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Abstract

This work reports the experimental study of two mechanisms, exciplex and down-
conversion, to obtained white light with organic and hybrid materials for solid-state
lighting (SSL). Exciplexes are complex states generated by intermolecular interaction
between two molecules, usually an electron donor and an acceptor material; they were
studied in the OLED structure: ITO/HTL/EML/ETL/Ca-Ag. Commercial materials and a
new carbazole derivative were employed as the emissive layer (EML), and for the first-
time, exciplex emissions from two interfaces were achieved. The thickness of the hole
transport layer (HTL) was a determinant parameter for the exciplex states formation at
HTL/EML interface. Meanwhile, the appropriate barrier energy between LUMO levels
of the EML and ETL was crucial in allowing the bimolecular states to emerge at the
EML/ETL interface. Therefore, due to emissions from the EML (S;-So transitions) and
the two interfaces, a broad electroluminescence spectrum corresponding to white light
with excellent CIE (0.31, 0.33) and CRI >85 was accomplished. The devices exhibited
acceptable luminance (< 9000 cdm-2) and turn-on voltage (5 V). On the other hand, the
studied down-conversion mechanism involved the full or partial absorption of the light
emitted from an inorganic LED by the organic material. Thicknesses of the organic films
were optimized to obtain a proper absorption of the converter material, which allowed the
adequate combination between the electroluminescence (EL) and photoluminescence
(PL) intensities from LED and the organic converters, respectively. Thus, the mechanism
was tested in partial and full conversion configuration known as luminesce converter
(LUCO). Using benzothiadiazole derivatives as organic converter, LUCO devices
exhibited white light with excellent CIE (0.32, 0.33), outstanding CRI (>90) and good
conversion efficiency of 73%. With these results, it was demonstrated that organic
materials could be a real alternative in the field of SSL.
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1. INTRODUCTION.

1.1. Brief Background of Artificial Lighting and the State of the Art.

Artificial lighting plays an indispensable role to daily life of any human being. Electrical
light sources are responsible for an energy consumption around 16 to 20 % of the
worldwide electricity production. Classic lighting technologies like incandescent,
fluorescent and halogens are now mature. Their luminous efficiency and power
conversion together with their quality of the emitted light have been reached almost to
their limit (see in Fig. 1.1 for power conversion of different lighting sources).'™ As a
result, the world of light sources has experienced a major revolution: after 150 years of
operation, incandescent lamps are banned from the market, while Solid-State Lighting
(SSL) systems which are based on inorganic and organic semiconductors, are the most

commonly used today.>”

Figure 1.1. Growth of efficiency in lighting technologies since incandescent to SSL lamp

(LED and OLED,).

11



SSL devices generate visible light through the electroluminescence phenomenon when
an electric current is applied. The luminescence properties depend on the structure of the
device, the chemical composition and the properties of the semiconductor material.? In
the case of inorganic semiconductor diodes that are based, for instance, in InGa or GaAs,
they are used widely and the technology is known as light emitting diode (LED).® For the
case of light emitting diodes based on organic semiconductor, a wide variety of organic
materials that includes small molecules and polymers have been reported, this technology
is named organic LED (OLED).’ For lighting application, white light from SSL implies
the combination of different wavelengths in almost all visible spectrum, besides, the
electroluminescence (EL) must have acceptable illumination parameter, color rendering
index (CRI) >80, stable correlated color temperatures (CCTs) and good CIE coordinates
(from its French name, "Commission internationale de I'éclairage"). Notwithstanding that
an ideal white light is considered to have CIE coordinates as close as possible to (0.33,
0.33). Giovanella et al.,'° have reported that nowadays LED and OLED technologies
show better parameter for luminous efficiency, lifetime and color rendering index than
conventional lighting sources. However, in terms of the manufacture price, incandescent
and fluorescent lamps are still cheaper than SSL. For example, OLEDs are two orders of

magnitude more expensive to produce than incandescent lamp.'!

By now, white LEDs (WLED) have achieved over 260 Im/W in the laboratory whereas
commercial LEDs have >50 Im/W. Apart from high efficiency, WLEDs show some
advantages when compared with other light sources as described by De Almeida and co-
workers.? They point out that LEDs stand for their low power consumption and low
operating voltage, long lifetime, mercury-free, no UV or IR radiation, among other
properties. Despite Inorganic LED is a mature technology; it presents some disadvantages

that need to be solved. Research groups and some government agencies have been
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reporting that LED sources lack of standardization, risk of glare as a result of small lamp
size and temperature dependence (ambient temperature greatly influences the LEDs'

performance), for example.>!?"14

On the other hand, OLEDs devices exhibit attractive properties as emission in a wide
range of colors, easy fabrication, flexibility, among others. However, the luminous
efficacy of commercial organic devices for lighting applications still is low, being about
50 Im/W.'> The research effort on OLEDs is focused on increasing the value of this
parameter but at laboratory level it has been reported values over 100 Im/W!%!7 as well
as enlarging the emitting surface and extending the device lifetime. Typically, the
luminance of OLEDs decreases down to 50% (LT 50 lifetime parameter) of its initial
value after 15,000 h, which is 90% less than the inorganic LEDs. The degradation of these
devices is a serious issue that affects the luminance of OLEDs and is basically caused by
three mechanisms, electrode degradation, organic degradation and the intrinsic decrement
of the electroluminescence efficiency of the emissive area.”!® In fact, LEDs, with a
continuous growth of their luminous efficiencies, establish themselves as breakthrough
solutions while organic LEDs (OLEDs) recently found their first application field on TV
screens and cell phones (see Fig 1.2), but as a white lighting system still is necessary to
achieve better performance than LEDs do; for this reason, the OLED devices for lighting

are being widely studied and investigated around the world."
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Figure 1.2. Examples of OLED applications; a) OLED TV?°:b) lighting panels®'; c)

smartwatch®; d) tail lights for cars.*

1.2. White Light From Inorganic LED.

LEDs are based on inorganic semiconductor materials, in 1907 Captain Henry Joseph
Round observed the electroluminescence phenomenon when a current flowed through a
crystal of silicon carbide.?* Later, the Russian radio technician Oleg V. Lossev made the
first attempt to explain the electroluminescence in p-n junctions with a scientific
approach, describing the current versus voltage characteristic of the new device in 1923.%°
In 1960s, Robert Hall, Nick Holonyak, Marshall Nathan, and Robert Rediker reported
simultaneously the laser emission of gallium arsenide crystals.?® Since then, LEDs have
been commercially available in red, amber, and green colors. Most of the applications of

LEDs have mainly been signaling, seven-segment displays, and remote control.”-’
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Figure 1.3 shows the mechanism of operation of the LED. To create the LED diode, two
regions are joined: n-side and p-side. At the p-n junction of the regions a potential barrier
is formed known as a depletion zone whose function is to prevent the passage of electrons
from the n to the p region. When a voltage is applied, electrons begin to flow. Each time
an excess electron with a negative charge present in the n region acquires energy to be
able to overcome the resistance offered by the potential barrier, crosses it and combines
with a hole in the p region. At the same instant that this combination occurs, the excess
energy that the electron acquired to be able to cross the potential barrier is transformed

into electromagnetic energy, which is released in the form of photons.

