed devices stayed under the UV lamp for 30 min to harden the

resin. Figures 3.2 a-b illustrates the steps of this process.

Coverslip

) \

Figure 3.2: Images of substrates a) before and b) after encapsulation.

3.6.3 Oriented self-assembly

For fabricating the devices using the self-assembly process, after coating
the hole injection layer (HIL) and hole transport layers (HTLs) inside the
N»-filled glovebox, we put the substrates into a Teflon container into which
is poured the acetonitrile (ACN) subphase on an inclined stage (see Figure
3.3a). We used ACN as a subphase because it decreases the process's
duration as it evaporates quickly; the process was completed in less than a

minute. Subsequently, 20 pl. of NPL in hexane solution with a
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concentration of 25 mg/mL was dropped on the ACN subphase from the
top of the container (see Figure 3.3b). The CQWs dispersed across the
subphase surface as soon as they fell on the ACN. After evaporation of
hexane, the CQWs created a uniform face-down membrane on top of the
subphase. To transfer this film to the substrates, the ACN was drained
through a needle from the bottom of the container and the film sank onto
the substrate coated with the PVK layer on the top (see Figure 3.3c). Note
that, for having a highly uniform film, the height of ACN on top of the
substrate should be as low as possible to ensure the least amount of
movement of the ensembled film while draining (see panel d in Figure
3.3a). Also, we have used silicone oil surfactant (see Figure 3.3b) to
compress the SAM membrane further and avoid the crack and void
formation during the deposition process due to capillary forces by the walls
of the container. After draining the ACN, the substrates stayed in a vacuum

chamber inside the glove box for 10 min for complete drying.

K]
'l

(a . k) / (0

Figure 3.3: Schematics of oriented selfassembly: a) the first step of the self-assembly process

where the substrate is inserted into acetonitrile (ACN), being placed on an inclined stage, and
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NPL solution is dropped. b) Second step of self-assembly of dropping silicone oil surfactant for
compresion and draining from the bottom using a syringe. c) Complete drainage of ACN and

obtaining oriented NPL monolayer on the substrate.

3.7 Characterization

In this section, we describe various methods for analyzing the synthesized CQWs.
Also, this section presents the details of the techniques we have used for analyzing

the fabricated LEDs.

3.7.1 CQW!'s characterization

We have used several optical spectroscopic and imaging techniques to analyze

the properties of CQWs.

3.7.1.1 Optical spectroscopy

The optical spectroscopy methods are non-destructive, noncontact, and fast
techniques for analyzing the excitonic properties of the NPLs. These techniques
usually use light-matter interactions for quantifying the behavior of CQWs. The
most popular ones are photoluminescence (PL), absorption, photoluminescence

quantum yield (PLQY), and Fourier-transform infrared spectroscopy (FTIR).

3.7.1.1.1 Photoluminescence (PL)

The instrument for PL measurement consists of two monochromators (emission
and excitation), a light source, detector, and mirrors. In the PL excitation (PLE)
measurement, the sample is excited at varied wavelengths and a detector collects

the sample's emission. The wavelength that provides the highest emission
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intensity is called the excitation wavelength. In the PL, by absorbing light of a
specific wavelength (excitation wavelength), the electrons in the valance band of
the sample are excited to the conduction band. Relaxation of these excitons results
in the emission of light. This light is collected using a detector and presented in
intensity as a function of the wavelength. We measured the PL spectra of NPLs

using the Cary 100 photoluminescence spectroscopy instrument.

3.7.1.1.2 Absorption

Light can be scattered, absorbed, or transmitted when interacting with the
material. The absorption spectra illustrate the portion of incident light which is
absorbed. The instrument for this measurement usually works in the 200-1200 nm
wavelength range. Depending on the material type, the absorption diagram shows
some specific features, which is an indicator of material property. For example,
in the CdSe NPLs spectrum, two excitonic (hh and lh) peak positions depend on
monolayers' number. We have used the Cary 100 UV-visible instrument for
absorption spectroscopy in our work. The sample measurement took place both

in solution and on the film.

3.7.1.1.3 Photoluminescence quantum yield (PLQY)

The photoluminescence quantum yield (PLQY) technique measures the optical
efficiency of colloidal nanocrystals (NCs). PLQY is defined as the ratio of the
number of emitted photons from NCs in the unit of time per number of absorbed
photons in the unit of time. This measurement could have been undertaken in two
different methods: absolute and relative quantum yield. In the relative method,

the PLQY of material is compared with a well-known material's PLQY. The
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critical note on this method is that the concentration of two materials should be
the same as well as the emission wavelength. In the absolute method, the PLQY
of material is directly derived from emission and absorption spectra. In this
method, a sample in a glass cuvette is placed inside an integrating sphere. In four
stages, this measurement determines the PLQY of the NPLs: Firstly, the
instrument measures the spectrum in the dark (no excitation light). Secondly, it
measures the spectra when the sample is not placed in the integrated sphere with
light. Thirdly, it measures the spectrum of the sample when it is excited directly.
Finally, the detector measures the spectrum of the sample when it is excited by an
indirect light (scattered one). The instrument then calculates the PLQY using the
de Mello method [34]. In our work, for measuring the PLQY of the samples, we
firstly diluted them to a concentration equal to the point of 0.08 absorbance. Then
following these steps, we measured the synthesized sample’s PLQY in solution

and film.

3.7.1.1.4 Fourier-transform infrared spectroscopy (FTIR)

Fourier-transform infrared spectroscopy (FTIR) technique is a tool to acquire
information about the nature of bonds in the organic (ligand) part of NCs. The
term Fourier-transformation originates from the fact that the acquired data is the
Fourier-transformation of the raw data. The working principle of this technique is
similar to the UV-visible method. The instrument sends photons in the infrared
region to the sample and measures the wavelengths of the absorbed photons.
Finally, using the device library, the nature of bonds is derived. In our work, we
have used this method to study the type of ligands of the CQWs. For

measurement, we drop-casted the NPL's solution on top of the crystal of the
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device and then waited for a few minutes to completly dry the sample and start

the measurement.