Figure 1.3. Basic architecture of inorganic LED.*

Figure 1.4 shows the conventional mechanisms to achieve white light using LEDs; the
first one is known as R-G-B that requires the emissions of three LEDs (red, green, and
blue) whose wavelengths combine to form white light (see Fig. 1.4a).2°! The other two
mechanism are called down-conversion (see Fig 1.4b and 1.4c) based on the combination

of emission from a LED and a phosphor’? 33; thus, for the white LED, phosphors are
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essential. The most successful approach for white light has been the so called partial
conversion which is the combination of blue light (from LED), green light (from
phosphor), and red light (from phosphor).?? The other approach, known as full conversion,
is based on the use of an ultraviolet (UV) or a violet LED and a phosphor that absorbs
completely the UV or violet light and converts it to a broadband white light*®>? as can be
observed in Figure 1.4c. Additionally, in the literature new ways to achieved white light

have been proposed using for example quantum dots, metal-based, and perovskites.>*3°

Figure 1.4 White LED mechanisms, a) mixture of three LEDs (Red, Green, and Blue), b)

Down conversion, ¢) Phosphorus doping.?®°

In relation with the phosphorus materials, Shimizu et al.*”*® in 1996 developed the first
phosphor to partial conversion white LED, cerium-doped yttrium-aluminum garnet
phosphor (YAG:Ce). This phosphor is able to absorb blue light and to emit red and green
light.?%340 In the same year, the first phosphor to full conversion white LED was patented
by Baretz and Tischler *! of the ATMI Company. From these two works, numerous papers
on phosphors for full and partial conversion were developed; including reports and

patents. 33242,
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Currently, 95% of LEDs in the market are focused to generate white light by using blue
LEDs of GaN or InGaN with the broad yellow emission of the Y3Ai5012:Ces+ (YAG:Ce)
phosphor. The system YAG:Ce/blue LED gives a low color-rendering index (CRI < 80)
and high correlated color temperature (CCT > 5000 K), whereby requires the addition of
expensive and moisture-sensitive red phosphors (fluoride or nitride). These phosphors
involve rare-earth that are extensively used in other high-technology devices like: mobile
phones, flat panel displays, and sectors such as military, energy renewable, among
others.** Consequently, the research on white LEDs is mainly focused on the

development of rare-earth-free phosphors.*>#¢

By 2025, the worldwide will demand 200.000 tons per year of rare-earth elements (REEs)
while the current annual supply is estimated to be only 113.000 tons. The attempt to
increase the REEs supply at a rate sufficiently high to meet the increase in demand faces
economic, political and environmental limitations that also will affect the LED
production. This led to a 600% price increase. Moreover, the cost of a white LED lamp
is strongly linked to the price of REEs as the latter represents 12% of the total.*’* For
Nyalosaso et al.,** the explosion of demand combined with a monopolistic supply source
represents a real risk for the development of LED technology in the years to come.
Balachandra and his group,®® who did a deep description of extraction and application of
the REEs, mention that only the extraction of individual rare earths is a complex process,
that leads in turn, a number of other complicated and expensive processes. According to
Nair and his research group,’! phosphors require an exceptionally clean chemical

laboratory to synthesize very pure substances.

For the above reasons, white LEDs free of rare earths are desired. In that way, materials
such as quantum dots and nanoparticles have been explored and acceptable results have

been reported.’>> However, the use of organic dyes has gained new interest because they
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have characteristics and optical properties that can be perfectly used in down conversion

white LEDs.

1.3. White Light From Organic Materials.

Organic materials are mainly based on carbon atoms, their semiconducting properties
arise from the delocalized m-electrons that can move along the conjugated chain. Due to
their electronic configuration (/s°, 2s°, 2p°), carbon atoms can form hybrid orbitals (sp’,
sp’, and sp) where each atom has four valence electrons. Thus, a molecular orbital may
be approximated by a linear combination of atomic orbitals. According to the valence
bond theory, in conjugated materials, carbon atoms present sp’ hybridization due to the
merging of the 2s orbital with two 2p orbitals (2px, 2p,) which determine the geometry of
the molecule. The overlap of 2p. orbitals, which are not hybridized, form the © (bonding)
and ©* (antibonding). The extent of this overlap defines the conjugation length of the
chain and determines the Highest Occupied Molecular Orbital - Lowest Unoccupied
Molecular Orbital (HOMO-LUMO); the energy difference between HOMO-LUMO

defines the bandgap of the conjugated material.>*

Electroluminescence in organic materials was reported in early 1950s.%> The first OLED
was reported by Tang and Van Slyke in 1987.%° The device was obtained by vacuum
evaporation of organic small-molecule materials with a metallic cathode on a conductive
substrate. The first OLED based on polymers was created in 1990 by Burroughs and co-
workers with a single layer device of polyphenylenevinilene made by using a spin coating
process.”’ Presently, OLEDs based on small molecules and polymers are feasible with

similar performances for both materials.*®: %

OLEDs are devices of thin films fabricated from organic semiconducting materials with

luminescent properties and working under the electroluminescence phenomenon. The
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working scheme of OLEDs is shown in Figure 1.5. Electrons and holes are injected from
the cathode and anode to the electron transport layer (ETL) and hole transport layer
(HTL), respectively. Next, both charges cross the ETL and HTL to the emitting layer

EML to form the electron-hole pair named exciton, which decays radiatively as photons.

Figure 1.5. Basic architecture of Organic LED.®

In principle, a single emitter can only cover some spectral fraction of the visible light.°!
Thus, the emitted light would be produced by the mixture of complementary primary
colors. Another possibility 1is trough intermolecular interaction that allows
complementary emissions from excimer, exciplex or electroplex states. In either case, the
matched materials and device engineering are necessary for obtaining a balanced and
efficient white light.%> The tandem configuration can also be considered, for this case

independent OLEDs are stacked as shown in Figure 1.6a. Here, optical optimization is
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challenging because the emitters must all be in an adequate position within the device
structure for efficient out coupling. The main disadvantage is their difficult manufacturing
process due to the high number of layers with the adequate energy level at each interface.
If any of the interfaces has not the appropriate energy barrier, the device would not work
properly.53:64-66 Other two architectures for white light are the bi-layer structure with a
blue and orange emitter,®’ see Fig 1.6b, and single layer doped with various dyes.*® The
former structure can be fabricated easier than the tandem, however, it could be difficult
to fabricate if the HOMO-LUMO levels between the materials are not adequate; therefore,
additional buffer layers would be required to balance the energy barrier.® The other
architecture has been considered as one of the most convenient and simple approaches
for white light OLED devices. For this case, multiple emitters (blue/orange, or
red/green/blue) are incorporated into a single layer as shown in Figure 1.6c; this structure
can offer a very simple fabrication process compared to other approaches. However, the
concentrations of dopant emitters in this structure need to be precisely regulated since a
very small change in the dopant concentration would lead to a pronounced variation in
the energy transfer among the emitting molecules and the color balance would be

unsuitable.”%7!
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Figure 1.6. more conventional white OLED configurations. a) tandem, b) bi-layer

structure with a blue and orange emitter, c) single -EML, doped with various dyes.

Other mechanisms less successful for WOLED devices such as blue OLEDs with external
or internal down-conversion layers >73, the individual device units emitting red, green,
and blue in a pixelated approach,’* multilayer emission,”> the single dopant-based
devices using the monomer/excimer emission.”®”’ Nevertheless, WOLED devices offer
a number of advantages such as fast response time, lambertian emission (wide viewing
angle), low operating voltage, emission colors across the entire visible spectrum and the

possibility of being fabricated over flexible substrates.?!%76.80. 81

1.4. Alternatives Mechanisms to White LED and OLED.

As noticed above, although LEDs and OLEDs exhibit extraordinary properties that make
SSL the most used in the lighting field today. It presents some disadvantages that new
proposals and mechanisms could solve and aim to be the new generation of SSL, two of
which will be developed in this thesis. In the case of OLED devices, contrary to multi-
layer structures, mechanisms for easy fabrication, acceptable performance, and good

white color are desirable, and one of these promising mechanisms is through
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intermolecular interaction that allows emerging complementary emissions from excimer,
exciplex or electroplex states.®? Exciplex is a complex state generated by intermolecular
interaction between two molecules, usually an electron donor (D) and acceptor (A)
materials. In this complex, the electron-hole pair is formed with an electron in the LUMO
level of one molecule and a hole in the HOMO level of another molecule. This complex
generates new transitions which are of lower frequencies than the intrinsic transition (7 -
n*). These additional transitions generate the widening of the electroluminescence
spectrum and therefore white color coordinates would be obtained. One of the challenges
to the formation of exciplex is to find materials whose HOMO and LUMO levels be

suitable to allow this kind of intermolecular interactions.

On the other hand, another approach where organic fluorescent materials can be used to
obtain white emission, is by using them as replacement of phosphors based on REE's in
inorganic white LEDs. This would be the case of hybrid SSL, where LED excites organic
dyes, and the LED emission together with dye emission will produce white light. These

devices are known as hybrid luminescence converter (LUCO).

Outline of this thesis: After this introduction, is addressed the Experimental Method
(Chapter 2). This chapter describes the materials, characterization, and equipment used

to generate white light from two different mechanisms studied.

The first studied mechanism is "Exciplex States" in Chapter 3, divided into two sections.
Section 3.1 describes the photophysical processes involving exciplex mechanisms and

white light generation in OLEDs using this mechanism.

In Sections 3.2 are reported experiments and results using the emission of white light

from one and two interfaces and using commercial and new materials as emissive layers.
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The rule of the energy barrier value at the EML/ETL interface for white light emission is
shown in sec 3.2.1. For this study, a commercial copolymer was used as the emissive
layer and three electron transport layers with distinct HOMO-LUMO values. Hence with
each ETL, a different energy barrier is formed at the EML / ETL interface. Sec. 3.2.2
describes the use of the optoelectronic properties of the CZDD compound, which allow
intermolecular interactions with the HTL and the ETL, leading to a double emission at
the corresponding interfaces. The luminance parameters of the fabricated devices as color

and efficiency are reported and discussed.

The second mechanism is LUCO-Inorganic/Organic devices, Chapter 4. This chapter
shows the generation of white light with hybrid devices by using the mechanism of Down-
Conversion. This chapter is divided into two sections. Section 4.1 describes the down-
conversion mechanism for the fabrication of hybrid devices. Section 4.2 describes the
experimental study of the adequate organic converter's thicknesses to achieve white
emission in LUCO devices. The partial down-conversion case and full down-conversion
case are reported, respectively, in secs 4.2.1 and 4.2.2. For the former case, white light
generation from the combination of a commercial blue LED plus the commercial
copolymer ADS233YE is shown; additionally, the comparison of partial LUCO results
with commercials white LED is presented. In the case of a full down-conversion, the
generation of white light from different mixtures of organic compounds is discussed. For
this study, were used two small organic molecules and two commercial copolymers as
converters. Details such as the correct ratios between converters and color

characterization were mainly described.

In Chapter 5, a brief comparison and discussion between WOLEDs and LUCOs are
presented, pointing out advantages and disadvantages. In the following Chapter, general

conclusions, perspectives, and future work are presented.
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In Chapter 7, other contributions, a brief report of additional works as the manufacture of
tunable OLEDs based on halochromism and thermochromism using an imidazole
derivative, and the manufacture for matrix and encapsulation for OLED are presented,
followed by the reference Section. In Appendix A, some definitions and concepts are
given to help the reader in the subject, while in Appendix B, figures corresponding to the

micrographics study are presented.

24



2. EXPERIMENTAL METHOD.

In this chapter, the experimental development for the exciplex and down-conversion

studies are present.

2.1 Experimental Method for Exciplex Study.

Materials. The chemical structures of the organic materials used in the Exciplex study
are shown in Figure 2.1. As emissive layer were employed; the commercial copolymer
Poli[(9,9-dioctilfluorenil-2,7-dil)-co-(1,4-benzo-{2,1°-3 } -tiadiazol)] (ADS232GE)
obtained from American Dyes Sources and the small molecule 1,4-Bis(9H-carbazol-9-
yl)phenyl)ethynyl)benzene (CZDD), which is a new carbazole derivative synthetized by
Braulio Molina group from Universidad Nacional Auténoma de México (UNAM).
Details of the synthesis as well as some physicochemical characterization of CZDD
compound can be found in ref.** Compounds used as EMLs were Poly[(9,9-bis(3'-(N,N-
dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9—dioctylfluorene)] (PFN), 2,2'2"-
(1,3,5-Benzinetriyl)-tris(1-phenyl-1-H-benzimidazole (TPBi) and 4,7-diphenyl-1,10-
phenanthroline (BPhen) obtained from Ossila while poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS; Clevios PVP AI4083) was the material used as HTL.
ITO/glass substrates with 5-15 Q/square were purchased from Delta Technologies
employed as anode while Ca and Ag act as cathode and were acquired from Sigma

Aldrich.
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Figure 2.1.Chemical structure of the organic materials used in the WOLED devices.

OLED structures. Seven different OLED structures were tested to achieve exciplex and
white emission. In the next table are summarized the different OLED structures
employed.

Table 2.1. OLED structures of the different devices fabricated.

Name Structure HTL EML ETL
OLED-1 ITO/PEDOT:PSS/ADS232GE/Ca-Ag PEDOT:PSS ADS232GE None
OLED-2 ITO/PEDOT:PSS/ADS232GE/PFN/Ca-Ag PEDOT:PSS ADS232GE PFN
OLED-3 ITO/PEDOT:PSS/ADS232GE/TPBi/Ca-Ag PEDOT:PSS ADS232GE TPBi
OLED-4 ITO/PEDOT:PSS/ADS232GE/BPhen/Ca-Ag PEDOT:PSS ADS232GE BPhen
OLED-5 ITO/PEDOT:PSS/CZDD/Ca-Ag PEDOT:PSS CZDD None
OLED-6 ITO/PEDOT:PSS/CZDD/BPhen/Ca-Ag PEDOT:PSS CZDD BPhen
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OLED-7 ITO/PVK/PEDOT:PSS/ADS232GE/Ca-Ag PEDOT:PSS/PVK CZDD BPhen

Device fabrication and characterization. ITO substrates were cleaned with ethanol and
then put through a 24-hour drying process. they were then subjected to another cleaning
process and plasma treatment for 15 minutes. For OLED-1-4, PEDOT:PSS and
ADS232GE were deposited using the spin coating method, with thicknesses of 40 and 80
nm, respectively. PFN was dissolve in a mixture of methanol-acetic acid (1:0.01), and
also deposited by the spin coating method, the thickness of this film was 15 nm. BPhen,
TPBi, Ca, and Ag were deposited by thermal evaporation method with a rate of 0.5 A/s.
For OLED-5-7, PEDOT:PSS thicknesses were 60 nm, 45 nm, and 30 nm. Then, substrates
were transferred to an evaporation chamber and 100 nm of the CZDD compound was

evaporated at 0.25 A/s, the chamber pressure was 2x10° torr.