3.7.1.2 Imaging techniques

Among the most commonly used imaging techniques for investigating the
structure of NPLs are transmission electron microscopy (TEM) and scanning
electron microscopy (SEM). Also, the emission directionality is detected by back-

focal plane (BFP) imaging technique.

3.7.1.2.1 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is the most widely used technique for
investigating the shape, size, and thickness of NPLs. Figure 3.4 schematically
shows the various components of a TEM instrument. In this instrument, using
high voltage (100-300 kV) and ultra-high vacuum, a column of electrons goes
through an ultrathin layer of the material. The difference in the intensity of various
target parts turns into a high-quality image. The resolution of detection in this
method is 2-5 °A which is in the order of atomic distance. We have used this
instrument to imagine the cross-sectional cut of our devices. Firstly, using a
focused ion beam (FIB) instrument, we cut an extremely thin cross-sectional area
of the fabricated LEDs. After sticking the sample to a copper grid, we took the

TEM images of that area.

41



Figure 3.4: Photograph of a transmission electron microscopy (TEM) instrument.

3.7.1.2.2 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is another widely used method for the
topographical investigation of NPLs film. This technique scans the surface of a
film of a target material using a beam of electrons. Using the reflected electrons,
SEM images the surface of a sample. The resolution of this instrument is in the
range of 5-40 °A. Unlike the TEM measurement, the SEM does not require any
specific sample preparation procedure. Usually, we have used the instrument in

immersion mode, providing us with more detailed features in the resulting images.
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Figure 3.5: Back-focal plane imaging setup.

3.7.1.2.3 Back-focal plane imaging (BFP)

The back-focal plane imaging (BFP) technique provides information about the
direction of emission from the film's surface of an emitter. It is the Fourier
transformed image of the actual photograph. Figure 3.5 schematically shows the
BFP setup used in our work. In this setup, we used a 400 nm laser beam for
excitation and an inverted microscope system to take the BFP images. The

components of the actual setup is presented in Figure 3.6.
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Figure 3.6: Photograph of our used setup for back-focal plane (BFP) imaging with components
indicated.

Theoretically [37], [38], the relation between k and O is determined by the
equation k=n sin(0), where n is the refractive index of immersion oil (n=1.52 in
our experiments). In addition, the maximum k determines by the NA of the
objective, which is k = 1.3. Experimentally, the transition dipole moments
(TDMs) direction (O) is defined by the ratio of the horizontal (p1) component to
the sum of the horizontal and vertical (p.) elements (® = pi/ (pi+ p1)). It has been
reported that the in-plane (horizontal) orientation dipoles have a distinctive
feature: the intensity is zero at kx/ko=1, where kx and ko represent the photon
momenta parallel to the substrate and in air, respectively. Using this feature, we

determined the ratio of horizontal TDMs with respect to the total TDMs.
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Figure 3.7: Schematics of a) the three-layer structure of air, an NPL emitter layer and a substrate, and b)

emission configuration indicating the coordinate system used for our calculations.

3.7.1.2.3.1 Theoretical derivations

First, the emission pattern and dipole distribution were calculated theoretically
using Schuller et al. [37] and Scott et al. [38], which provide detailed information
about the derivation of the model. Using their final formulas, we found the ratio
of the in-plane (IP) to out-of-plane (OP) TDMs direction. As illustrated in Figure
3.7, considering a structure including three layers, consisting of air, an emitting
layer which is the NPLs, and a substrate as quartz, Fresnel reflection (r) and
transmission (t) coefficients given in Eq. 3.1 and Eq. 3.2 describe the plane-wave
reflected and transmitted between the interfaces (i,j = 1,2,3):

o pmmlka o 2ka (Eq. 3.1)
Y lezkzi + Tlizkzi u kzi + kzj

2 2
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where n is the refractive index, k; is the perpendicular components of momentum

described by the equation k,; = \/kie; — k2 where ko is the wavevector in air,

and s and p indicate the polarization of the electromagnetic wave.

Then, the local densities of optical states for IP and OP dipoles were
calculated using Eq. 3.3 and 3.5. Considering the effect of reflection on the
interfaces and interference inside the emitter layer (Figures. 4.7 a-b), the density

of photons in IP and OP are:

2
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Based on the Eq. 3.4 and 3.5, the intensity of emission on the back focal
plane with respect to IP or OP dipoles population and dipole moment (p) are

calculated by:

(Eq. 3.6)
Ns(kx’ ky) = Apipfiplusp |2

NP (ky, ky) = A(plb fie e | + popforltor|?) (Eq. 3.7)

where N is the calculated intensity of emission and A is the experimental fitting
factor. Thus, the difference between 100% IP TDMs to the fitted curve has been

measured by fitting the simulation curves to the experimental data.
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3.7.1.2.3.2 Light extraction efficiency calculations

The LED structure's light-extraction efficiency (LEE) calculations were carried
out using the finite-discrete time-domain (FDTD) method. Simulations were
conducted by utilizing commercially available Lumerical FDTD Solutions
(ANSYS Inc). To simulate the structure properly, thicknesses and refractive

indices of each layer were determined from ellipsometry measurements.

The active region of the LED, which consists of NPLs, was modeled as
electric dipoles. The dipole was placed in the center of the active layer. Metal
boundary condition was used on the verge of the cathode layer. The other
boundary conditions were selected as a perfectly matched layer (PML), which are
perfect light absorbers. Since the area of the simulation region must be kept large
enough so that fields radiated in the structure do not reach the absorbing
boundaries, FDTD calculation was performed in a region with the dimensions of

10.00x10.00x2.29 um?.

The far-field projection was used to obtain the angular distribution of light
in the substrate. Transmission coefficients at the interface between substrate and

air were calculated using Fresnel's equations [5]:

[ = 2..sin9t0059i (Eq. 3.8)
sin(6; + 6;)

- 2sinB,cos0; (Eq. 3.9)
'™ sin(6; + 6,) cos(6; — 6;)
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where t; and t; are the perpendicular and parallel components of the
transmission coefficient, respectively. 8; and 6, are incident and transmission
angles. From incident electric field and transmission coefficients, the angular

distribution of the light in the air was found. Extracted power was determined by:

1
Pext =5 \/% f |Eqir (6, $)|? sin(0) dfd ¢ (Eq. 3.10)

Here E ;- (0, @) is the electric field in the air with a specific angle of direction.

Total extracted power from the orientation-controlled and that from
randomly-oriented structures were calculated by repeating the above analysis for

three fundamental dipole directions: 'x','y', and 'z'. From Figure 3.8, it can be seen
that 'x' and 'y' orientations are parallel to the structure while 'z' orientation is
perpendicular. To calculate light extraction efficiency, the results of each of these
three analyses were multiplied with the ratio of dipoles in a specific orientation to

all dipoles, added to each other (in the form of intensities), and divided by average

dipole power [69].

To determine the ratio of parallel and perpendicular orientations of dipoles
in a device, back focal plane spectroscopy was used [38]. The results show that
while 92% of dipoles in the orientation-controlled structure are parallel to the
device, in the randomly oriented structure rate of dipoles with parallel orientation

1S 67%.
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Figure 3.8: Schematics of the dipoles modelled in a) x-direction, b) y-direction, and c) z-

direction. x and y are parallel to the structure, while z is perpendicular.

3.7.2 Device characterization

The performance measurements of the fabricated devices have been carried out
using several methods and instruments. The external quantum efficiency (EQE),
current density-voltage (J-V), electroluminescence (EL), luminescence (L), and
angular emission intensity are the important properties that have been
charcterized. Noteworthy, we took all the measurements in the air condition at

ambient temperature after the devices were encapsulated.

3.7.2.1 External quantum efficiency (EQE)

As discussed in Section 2.3.4.5.1, the most important metric for measuring the
efficiency of LED devices is the external quantum efficiency (EQE). Defined as

as the ratio of the number of outcoupled photons per the number of injected

# photons
# Electrons

electrons (EQFE = x100), in our setup we collected the outcoupled light

using an integrated sphere. In the measurement, as shown schematically in Figure
3.9, we placed the LEDs outside the sphere so that the active area is in the middle
of the window. Also, the hole size was relatively larger than the device's active

area (from the light-emitting diode to the integration sphere), suggesting that the
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coupling factor for the emitted photons in the forward direction was unity. The
setup was a home-made system shown in Figure 3.9. Here, we coupled an
integrated sphere (Newport 5.3") with Ocean Optics (QE-Pro) spectrometer. The
system is connected to the software of the Ocean Optics spectrometer. The
detector measured the outcoupled optical power. The total number of photons is
calculated with the photon power based on the relation of £ = hv. We recorded

current density-voltage (J-V) data for the number of injected electrons.

3.7.2.2 Current density-voltage (J-V)

For J-V measurement, we used Agilent Technologies (U3606A) power source
(see Figure 3.9). Similar to the spectrometer, the power source is connected to a
computer system with custom software-design. The system measures the passed
current at every applied voltage. Knowing the current and the number of electrons
in the current unit (Ampere), the total number of electrons at each bias could be
calculated. The software calculates the EQE at each applied voltage point by

having the total photon number and the electron number.

3.7.2.3 Electroluminescence (EL)

Another essential characterization for LEDs is their emission wavelength and the
spectral width of the emission profile. The same home-made setup for EQE in our
work gives the EL diagram. The used spectrometer of the system calculates the

EL spectrum across the wavelength range of 200-1200 nm.
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Figure 3.9: Photograph of our home-made setup for measuring an LED s external quantum
efficiency and current-density voltage (upper panel). Schematic illustration of the integrated

sphere with the direction of rays traveling inside the sphere (bottom panel).
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Figure 3.10: Photograph of our used radiospectrometer for brightness measurements.

3.7.2.4 Luminescence

For luminescence measurements, we used a Konica Minolta CS-2000
spectroradiometer (see Figure 3.10). In this measurement, we fixed the LED to a
flat surface vertically and connected it to the source. Then, we put the calibrated
spectroradiometer at its focused distance, which is around 2 m away from the
surface of the LED. The instrument was connected to a computer and operated
with the software of the spectroradiometer (CS-S10W). This software provided
the luminescence (L) in the units of cd/m?, CIE coordinates of the collected light,

the color of LEDs, and the temperature of that color.

The test-performing method is as follows: we first changed the voltage
manually and took the current measurement at each voltage point. Then we
repeated the process with 0.5 V increments. The reason for this type of manual
recording was the time taken for luminescence measurement; measuring the

brightness took about a few ms at each bias point.
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Graded
platform

Figure 3.11: Photograph of our spectroradiometer set-up used to measure an LED’s brightness.

3.7.2.5 Lifetime

The half-life time is the time it takes for LEDs to reach half of their initial
brightness. As a standard metric, Tso is commonly taken at the initial luminance
of 100 cd/m?. Here, using the spectroradiometer, we measured the Tso of our
devices. The test was the same as the one for brightness measurement. Here, we
fixed the initial brightness of LEDs to the value of 5,000 cd/m?. Then, for up to
10 min, we took measurements every 30 s. Then, we took the measurement every
5 min up to 100 min. We finally converted the experimental recording at 5,000

cd/m? to the Tso at 100 cd/m? using the relation of Eq. 3.11:

Lo"Tso=Li"T Eq.3.11

3.7.2.6 Goniometry measurement

The emission profile is a factor for determining the directionality of emission
couplingout of the device, which is given as angular emission intensity profile.