The thicknesses and micrographics of the organic layers were measured through Atomic
Force Microscopy (AFM) Nanosurf EasyScan. The emissive area of samples was of 9
mm?. OLEDs devices were characterized by J-V-L curves, a source-meter Keithley 2450
was used. The EL, luminance and CIE coordinates were measured with an Ocean optics
USB4000 spectrophotometer, calibrated with the HL-3P-CAL lamp. Current efficiency

and luminous efficacy were estimated from the values of luminance, voltage and current.

2.2. Experimental Method for Down-Conversion Study.

Materials. chemical structures of organic converters are shown in Figure 2.3. Poli[(9,9-
dioctilfluorenil-2,7-dil)-co-(1,4-benzo-{2,1’-3}-tiadiazol)] (ADS233YE) was obtained
from American Dyes Sources. The HOMO and LUMO levels of this material are 5.8 and

3.1 eV, respectively, measured by cycle voltammetry. The dyes were 4,7-
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diphenylbenzo[c][1,3,5]thiadiazole (ACN1 ) green dye reported by Tsutomu et al.,'** and
4,4'-benzo[c][1,3,5]thiadiazole-4,7-diylbis(tiophene-5,2-diyl))bis(N, N-diphenylaniline)

(JP5) whose synthesis was reported by Kusakaky group.'** Both dyes were synthetized
in our laboratory by palladium cross coupling reactions from benzothiadiazol derivatives
and fluorene moieties.'** The material ADS232GE used in exciplex study also was
employed in this down-conversion study. For partial conversion case, the blue LED
employed was an InGaN LED (SMD 5730-BLUE-SAMSUNG-465 nm series). AlGalnP
LED (465 nm) and InGa/GaN, were used to explore others LUCO configurations. While

to full conversion case, a commercial InGaN UV-LED (385 nm) was used.

Figure 2.2. Chemical structure of Poli[(9,9-dioctilfluorenil-2,7-dil)-co-(1,4-benzo-{2,1 -

3}-tiadiazol)] (ADS233YE) used as organic converter.
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Fabrication and characterization of films. Films of these material were formed by spin-
coating onto glass substrates. The concentration of ADS232YE was varied from 5 to 80
mg/ml in toluene solvent and the film thickness from 0.1 to 1.0 pum. ACN1 and JP5 were
dissolved in chlorobenzene. Absorbance spectra were measured using a PelkinElmer UV -
NIR Spectrophotometer, the quantum yield and PL by Edimburg Instruments
Fluorometer (FS5 model). Thicknesses and micrographics were measured through

Atomic Force Microscopy (AFM) Nanosurf EasyScan.

Fabrication and characterization of LUCO Devices. LUCO devices were fabricated as
is illustrated in Figure 2.4a (partial conversion) and 2.4b (full conversion) where a
commercial LED is used as the excitation source and a film of the converter is put on
LED. For partial LUCOs were tested films at different concentrations and thicknesses.
For full LUCO devices, the thickness and concentration parameters were optimized based
on the study of the partial LUCO devices. Thus, the employed concentration was 35
mg/ml with thicknesses around ~0.5 um at spin coating rate of 1500 rpm. ADS232GE
and ADS233YE were dissolved in toluene while ACN1 and JPS in chlorobenzene. All
mixtures of the materials were dissolved in toluene solvent. EL and luminance with an
Ocean Optics USB4000 spectrophotometer, calibrated with the HL-3P-CAL lamp and
the energy efficiency by an Extech light meter. CRI, CCT and CIE coordinates were

calculated from the luminance spectra.
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Figure 2.3. Schematic diagram of LUCO devices, a) Partial conversion;, b) Full

conversion.

The different structures and characteristics of the LUCO devices fabricates for partial and
full down-conversion cases are summarized in Table 2.2.

Table 2.2. LUCO structures, LED, wavelengths of the LED A and Thickness of the

converter of THE devices fabricated in this chapter are summarizes in Table.

Case Device LED/Mnm) Converter Thickness of
converter (um)

LUCO InGaN/465 ADS232YE 0.04to 1
LUCO A InGaN/465 ADS232YE 0.59
Partial down- LUCO B InGaN/465 ADS232YE 0.31
conversion LUCO C InGaN/465 ADS232YE 0.94
LUCO D InGaN/460 ADS232YE 0.45
LUCOE InGaN-GaN/480 ADS232YE 0.45
LUCOF InGaN/465 ADS232YE 0.45

FULL LUCO1 InGaN UV-LED/380 ADS232GE:JP5
FULL LUCO2 InGaN UV-LED/380  ADS232GE:ACNI1:JP5 0.5t00.6
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Full down- FULLLUCO3  InGaN UV- LED/380 ACNI1:ADS233YE

conversion FULL LUCO 4 InGaN UV- LED/380 ACNI1:ADS233YE:JP5
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3. EXCIPLEX STATES AND THE EMISSION OF WHITE LIGHT.

Exciplex is a bimolecular excited state complex and termed from the terms exci (excited
state) and plex (complex). Exciplex states have been investigated since the 70’s by
different research groups. First studies with inorganic materials demonstrated that some
noble gases such Ar, Xe or Kr with some halides like F, Br or Cl could form new
electronic transitions. When these new transitions were considered within the laser
technology, the exciplex/excimer laser showed up in the market.’*%> More recently, for
organic materials similar excited states were reported when a D and/or an A molecules
interact with the emissive layer and new emissions occur besides the exciton emission;
mainly, this mechanism has been exploited in WOLED devices.**® Zhao et al.,* were
one of the first group to report WOLEDs based on exciplex mechanism; they achieved
white electroluminescence by mixing blue exciton emission with broad yellow-red
exciplex emission. In other example, Jhulki and co-workers” reported exciplex formation
by a twisted bianthryl core and TPBi, the devices exhibited CIE coordinates (0.28, 0.33)
with acceptable luminance of 15,600 cd/m?, however, the luminous efficiency reported

was as low as 1.78 Im/W.