We calculated this emission pattern profile using goniometry measurements.
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Here, as shown in Figure 3.11, we placed our LED in the middle around the
graded platform where a calibrated Si photodiode (Newport) is mounted on the
edge of this circle. Subsequently, we operated the LEDs at 5 V and recorded the
total power from -90° to 90°(across a total of 180° degrees). Note that 0° is where
the surface of the detector and the LED are parallel. Immediately after turning on
the LED, we took the measurement, then turned it off, and moved the detector by
59 This process has been repeated at every degree, from -90° to 90°. Finally the
recordings are constructed as the light power as a function of the emission degree

in radial cordinates.
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Chapter 4

RESULTS AND DISCUSSION

This chapter presents the results and discussion of the experiment and simulations
including those of our synthesized CQWs and our fabricated devices. A large portion
of which is taken from the arXiv article of ours \ Highly-directional, highly-efficient
solution-processed light-emitting diodes of all-face-down oriented colloidal quantum

wells by h. Dehghanpour Baruj et al., (https://doi.org/10.48550/arXiv.2201.08733)

([23]). (in submission)

4.8 Colloidal quantum wells (CQWs)

In this thesis, we synthesized square-shaped CdSe/Cdo.25Zno.7sS core/hot-
injection shell (HIS) CQWs (see Figure 4.1) previously developed by our
group [16], [29], [54] with ligand modification. These CQWs consist of
square-shaped cores coated with a gradient shell that has illustrated a high
photoluminescence quantum yield (PLQY>95%) emitting at 650 nm with
excellent chemical stability. The shell of Cdo.25Zno.7sS was grown on the
CdSe cores by adding the cadmium and zinc precursors at room
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temperature and continuously injecting the sulfur precursor at higher
temperatures (the hot-injection method). Details of the synthesis procedures
of CQWs are given in the chapter 3. The outer shell structure ensures the
confinement of the excitons inside the core region to impede nonradiative
recombination by surface traps [23] [66]. The gradient structure of the shell
also provides a low lattice mismatch between the core and the outer shell,
which reduces interface defects and nonradiative recombination. Finally,
the outmost layer consists of oleic acid (OA) and oleylamine (OLA) ligands
[16], [49]. The role of these ligands is to allow for good solubility in the
colloidal solution, which is a critical parameter for solution-processed
fabrication techniques while passivating the surface defects. Thanks to their
heterostructure, the obtained NPLs show a PLQY of 95% in the solution
and 87% on the quartz substrate, which is the highest PLQY among all
types of CQWs in the saturated deep-red color, with excellent chemical and
optical stability [16], [24], [25], [54], [56]. However, the OA and OLA
ligands of the as-synthesized NPLs have a very long organic tail.
Resultantly, their length reduces the charge transport efficiency from the
carrier transport layer (CTL) to the EML by enlarging the electron-hopping
distance and creating a potential barrier for energy transfer. To address this
issue, we switched the native long OA and OLA ligands with the shorter 2-
ethylhexane-1-thiol (EHT) to reduce the energy barrier for the charge

transport (for ligand exchange details, please refer to the SI). In a recent
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study, Song et al. [49] reported a high EQE of 30.9% for red-QLED using

the EHT ligands capped colloidal quantum dots.
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Figure 4.1: Transmission electron microscopy image of our core/shell (HIS) COWs.

4.9 Ligand exchange

We changed the long native OA and OLA ligands to the shorter EHT ligands.
Since the OA and OLA ligands of our as-synthesized NPLs have a very long
organic tail, their length limits the charge transport rate from the carrier transport
layer (CTL) to the EML, enlarging the electron-hopping distance and creating a
potential barrier for energy transfer. Thus, we changed the native long OA and
OLA ligands with the shorter 2-ethylhexane-1-thiol (EHT) to reduce this energy
barrier for the charge transport. Song et al. [49] reported a high EQE of 30.9% for

red-QLED using the EHT ligands on colloidal quantum dots.
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Figure 4.2: Fourier-transform infrared (FTIR) spectra of our HIS-CQWs and LE-HIS-CQWs.

To confirm the ligand-exchange process [15], [71], we took the Fourier-
transform infrared spectroscopy (FTIR) (Figure 4.2) of the NPLs film from both
the as-synthesized and the ligand-exchanged ones. In the FTIR spectrum, the
bending vibrations of the amine group of OLA (located at 1,641cm™) of the HIS
samples have disappeared after the ligand exchange (LE-HIS samples). We found
out that the ligand-exchange process affects the electrical properties of NPLs
without changing the optical properties. The photoluminescence (PL) and
absorption spectra for the HIS and LE-HIS samples remained unchanged (see
Figure 4.3a). However, the main effect of the switch of the ligands was on the
valance band position of NPLs. We measured the band offsets using the XPS
technique. Here, the XPS analysis of energy bands demonstrates the effects of
ligands dipole. Figure 4.3b illustrates the proximity of the measured Er-Evewm for
NPLs with OA (0.93 eV) and EHT (1.26 V), suggesting that the ligand exchange
barely perturbs the Fermi level of NPLs. However, the main difference has been

detected in the secondary electron cut-off region, indicating the ligands' dipole
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effect. Using two cut-off regions (Figure 4.3b) and Miller et al., [72] method and
considering corrections [73], the calculated Evem values were ~5.93 and ~6.61 eV
for the LE-HIS and HIS samples, respectively. Since the highest occupied
molecular orbital (HOMO) of our used PVK was 5.8 eV, the potential barrier for
the holes' movement from HTL to the NPLs is reduced from 0.87 eV in the HIS

to 0.13 eV in the LE-HIS devices.

Moreover, the EHT ligands preserve the high PLQY of the emitters. In
our case, the PLQY of ensemble NPLs remained as high as 88% after the ligand
exchange. Even after six times washing, the PLQY decreased only to 85%. This
observation confirms the robust attachment of ligands to the NPLs by the thiol
group [49]. Also, the PLQY of NPLs with and without the ligand exchange in

several substrates remained close (see Figure 4.3a).
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Figure 4.3: a) Absorption and photoluminescence (PL) spectra of our hot-injection shell (HIS)
grown (above) and ligand-exchanged (LE-HIS) (below) NPLs. Inset, PLQY of HIS and LE-HIS
NPLs in solution, on ZnO film and Zn.9sMgo.o50 film. b) XPS data the of second cut-off region

(left-hand side) and the valance band region (right-hand side).