Excitons are generated by the bulk of the emissive layer meanwhile the emission of
exciplex states takes place either within the bulk or at the interfaces of that layer.”'*> For
the former case, the D and A molecules are blended to form a film while for the latter
case, termed interfacial exciplex, the D and the A molecules in the device are defined by
two independent films which form an interface; here at least one of the two materials,
either the D or the A, defines the emissive layer.”*** °> For example Angioni and his group
reported a single emitting layer WOLED based on interfacial exciplex emission.’® They
synthesized a new benzothiadiazole derivative compound that was used as emitting
material. It was found that this compound generated exciplex states at the interface with
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the N,N'-bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD), used as HTL. In their
work, the maximum achieved brightness was 5219 cd/m? with CIE coordinates (0.38,

0.45).

Exciplexes can be formed under light and/or electrical excitation, and therefore be
observed in photoluminescence (PL)) and/or EL.°” With this mechanism white OLED
have been reported but challenges as good color and acceptable parameters still need to

be faced.

3.1. Photophysical Description of Exciplex States in Organic Materials.

The photophysical analysis of the exciplex states has been described on the basis of
quantum mechanics. When the photoluminescence (PL) or electroluminescent (EL)
emitter consists of two-molecule, excited states can be formed since a located hole of the
donor (D") approaches a located electron of the acceptor (A”), and the exciplex states are

defined as |AD)". This ket is defined by
|AD)* = ¢1|AD);o¢ + c2|AD)¢r (1)

Therefore, |AD)* is the quantum mechanical mixing of the locally (LOC) excited states
configuration |AD)j,. and charge-transfer (CT) exciplex configuration |AD){r, which in

turn express themselves by eigenfunctions of the Hamiltonian pair !9

|AD);oc = a1|A*D) + a,|AD*) (2)
|AD)¢r = by|A*D™) 4+ by|A™DY) 3)

Coefficients ¢; and ¢, in (1) determine the contributions of the LOC and CT
configurations to the exciplex state, whereas in (2) coefficients a; and a, are the
amplitudes of the two-component state of the local excited LOC configuration emerging

as a result of the excitonic resonance between states |A*D) and |AD*) with the excitation
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localized on the donor and the acceptor, respectively. Furthermore, coefficients b, and b,

in (3) determine the amplitudes of two CT states |[A*D~), and |A~D™).

The relation among amplitudes of various components of Eq. (1) and the exciplex energy
E,.. depends on the difference between the ionization potential and electron affinity of
the molecular components. In order for exciplex formation to occur, one of the molecules
should have a small ionization potential (/P) so that it can donate an electron to the second
molecule, which should have a high electron affinity (E4). The emission wavelength of
the exciplex state is determined by the energy difference between the electronic affinity
(EA4) of the acceptor molecule and the ionization potential (/Pp) of the donor molecule
(see Fig. 3.1).”%1% It is possible to tune the emission wavelength by choosing compounds

with appropriate energy levels.”®

Figure 3.1.Typical relation of ionization potentials (IP) and electron affinities (EA) of
organic materials. a) none of the materials is a donor or acceptor, charge transfer is not
possible and the energy transfer can occur; b) donor and acceptor have very similar
electron affinities, what makes electron transfer efficient but the exciton can be form at
the donor or at the acceptor; c) the donor and acceptor with properly adjusted energy

levels enough to the formation of an exciplex.

The peak of energy emission of the exciplex states is given by *>10!

34



Eexe = hvg}ch = 1P, — AE, — E¢ 4)

Where E is the coulombic attraction energy between the donor and acceptor thin films

and defined by:

e2

)

Ec=—
4TTEGES

where e is the elementary charge and €, and €, are the vacuum and relative dielectric
constants, respectively.”” Other mechanisms like electrochemical measurements for
calculating exciplex energy were reported by Piotr et al.,”* however, this involves to have
the donor and acceptor materials in a solution that, in turn, requires approximations and
calculations considering the materials in a gaseous state. These approximations are

accepted for bulk exciplex.

Kalinosky®' found that the shape of the emission spectrum depends on the composition
of the mixed exciplex; large wavelengths transitions correspond to a substantial
contribution of the CT excimer (a~b), and shorter wavelengths transitions correspond to
a larger contribution of the LOC exciplex. From quantum mechanical calculations, it

infers that no pure LOC and CT excimers can exist.

A typical interfacial exciplex OLED configuration is shown in Figure 3.2a. It consists of
an anode, donator and acceptor films and an electrode. In the energy diagram of Figure
3.2b, it is shown how the mechanism of the generation of exciplex states is (here is not
shown the intrinsic transition of the emissive layer that can be from the D or A). Electrons
and holes are injected from the respective electrodes and the energy barrier, formed by
the energy levels LUMOA-LUMOp and HOMOA-HOMOp between the acceptor (A) and

the donor (D) molecules, play an important rule for the exciplex transitions to take place.
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Note that due to the optoelectronic properties, the D and A molecules are also often used
as transport hole layer (HTL) and as electron transport layer (ETL), respectively, this is

for some OLED structures.

Figure 3.2. a) Basic interfacial exciplex OLED configuration, b) diagram levels of

exciplex OLED configuration.

Experimental results from Luo and co-workers'%? are shown in Figure 3.3 which clarifies
the white emission through exciplexes. In this work, they studied and fabricated
WOLEDs based on the structure ITO/HAT-CN/TAPC/TmPyPB-1I/ TmPyPB-I/LiF/Al,
where 1,4,5,8,9,11-hexaazatriphenylene hexacarbonitrile (HAT-CN) and 1,3,5-tri(m-
pyrid-3-yl-phenyl)benzene (TmPyPb-1) were used as HTL and ETL, respectively; while
1-bis[4-[N,N-di(4-tolyl)amino]phenyl]-cyclohexane (TAPC) (HOMO level of 5.3 eV) as
the hole injection layer HIL and TmPyPB-II (LUMO=2.4 eV) was yellow emissive layer.
Here due to the optoelectronic properties of TAPC and TmPyPB-II, they act as the D and

A molecules, respectively.
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Figure 3.3. Example of exciplex mechanism to white OLEDs, a) PL and EL spectra, b)

energy diagram scheme of the WOLED device. The figures were taken from Luo's work.

102

Figure 3.3a shows the PL emission of the compounds TAPC (black line), and TmPyPB
(red line) with main emissions centered at 370 and 390 nm, respectively. When comparing
these PL spectra, the TAPC:/TmPyPB spectrum (blue line) exhibit a red-shifted emission
with the peak of 421 nm. The energy gap between the HOMO of TAPC and LUMO of
TmPyPB is close to the energy of this new emission (2.9 eV), suggesting that exciplex
states have been generated. Besides, in EL a wide spectrum (pink line) that corresponds
to white light was observed with three main transitions (425, 468 and 585 nm); as none
of the peaks of this spectrum correspond to the intrinsic emission of TmPyPB (the
emissive layer) it can be concluded that the white emission emerged from exciplex states.
Figure 3.3b illustrates the working mechanism of the WOLED using the diagram energy.
Luo's work!'%? also serves to illustrate that depending on the excitation source, light or
electrical, those states can be observed. The exciplex emission at 425 nm was observed

in PL only, meanwhile in El the other two (468 and 585 nm) emerged.
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For the generation of exciplex states, compounds with strong blue photoluminescence
(PL) are promising materials because exciplex states lead to a widening of PL
spectra.b!93103-195 Congidering this, materials such as carbazole derivatives have been
studied extensively.!"1%® For example, Zassowski et al.,'” studied the exciplex
properties in an interface between new compounds synthesized of carbazole-triazine
derivatives and the acceptor materials such as BPhen or TPBi. They used the structure
ITO/HTL/carbazole-triazine derivatives/BPhen or TPBi/Ca/Al and reported CIE
coordinates of (0.24, 0.35) and (0.27, 0.48) for devices with BPhen and TPBi,
respectively. It is expected that with the help of exciplex, WOLEDs could be exhibited
high efficiencies as well as lowered the fabrication cost, beside of good color coordinates