59



Figure 4.4: Transmission electron microscopy (TEM) cross-sectional image of our device using
the spin-coated hot-injection shell (HIS) NPLs; scale bar: 20 nm. Inset: 3D graph of X-ray

photoelectron spectroscopy (XPS) depth profile of Al region with metallic and oxide Al peaks.

4.10 Device structure

Our devices consist of indium tin oxide (ITO, 100nm)/poly(ethylene
dioxythiophene):polystyrene sulphonate (PEDOT:PSS, 30nm)/poly (N,N9-bis(4-
butyl phenyl)-N,N9-bis(phenyl)-benzidine) (p-TPD, 20nm)/ poly(9-vinyl
carbazole) (PVK ,10nm)/NPLs (20nm) /Zno.9sMgo.osO(30nm) /Al(100nm). (see
Figure 4.4). All the layers were deposited using the spin-casting technique in
dynamic mode except for the PVK layer, which was in the static mode. Herein,
we took advantage of both the high hole mobility provided by poly-TPD (1x10*
cm'V-!s) and the deep highest-occupied-molecular-orbit (HOMO) energy level
(-5.8 eV) provided by PVK. This bilayer structure accompanied with
PEDOT:PSS provides a stepwise energy level alignment between ITO and EML

(see Figure 4.5).
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Figure 4.5: Energy band diagram of the optimized structure.

Moreover, as an electron transport layer (ETL), we used Mg-doped ZnO
(5%) to diminish the exciton quenching [13], [33], [67], [74]. It is known that the
direct contact of ZnO to NPLs quenches the emission due to the nonradiative
energy transfer, but this phenomenon is significantly suppressed by doping Mg in
the ZnO structure [67], [74]. To confirm this effect, we analyzed in-film PLQY
of HIS NPLs on ZnO and Zno.95sMgo.0sO layers. We found that in-solution PLQY
of 95% for the NPLs dropped to 55% on ZnO and 64% on Zng.9sMgo.050.
Therefore, this quenching limits the maximum achievable EQE based on the

following relation [8], [16].

EQE = now.r.q.y (Eq. 4.1)

Here, n0. represents the extraction efficiency,  represents the fraction of excitons
with the probability of radiative recombination, g is the film PLQY, and 7y
represents the charge injection efficiency inside the device. Since the EQE and ¢

are directly correlated, a decrease in g reduces the EQE.
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Figure 4.6: Current density vs. voltages for the electron-only devices using the structure of
Al/COWSs/ZnO/Al and Al/COWs/ZnMgO/Al and the hole-only device using the structure of
ITO/PEDOT:PSS/HTLs/CQOWs/Au. Note that the thicknesses of all layers have been kept the
same as those of our active device.

The charge balance can be justified by checking the electronic and hole-
only devices' current density versus voltage (J-V) curves (see Figure 4.6). The
hole-only devices are the devices that consist of all the Ilayers of
electrode/HIL/HTL/EML/electrode. Our hole-only device is ITO/PEDOT:PSS/p-
TPD/PVK/NPLs/Al. The hole-only device is a LED without EIL and ETL. This
layer has been used for investigating the electrical performance of the layers. This
layer could give information about the amount of passing charge, which helps to
optimize the structure of the device. On the other hand, the electron-only devices
are the ones with the structure of electrode/EIL/ETL/EML/electrode. In our case,
the structure is AI/NPLs/ZnMgO/Al and AI/NPLs/ZnO/Al. The J-V curve of the
electron-only device fabricated by Zno.osMgo.osO is closer to the hole-only

device's J-V than the electron-only device manufactured by ZnO nanoparticles.
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Figure 4.7: Scanning electron microscopy (SEM) image of a) all-face-down self-assembled
monolayer. Inset: the schematic of all-face-down SAM film of NPLs on the device's layers. b) SEM
image of the spin-casted film of NPLs. Inset: the schematic of a spin-casted film of NPLs on the

device's layer.

4.11 XPS depth profile

Also, we have used the X-ray photoelectron spectroscopy (XPS) depth profiling
technique to quantify the oxygen content in the Al layer and the Al and ZnMgO
interface. In the analysis, we used an ion-beam for 10 seconds of etching duration
and repeated it five times. The XPS depth profile results (see Figure 4.4) show
some degree of oxidation in the Al and Zno.9sMgo.05O interface. This observation
is related to the aging process. In this process, some oxygen atoms diffuse to the
Al layer and make the Al,O3; compound. This compound has an insulator nature,
which creates a barrier to transferring charges. So, it could increase the efficiency
of devices by acting as an electron blocking layer for balancing the charges [15],
[68]. However, in our case, we have not observed such an effect. Here we
conclude that utilizing the Zno.9sMgo.0sO nanocrystals as an ETL is preferable to

the ZnO nanocrystals in our devices.
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Figure 4.8: Schematic of our oriented-COQW-LED structure.

4.12 CQWs self-assembly

Figure 4.7a shows the scanning electron microscopy (SEM) image of the
mosaic-like structure of the SAM film, which is highly uniform with a full
surface coverage of NPLs on top of HTL compared to the spin-casted film
of NPLs that are randomly oriented (see Figure 4.7b). The image also
indicates a successful deposition of an all-face-down film on top of LED's
layers which has not been reported yet. Thus far, film deposition has been
carried out on silicon or quartz substrates. As shown in this image, there are
almost no empty places in the deposited film, which is highly advantageous
for optoelectronic applications. The pinholes typically lead to a charge
leakage where the electrons pass the device structure without being
recombined with the holes. It has been reported that the charges tend to pass
the lowest energy potential area, which a pinhole provides such an area in

the LEDs [60]. As a result of the self-assembly, we expect to observe a
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limited amount of empty places in the EML and a high degree of

recombination probability.

Moreover, Figure 4.7 illustrates schematically the expected direction
of emission coming out of the oriented film and randomly oriented ones.
From the SAM film, the light emitted in the direction normal to the surface
of NPL, which is called as out-of-plane emission. As a collective behavior,
the complete film exhibits the directional emission due to a perfectly

aligned CQWs provided by self-assembly as it has shown.

Figure 4.8 schematically demonstrates the fabricated LED's final
structure with the expected light emitted from the SAM film. Here, we
illustrated the expected emission from the SAM film inside the LED’s
architecture. As it is conclusive here, the light will be directed inside the
structure with slight diffraction due to the different properties of different

layers.

In addition, to quantify the effects of SAM film on the properties of
LEDs, we fabricated devices using a spin-coating technique as a standard
sample with the same variables and structures as the LEDs with SAM film,
where fabrication was carried out simultaneously. Also, as shown in Figure
4.7, we expect to observe a more anisotropic emission from this film where
the light propagates through the layer with a standard Lambertian pattern.
This structure has an outcoupling efficiency of 15-22%. It means that more

than 22% of the created light inside the LED structure can escape. So, in an
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ideal case where the IQE is 100%, the maximum achievable EQE would be

22%.

28nm
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Figure 4.9: Atomic force microscopy (AFM) images of a)our SAM NPL film and b) our spin-

coated NPL film on the hole transport layer (HTL).

Figure 4.9 shows the atomic force microscopy (AFM) measurements from
the SAM film and the randomly-oriented film of CQWs. As shown here, the RMS
roughness of the SAM film is <I nm whereas this is >2.4 nm in the case of the
spin-coated one. One of the biggest disadvantages of the CQWs compared to the
spherical nanocrystals (QDs) is otherwise high RMS of their deposited film,
which is related to their quasi-2D shape. Here, the resulted RMS for our SAM
film is comparable with that of the spherical nanocrystals. Therefore, the charge
injection efficiency in the case of using this in the EML of the LED is expected
to be high. It is noteworthy to point out that, these results imply that the
orientation-controlled film yields the lowest possible surface roughness, which is

on par with that of spherical nanocrystal film.

Figure 4.10 demonstrates the potential effects of ACN solvent on the
electronic properties of HTLs and HIL. Here, we fabricated hole-only devices

with the structure of ITO/PEDOT:PSS/p-TPD/PVK/NPLs/Al. The layers were
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deposited by the spin-coating process except for Al, which was deposited by
thermal evaporation. In this device, after depositing the ITO/PEDOT:PSS/p-
TPD/PVK layers, we placed the sample inside the ACN for 5 min and then baked
it for 30 min at 90 °C. Finally, the NPLs were coated on the samples, followed by
Al deposition. As shown in Figure 4.10, no apparent changes were detected in the
hole-only device’s current density versus voltages (J-V) characteristics with and

without drowning in ACN.
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Figure 4.10: Current density vs. voltages for our hole-only device in the structure of

ITO/PEDOT:PSS/HTLs/CQOWs/Au with and without drowning into acetonitrile (ACN).

4.13 Back-focal plane imaging

From the all-face-down SAM film, as shown schematically in Figure 4.8, we
expect to obtain a more directional emission profile than that of the randomly-
oriented one. Since CQWSs possess nearly all in-plane (IP) transition dipole
moments (TDMs), their all-face-down ensemble film should act as an anisotropic
emissive film. To realize the direction of emission (®) of the deposited all-face-

down, single monolayer, CQW film, we have used the back-focal plane imaging
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technique. In this imaging, we found the ratio of the horizontal (p1) component to
the sum of the horizontal and vertical (p1) elements (® = py/ (pit p.)) which
experimentally gives the direction of TDMs. Figure 3.5 illustrates the schematic
of our BFP setup. In this experiment, spin-casted and single monolayer self-
assembled films of NPLs on 200 um thick quartz substrates were excited by a 400

nm laser and a CCD camera took the back-focal plane images.

Figures 4.11a-b show the simulated intensity profile for fully in-plane (IP)
and out-of-plane (OP) TDMs with the kx-intensity diagrams for the p-polarized
emission, given next to the images, respectively. The BFP images of self-
assembled single monolayer and spin-coated samples with the kx-intensity
diagrams for the p-polarized emission are provided in Figures 4.12 a-b. We used
the intensity diagrams of fully IP and OP and fitted them to the self-assembled
film's intensity diagram (see Figure 4.12a). Here, we put all of the three
normalized diagrams on top of each other so that the midpoints (kx/ko = 0) of all
three touch. Then, the ky/ko = 1 for fully IP becames zero. For fully OP, this is
100 %. The distance between these two is some non-zero and nonOunity I[P TDMs

percentage.
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Figure 4.11: Emission profile and intensity diagrams of a) fully IP TDMs, and b) fully OP
TDM:s.

With that definition, we found ® equal to 92%. By repeating the same
process for the randomly-oriented samples (see Figure 4.12b), we found O is
equal to 67% (see section 3.7.1.2.3 for the measurement and simulation details).
Scott et al. [38] reported that ® was 95% for all-face-down CdSe NPLs and
Shendre et al. [24] found ® of 91% for all-face-down CdSe/CdS@ CdZnS. Our
measured O agrees with these results in the literature. These results confirm that

in the all-face-down SAM film, a bright plane is directed toward the glass.
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Figure 4.12: Emission profile and intensity diagrams of a) our self-assembled NPL monolayer
film on a quartz substrate with 92% IP TDM:s fitting curve and b) our spin-casted NPL film on a
quartz substrate with 67% IP TDMs curve.

Based on the measured ® values, we calculated the light outcoupling
efficiencies using the finite-discrete time-domain (FDTD) method of
commercially available Lumerical FDTD solutions (ANSYS Inc) (for simulation
details, refer to section 3.8.1.2). We entered the thickness and material properties
of the hole side (as it is the side on which lights are outcoupled) into the Lumerical
and calculated the outcoupled light percentages. The calculated outcoupling
efficiency for the device fabricated by an orientation-controlled NPL film with ®
= 92% was 34%. In contrast, it was 22% for the control sample made by spin-
casting, with ® being equal to 67%. Here, we calculated a significant

enhancement of 54.5% in the outcoupling efficiency.
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Figure 4.13: Angle-dependent intensity profile for a) our self-assembled monolayer (SAM) of
NPLs and b) the spin-casted NPLs film.