(CIE and CRI), performance and emission tuning.''*'13

3.2. Experimental Study of WOLED based on Interface Exciplexes.

As pointed out previously, the exciplex stated can be formed either into the emissive layer
or at the interfaces of emissive layer with transport layers. While the former could mean
an easier technique for WOLED fabrication, the control of interactions between D and A
molecules into the mixture of active layer is a challenge. On the other hand, the formation
of exciplex at the interfaces of active layer allow to control of the interactions of D and
A molecule by changing the thickness of the films. Therefore, all the devices here studied

are based on exciplex formed at interfaces of emissive layer.

3.2.1. The Role of the Barrier Energies in the Formation of the Exciplex
States.

In a first approach, a WOLED was fabricated with the architecture:
Glass/ITO/PEDOT:PSS/ADS232GE/ETL/Ca-Ag based on exciplex states. Three
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materials have been used in these devices as ETL, which in turn have different HOMO-
LUMO values. Therefore, the formation of exciplex states at an interface was investigated

by examining the role of the barrier energies formed by ADS232GE and ETL.

The absorbance (Abs) and PL normalized spectra of ADS232GE, PFN, TPBi, and BPhen
are shown in Figure 3.4. The EML show the peaks of absorption and emission at 385 and
460 nm, respectively, which correspond to the electronic transition n-n*. The Abs peaks
to PFN, TPBi, and BPhen are 280, 300, and 415 nm, respectively. These materials used
as ETLs exhibit a very weak PL response center at 637, 380 and 395 nm to PFN, TPBi

and BPhen, respectively.
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Figure 3.4. Absorbance spectra of the EML and the ETLs (PFN, TPBi and BPhen).

In Figure 3.5a shows the normalized EL spectra, at the same bias voltage (8 V), for
representative fabricated devices. Spectra without be normalized are shown in Figure
3.5b. OLED-1 is the pristine device without ETL while 2, 3 and 4 correspond to devices

with PFN, TPBi, and BPhen, respectively. The EL spectra for OLEDs 1 and 2 exhibited
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a similar shape with a maximum emission wavelength at 490 nm. Since the EL spectra of
these devices and the PL spectrum of the EML are similar, then can be established that
the EL emission comes only from active layer, the CIE coordinates shown were (0.19,
0.24) corresponding to blue color. Subsequently, OLED-3 was fabricated; in this device,
two main peaks can be observed, the first centered at 490 nm that corresponds to EML
emission and the other peak centered at 570 nm that is assigned to exciplex states. Similar
results were observed for OLED-4 but the peak assigned to exciplex states emerged at
620 nm. For device 4, the white light with CIE coordinates (0.30, 0.38) can be classified
as warm white light. While for OLED-3 with CIE coordinates (0.26, 0.29) corresponds
to quasi cold white light. Despite the EL spectrum of OLED-3 was broaden, the new
transition (centered at 570 nm) did not allow to achieve a pure white, i.e. and emission

with CIE coordinates (0.33, 0.33).
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Figure 3.5. EL spectra of the OLEDs-A-D, a) Normalized EL, b) relative EL.

To analyze the differences in the EL emission of the four devices, the energy diagram of
each device is shown in Figure 3.6. As can be seen in the schematic energy diagram of
the OLED-1, holes are injected from ITO to the EML through the PEDOT:PSS while the

electrons are injected directly from the cathode (Fig. 3.6a). Due to the absence of ETL, in
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this device an imbalance in the injection of charges could be occur. This could be the
reason for the weakest intensity in EL (see Fig. 3.6b). For the case of the OLED-2, a very
low energy barrier of just 0.1 eV is at the ADS233GE/PFN interface; therefore, PFN help
to enhance the electrons injection and a better charge balance than OLED-A could be
achieved increasing EL intensity. For OLEDs 1 and 2, holes, and electrons are
recombined at the emissive layer, therefore, only transition within the EML was observed
in the EL spectrum. For the case of OLED-3, the energy barrier in the interface EML /
ETL is of 0.3 eV whose value is enough to avoid the efficient electron injection from the
LUMO of TPBi to LUMO of the EML leading to the formation of exciplex states. Due
to this energy barrier, a fraction of electrons is accumulated in the LUMO of TPBi that
bond with holes at the HOMO of the ADS232GE leading rise to formation of an exciplex
state. Whereby, a new peak at 570 nm emerged in the EL spectra. For device 4, the energy
barrier is 0.6 eV, thus, the exciplex states could also formed with a peak emission at 620

nm.
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Figure 3.6. Schematics energy levels of the OLED devices, a) OLED-A; b) OLED-B; c)

OLED-C; d) OLED-D.

According to Eq. (4) (Eexe = hvgxe® = [Py, — AEgr1s — E), the exciplex energy of
OLED-4 is lower than OLED-3 and for that reason the spectrum had broaden red-shift,
thus, a better white emission. Theoretical exciplex energies were calculated, assuming
that IP ~ HOMO of the EML and AE =~ LUMO of ETLs; the values were 2.6 eV (A=476
nm) and 2.3 eV (A540 nm) to OLED-3 and OLED-4, respectively. It is worth recalling
that the emissive layer would have both properties as 4 and 1 and it is the case for
ADS232GE; however, PFN, TPBi, and BPhen exhibit acceptor properties. Although the
theoretical values do not have a high degree of correlation with the experimental values,

it must be taken into account that the HOMO-LUMO energy values, as well as the
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equation 4, are approximated values. The energy barriers and the exciplex transition for

each device are summarized in Table 3.1.

Table 3.1. energy barriers and exciplex transition from Egy. = hvR%* = IPgy —

AEgrs — Ec for the devices fabricated.

Device Interface Energy barrier (eV) E,,. (eV)
OLED-1 None *NM None
OLED-2 ADS232GE/PFN 0.1 None
OLED-3 ADS232GE/TPBi 0.3 2.6
OLED-4 ADS232GE/BPhen 0.4 2.3

J-V-L curves characteristic of the four devices are shown in Figure 3.7. The threshold
voltage, which is the minimum voltage to overcome the energies barriers and thus inject
charges into the device, was 8.1 V for OLED-1 while for OLEDs 2-4 were 4.4, 5.1, and
5.8 V, respectively. The evident reduction of the threshold voltage for OLED-2, according
to Koehler™ was related with a better alignment of the energy levels of all layers that
form the OLED, particularly for the PFN/Ca-Ag and EML/PFN interfaces. Thus, the
improvement in the injected electrons allowed a considerably enhanced in the luminance
that was of 4800 cd/m? while for OLED-1 was of 2090 cd/m?. Similar results were
achieved using BPhen and TPBi as ETLs; these layers formed a better energy alignment
with the cathode than the EML/Ca-Ag (compared with OLED-1) but poorer than OLED-
2. However, OLED-3 showed the highest luminance (5400 cd/m?). This can be explained
because the energy barrier of 0.3 eV was adequate to a better electrons injection and the
balance charge was improved. This result implies that the number of holes-electrons pair
increased in the recombination zones (inside EML and in the interface EML/TPBi) and

thus, the number of photons generated is higher.
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Figure 3.7. J-V-L curves of devices OLED-1-4.

Opto-electronics parameters for the four devices are summarized in Table 3.2.

Table 3.2. Opto-electronics parameters of the OLED devices.

Device threshold Luminance max Energy barrier CIE Color emission
voltage (V) (cd/m?) ETL/EML (eV) xy)
OLED-1 8.1 2090 *NM (0.19, 0.24) Blue
OLED-2 4.4 4800 0.1 (0.19, 0.24) Blue
OLED-3 5.1 5400 0.3 (0.26, 0.29)  Quasi cold white
OLED-4 5.8 4160 0.4 (0.30, 0.38) Warm white

*NM: No Measurement

Based on these results, the energy levels of the materials used play an important rule for
the formation of exciplex states, as does the barrier energy formed in the
ADS232GE/TPBi and ADS232GE/BPhen interfaces (0.3 and 0.6 eV respectively). For
energy barrier around 0.1 eV the exciplex formation is not enable because the electrons

were easily injected into EML and the recombination only occurred on it. These results
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are according to Matsumoto et al.!'* who reported that values for energy barriers in the
range of 0.6 - 0.8 eV allowed for a good formation of exciplex states; however, they also
reported that for values lower than that range, exciplex states are not appreciable, which

is contrary to our results.

3.2.2. White OLED based on Two Interface Exciplex Emissions.

The formation of exciplex states is usually observed at one of the EML interfaces, and
mainly at interface with ETL. However, few reports have also reported exciplex
formation at the HTL/EML interface. In our second approach of the prepared WOLED
devices based on exciplex states, the compound 1,4-Bis(9H-carbazol-9-
yl)phenyl)ethynyl)benzene (CZDD, Fig. 2.1) was used as EML. Micrographics of
PEDOT: PSS and CZDD films are shown in the Appendix B (Fig. B.1 and B.2,
respectively). The roughness of PEDOT: PSS films for the different thicknesses examined
is less than 2 nm, while that of CZDD is 4 nm. The latter suggests an optimal contact
between the layers, which is advantageous for the intermolecular interaction at the
interface.

The compound CZDD contains two carbazole units attached to a n—bridge composed of
three phenylene rings with a fully coplanar conformation. The highly n—n interaction of
the n—bridge increases and enhances the electro-donating behavior of the two carbazole
units. The normalized PL spectrum of compound CZDD in the solid state is showed in
Figure 3.8a; the PL spectrum shows two shoulders centered at 430 and 480 nm that can
be attributed to 7- 7* and n-7* transitions.

To explore the possible formation of exciplex at HTL/EML interface, the layer of HTL
was varied to try to induce the accumulation of holes at this interface. Therefore, three
different devices with this architecture were prepared by changing the PEDOT:PSS
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thicknesses (60 nm, 45 nm and 30 nm). Others thicknesses for PEDOT:PSS were also
tested, however, for thicknesses greater than 60 nm and less than 30 nm, the devices did
not function properly and this was attributed to the imbalance of charge carriers inside
the device. The devices prepared have the architecture ITO/PEDOT:PSS/CZDD/Ca-Ag,
Figures 3.8b and 3.8c show the energy diagram of the two architectures. For OLED-5,
without ETL layer (BPhen), it can be inferred that electrons are injected directly to the
LUMO level of the emitting layer while the holes are injected to the HOMO level of
PEDOT:PSS, and then to the HOMO level of the CZDD. In OLED-6, the electrons are

injected first to the LUMO of BPhen and then to the emissive layer.

Figure 3.8. (a) Normalized PL spectrum of the CZDD material. (b)Energy level diagram
of OLED-5 and (c) OLED-6, the energy band gap of CZDD is 3.1 eV with LUMO and

HOMO (measured by cyclic voltammetry) levels at -2.5 and -5.6 eV, respectively.

The turn-on voltages of these devices were between 7 and 8 V. Figure 3.9 shows the PL
of CZDD and EL spectra for OLED-5. The EL spectra are shown at the same driving bias

of 14 V. The EL spectrum of OLED-5 with a HTL of 60 nm is similar to the PL of CZDD,
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indicating that the emission is mainly due to transitions from excitons formed in EML.
Nevertheless, a small shift and broadness of the spectra is observed due to the emission
of exciplex states. As the thickness of the PEDOT:PSS decreases, the emission at 443 nm
does, and concomitantly the peak intensity increases for emissions with wavelengths

longer than 482 nm.
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Figure 3.9.PL spectrum of the CZDD and EL spectra (bias 14 V) of the devices
manufactured with the OLED-5 structure; the PEDOT: PSS thickness were 60 nm, 45 nm

and 30 nm.

A similar behavior has been observed previously for white OLEDs due to the variation
of the thickness of the organic layers. For example, Yang et al.,* reported the generation
of white light with the structure ITO/TAPC/BCP/Al and found that increasing the
thickness of the 2,9-dimethyl-4,7-di(phenyl)-1,10-phenanthroline (BCP) from 10 to 30
nm, the emission centered at 450 nm decreased, while the emission peak centered at 580
nm increased. This fact was attributed to exciplex transitions and they concluded that the

film thickness of the acceptor layer is an important factor that influences the generation
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of intermolecular states. Chapran et al.,!'! also reported that varying the thickness of
BODIPY derivative from 70 to 4 nm allowed the emergence of exciplex emission. They
concluded that thicknesses of materials for WOLEDs are associated with different roles.
Therefore, depending on the thickness, the material can provide only the transport and
injection of carriers or it can take part in the formation of exciplex states.

Table 3.3 shows the measured CIE coordinates and the wavelength of maximum emission
for OLED-5. From this Table and the information in Figure. 3.9, it is evident that the
color of the emission changed from blue to greenish for thicknesses of 60 nm and 30 nm
of HTL, respectively (this is a color tuning shown in Fig. 3.16 below). A similar result

has been reported by Kulkarni and Jenekhe,''

who observed that according to the
thicknesses of the acceptor layer, the exciplex emission from interfaces can compete with
exciton emission from the emissive layer. Due to the generation of exciplex states, the
blue EL emission from a bilayer system used by Kulkarni changed gradually to yellow.
By changing film thickness from 43 to 7 nm in that device, transitions with yellow
emission increased while the blue EL band blue-shifts from 469 to 435 nm.

Considering this, it is possible to modify the emission spectrum of the device by
generating exciplex states. As reported above, the energy barrier plays a very important
role to injection of charge or to the exciplex formation. In this case, to generate exciplex
states at the interface of the HTL and the emissive material the barrier energy between
the HOMO levels are required. If this energy difference is small, most of the resulting
emission will come from excitons; in contrast, if it is large enough to generate a high-
energy barrier, holes might not be injected to the emissive layer.