In addition, Figures 4-13a-b show the angle-dependent profile for both our
SAM and spin-coated films. The emission patterns give information about how
relatively narrow the emission could be when using the SAM film opposed to the
spin-coated one. As a result of this analysis, the diagram of Figure 4-13a clearly
indicates that the emission coming from the SAM is narrower than that from the
spin-coated one depicted in Figure 4-13b. This result is another proof of the
directionality of emission of the SAM film. Also, the depth of the diagram of the
SAM film in Brewster’s angle (42°) equivalent of the kx/ko = * 1 is more than that
in the spin-coated films. This finding demonstrates the high degree of IP TDMs

coming from the SAM film.
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Figure 4.14: a) Normalized electroluminescence (EL) intensity spectra for our HISA and HIS
devices. b) EQE versus current density for the HISA and HIS devices. c) Stability data from the

HISA device, starting at luminance of 5,000 cd/m>.

4.14 Performance of devices fabricated using HIS CQWs

To study the performance of devices, we have fabricated CQW-LEDs using SAM
film of our HIS NPLs and the spin-coated ones as a control set. The normalized
EL spectra (see Figure 4.14a) for the device fabricated using the all-face-down
orientied self-assembly (HISA) and randomly-oriented spin-casting (HIS) film of
NPLs exhibit the same emission peaks at 651 nm without any shift in the spectral
position. Also, efficiency graphs (see Figure 4.14b) illustrate a peak EQE of
16.3% and 9.5% for the HISA and HIS, respectively. By comparing two devices,
we detected a 71.5% enhancement in EQE. Based on our calculations, 54.5% of
this improvement resulted from the enhanced light-outcoupling and the rest of
17% is attributed to the facilitated charge injection and reduced reabsorption in
the case of using an ordered single monolayer of CQWs. As shown in Figure

4.14b, the HISA device has reached its maximum EQE at lower current densities
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than the HIS ones. This observation indicates the facilitated charge injection is

favored by the self-assembly.

Our devices are simply sealed with a glass coverslip and ultraviolet-
curable resin, delivering good ambient stability. The half-lifetime (Tso), defined
as the time duration for emitters to reach half of the initial brightness (Lo/2), for
the HISA devices that measured at the initial luminance of 5,000 cd/m?, was Tso
= 89 min (see Figure 4.14c¢). Using the formula of L¢"Tso = Li"T [7], [16], [49],
[63], [65] and assuming an acceleration factor of n = 1.5, we estimated the lifetime
of 525 h at an initial luminance of 100 cd/m?. Kelestemur et al. [32] reported a
peak EQE of 9.92% for all-solution-processed CQW-LED using
CdSe/CdS@CdZnS core/crown@HIS with a Tso of 560 h. Giovanella et al. [6]
reported a device with a maximum EQE of 8.39% using CdSe/CdZnS core/HIS
and a peak brightness of 1,500 cd/m?* Thus far, our HISA devices show the highest
EQE among the all-solution processed CQWs. However, the maximum EQE

value is still lower than the record reported for CQW-LEDs [16].

4.15 Performance of devices fabricated using ligand exchanged

CQWs

4.15.1 Electroluminescence and CIE

The normalized EL spectrum (see Figure 4.15a) of devices fabricated using the
SAM film of our LE-HIS NPLs (LESA) peaks at 651 nm, corresponding to a CIE
coordinate of (0.710,0.289) (see Figure 4.15b), which is relatively close to the
color point of (0.708, 0.292) refered to as saturated red color. This CIE is ideal

for new-generation ultra-high-definition television (UHDTYV) applications [16],
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[49], [65]. The inset photograph is taken from our LESA device operating at 5.0
V. Moreover, Figure 4.15c present the changes of the CIE coordinates (in both x
and y) with changing the luminescence of the devices fabricated by SAM film of
CQWs. Here, these diagrams demonstrate the outstanding color stability of the

devices. This metric is highly desirable for applications.
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Figure 4.15: a) EL spectra of the LED fabricated using self-assembly and ligand exchange
(LESA). Inset: photograph of the device operating at 5.0 V. b) Corresponding CIE coordinates

on the color gamut and e) CIE coordinates as a function of the operating luminance.

4.15.2 Current density and luminescence

Figure 4.16a demonstrates the current density (J) flowing the SAM-CQW-LED
structures under various voltages. As shown here, this graph firstly exhibits an
abrupt increase in the current once it reaches the sub-bandgap turn-on voltage of
~1.7 V, showing a typical diode behavior. This behavior is a common shape of

the J-V diagram of diodes. As a result, our devices possess a normal diode-like
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behavior. Also, the SAM-CQW-LEDs provide a maximum brightness of 19,800
cd/m? at 8.0 V. In CQW-LEDs having high brightness and high efficiency
simultaneously is difficult. However, from our SAM-CQW-LEDs, we observed
outstanding brightness, which is comparable with the ones of OLEDs, QLEDs,

and Pero-LEDs.

4.15.3 EQE

A peak EQE value of 18.1% at a current density of ~2.36 mA/cm? has been
measured for our devices (see Figure 4.16b). This value is the highest reported
EQE for all-solution processed CQW-LEDs thus far to the best of our knowledge.
The Joo the current density in which EQE drops by 10% is 95.58 mA/cm? this
correspond to an outstanding level of stability with low-efficiency roll-off. Also,
the histogram of 35 devices shows an average peak EQE value of 16.8%,
suggesting reasonable device reproducibility. Using the LE-HIS film of our NPLs,
we observed statistically an 11% improvement in the EQE compared to that the

HIS NPLs on the average.
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Figure 4.16: a) Current density vs. voltage and luminance vs. voltages of our LESA devices. b)
EQE vs. current density of the LESA devices with Jyy. Inset: histogram maximum EQE of measured

from 35 LESA devices.

4.15.4 Goniometry measurement

Figure 4.17 shows the emission pattern of our LES and LESA devices performed
by goniometry measurement alongwith a theoretically perfect Lambertian
emission profile. As shown in this figure, the emission pattern of the devices
fabricated by SAM film (SAM-CQW-LEDs) is narrower than the LES, and both
are narrower than the ideal Lambertian emission. This finding indicates that in the
oriented CQW-LEDs, the directionality of emission provided by the SAM film

has been preserved in the device.
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Figure 4.17: Emission patterns of the LESA, and LES devices, alongwith that for simulated perfect

Lambertian emission.

4.15.5 Stability

Then devices were also simply sealed with a glass coverslip and using ultraviolet-
curable resin, resulting in good ambient stability. The half-lifetime, measured at
the initial luminance of 5,000 cd/m?, is Tso = 42 min (see Figure 4.18a). Using the
relation of Lo"Tso = Li"T [7], [16], [49], [63], [65] and again assuming an
acceleration factor of n = 1.5, we estimate the lifetime of 247 h at an initial
luminance of 100 cd/m?. Our reported lifetime is 19-fold longer than the record
organic-inorganic CQW-LEDs [16], but it is shorter than the HISA devices. The
accumulation of charges in the EML due to shorter ligands and heating issues are
attributed to be the main reasons for this relatively shorter Tso compared to the

HISA devices.
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Figure 4.18 a) Stability data from the LESA device starting at the luminance of 5,000 cd/m?. b)

Number of outcoupled photons per NPL vs. current density obtained from the LESA device.

4.15.6 Photon per NPLs calculation

Moreover, the self-assembled monolayer film of NPLs enables us to explore the
number of generated photons per individual NPL under current injection. Since
the liquid-air self-assembly yields a uniform ensemble film, we were able to
calculate the number of NPLs inside the active region of the devices. Using SEM
images (see Figure 4.7) and image analysis software (ImageJ), we have found
~13x10° NPLs inside the device's active area (4.5 mm?). Figure 4.18b shows the
number of outcoupled photons per NPL versus current density. At the maximum
EQE, we have ~2,180 photon/NPL per unit time. Considering the exciton lifetime
of ~10 ns in NPLs [16], [54], we have calculated ~2x107 photon/NPL at a given
time. However, this is the number of outcoupled photons, and to calculate the
exciton number, we have calculated the internal quantum efficiency (IQE) using
the equation of EQE = IQExnou[16]. Since the nout is 34%, we have found ~6x10"
> exciton/NPL at a given time. This result shows that we are in the single excitonic

regime in our LEDs. Also, this value at the maximum current density is ~9x 107
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exciton/NPL, which still is in the single exciton regime. It has been reported that
for an amplified spontaneous emission (ASE), 2-5 exciton/NPL is required [3],
which is two orders of magnitude higher than the current density achieved in this

study.
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Chapter 5

CONCLUSIONS

In this work, for the first time, we showed successful fabrication of CQW-LED
using the oriented self-assembly method. Here, we deposited the EML of a
solution-processed LED using the liquid-air self-assembly technique. This
provided a highly uniform, pinhole-free, all-face-down film of CQWs. Using this
method, we aimed to exploit the direction-dependent properties of the CQWs in
an active device, which was not possible with the conventional deposition method
of spin-coating as this type of coating generates randomly-oriented NPL film. For
EML, the used NPLs were in the form of core/hot injection grown shell with a
high PLQY (>90%). This class of CQWs has shown the highest performance in

the saturated red color thus far.

To further modify the electronic properties of our CQWs, we have changed their
original OA and OLA ligands to shorter EHT ones. This process was performed
specifically to shorten the ligands of CQWs and thus modify the Evgm without
changing their optical properties. For creating a uniform face-down film of
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CQWs, we selected the liquid-air interface self-assembly with acetonitrile
subphase. This method did not show any noticeable effect on the LED’s other
layers (HTL, HIL, and ETL). Also, the process duration was short, only about 1

min.

As a result, we achieved highly efficient all-solution-processed CQW-
LEDs with a record high EQE among solution-processed devices, in the saturated
red with excellent stability and a long lifetime. Such an impressive level of
electroluminescence performance results from the highly directional emission
originating from a high degree of in-plane transition dipole moments of the
orientation-controlled single monolayer film of NPLs in the EML of devices. This
film enables a 65% enhancement in the EQE compared to the randomly-oriented
(spin-casted) one. Also, this NPL film yields the lowest possible surface
roughness among all other deposition methods and enhances the charge injection
efficiencies. In addition, changing the native OA and OLA ligands with EHT
leads to a densely-packed film of these NPLs and improves the charge injection
rate by shortening the hopping distance. By implementing the orientation-
controlled film of such ligand-exchanged NPLs in the devices, we demonstrated
a high EQE value of 18.1%, with a peak brightness of 19,800 cd/m? in an
extremely saturated red color at a CIE coordinate of (0.710, 0.289) with a Tso of
247 h (at 100 cd/m?) and an impressive Joo of 95.58 mA/cm?. Our findings
demonstrate the applicability of our single monolayer oriented-CQW LED
architecture to fabricate high-performance all-solution processed flexible, and

large-area CQW-LEDs.
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In this work, we target the proof-of-concept demonstration of these CQW-
LEDs using the self-assembly method. However, here, we focused on
investigating the effects of all-face-down film of CQWs. For future work, we
recommend using the film of CQWs in an edge-up configuration. This film could
provide a polarized emission due to the nature of CQWs; the IP emission is highly
polarized [66]. In addition, the ligand’s population on the edges is lower than that
on the surfaces because they are less swollen on the edges. The charge injection
from the carrier injection layers to this film would be more efficient than that in
face-down and spin-coated films, and additionally the edge-up oriented NPLs

establish a much denser packing.

Another suggestion for future work is the investigation of the various
combination of face-down and edge-up and different NPLs. For example, the
multilayer of face-down film or multilayer combinations of face-down and edge-
up film or multilayers of the same or different CQWs could be of great interest to
be investigated because the thin film of various CQWs dissolved in the same

solvent with the conventional spin-coating method is impossible.
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