For the OLEDs reported here, positive carriers moving into the HTL faces an energetic

barrier of 0.5 eV at the interface with CZDD (see level diagram in Fig. 3.8b), that does

not allow them to be injected efficiently into its HOMO energy level. When the thickness
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ofthe HTL layer is reduced, a positive charge accumulation takes place at the HTL/CZDD
interface, which allows intermolecular interactions with electrons in the LUMO level of
CZDD. Therefore, exciplex states are generated and emission at longer wavelengths than
the emission of exciton states is observed. Thus, the color of the emission will change as

the thickness of the HTL diminishes.

Table 3.3. CIE coordinates and maximum wavelength of emission for devices with
architecture glass/ITO/PEDOT:PSS/CZDD/Ca/Ag for three different thicknesses of

PEDOT:PSS layer (60 nm, 45 nm and 30 nm). Driving voltage = 14 V.

PEDOT:PSS 60 nm 45 nm 30 nm
CIE (x,Y) (0.20, 0.22) (0.22,0.28) (0.26, 0.45)
AMax (nM) 440 490 525

For the CZDD compound the formation of exciplex at the EML/ETL interface was also
studied, for which, a thin layer of BPhen (15 nm) was added in between emissive layer
and cathode (OLED-6, see Fig. 3.8¢). The thickness of HTL was fixed at 60 nm based on
the results of OLED-5. Figure. 3.10 shows the PL spectrum of CZDD compound as well
as the EL spectra for OLED-5 and OLED-6, both at a driving voltage of 12 V.
Gratifyingly, the EL spectrum of OLED-6 broadened with the addition of BPhen, and
excellent CIE coordinates (0.31, 0.33) were achieved. This broadening can be explained
by assuming that intermolecular interactions take place between CZDD and BPhen and
therefore new exciplex states were generated. These exciplex states might be generated
due to charge accumulation at the CZDD/BPhen interface due to difference in energy
values of the LUMO levels (see Fig. 3.8¢), leading to emit at longer wavelengths than

those observed in OLED-5 as shown in Figure 3.10.
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Figure 3.10. Normalized EL spectra for OLED-5 and OLED-6 (bias 12 V) with PL

spectrum of the CZDD; both OLEDs have the same HTL thickness (60 nm).

The CIE coordinates for OLED-5 and OLED-6 were measured at several driving voltages
(Table 3.4). It is important to note that for OLED-5 white light coordinates were not
observed, but for OLED-2, for all reported voltages, the measured coordinates correspond
to those identified as white light. Even more, the coordinates are closer to the ideal for
white emission (0.33, 0.33) at voltages 12 and 13 V. Figure. 3.11 shows two pictures, one
for the blue-greenish emission, OLED-5 (Fig. 3.11a), and other for the best operating
device with white light emission, OLED-6 (Fig. 3.11b).

Table 3.4. CIE coordinates of OLEDs-5 and OLEDs-6 devices for different applied

voltages and with HTL thickness of 60 nm.

Device CIE COORDINATES

11V 12V 13V 14V I5V

OLED-5 (0.20,024)  (0.21,023) (0.20,0.23)  (0.20,0.22)  (0.21,0.22)
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OLED-6 (0.30,0.33)  (0.31,0.33) (0.31,0.33)  (0.29,0.34)  (0.29,0.32)

Figure 3.11. (a) Bluish emission for OLED-5. (b) White light emission of OLED-6.

The luminance curves for the fabricated devices OLED-5 and OLED-6 are shown in
Figure 3.12a. The maximum values of luminance were 2100 and 2900 cd/m? for OLED-
5 and OLED-6 respectively, at about 14 V. Even though this can be considered as a
moderate value, is relevant to emphasize that our devices have a greatly simplified
structure. The graphs of current efficiency (nce) and luminous efficacy ((npe) (power
efficiency) are shown in Figure 3.12b. The maximum values of current efficiency and
power efficiency for OLED-5 were 4.3 cd/A and 5.2 Im/W respectively while those for
OLED-6 were 4.5 cd/A and 6.3 Im/W, these reached values can be compared with other
recent white OLEDs reports.”®%19:116 Table 3.5 compares some of the main parameters
of the fabricated OLEDs; each value is the average of 16 samples. Notice that when
BPhen was added, the parameters improved due to the better balance in injection of
charge carriers. Likewise, in this same Table the OLEDs parameters of WOLEDs based

on exciplex emissions reported in other works were added to compare.
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Figure 3.12. (a) J-V-L curves for the OLED-1 and OLED-2. (b) Current efficiency and

luminous efficacy as function of the luminance for both OLED:.

Table 3.5. Optoelectronics parameters of OLED-5 and OLED-6. Other WOLEDs that

were reported by other groups are shown to compare.

Device Turn-on Luminance T\CE, Max. TPE, Max. CIE

voltage (V) (cd/m?) (cd/A) (Im/W) (xy)
OLED-5 7.0 1.0 2100 4.3 5.2 (0.21, 0.23)
OLED-6 6.5+1.0 2900 4.5 6.3 (0.31,0.33)
Ref” 3.0 15600 2.2 1.8 (0.28, 0.33)
Ref% 5.8 5219 6.5 2.6 (0.38, 0.45)
Ref!®” 6.7 749 0.25 0.1 (0.33,0.37)
Ref!!® 8.5 10180 6.54 Not reported ~ (0.31, 0.38)

It is important to note that both OLED-5 and OLED-6, showed exciplex emissions but
from different interfaces, particularly, those formed at the CZDD/BPhen interface
produced white light emission. It could be due to the energy barriers of energetic levels
between transport and emissive layers. The barrier for HOMO energy levels between

PEDOT:PSS and CZDD is 0.4 eV, meanwhile the energy difference between the LUMO
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energy levels at the interfaces CZDD/BPhen is 0.5 eV. The energy barrier leading to a
higher charge accumulation and then exciplex states formation is illustrated in Figure

3.13.

Figure 3.13. Scheme for the exciton and exciplex transitions in OLED devices. The
emission of excitons is due to transitions within CZDD, meanwhile the exciplex emission
1 and 2 comes from transitions, that occur at the PEDOT:PSS/CZDD and CZDD/BPhen

interfaces due to intermolecular interactions.

From the EL spectra, the energy (E,,. = hv) values of exciplex 1 and exciplex 2 were
estimated. For the former is about 2.4 eV corresponding to A=520 nm and contributed the
greenish emission. The second one is 2.0 eV corresponding to A=600 nm, reddish
emission.

Subsequently, for OLED-6, the thickness of PEDOT:PSS was also varied to 60 nm, 45
nm and 30 nm; Figure 3.14 shows the EL spectra for such devices. These emissions show
similar behavior than those observed for the configuration OLED-5 in Figure 3.9, 1. e.,
the EL spectra were broadened as the thickness of the PEDOT:PSS was diminished.
These changes in the spectra suggest that a white tuning could be reached for our devices
because of the generation of exciplex states in both interfaces. Therefore, when the
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thickness of the HTL was changed to 45 and 30 nm in this structure, the emission changed

from cold to warm white emission.
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Figure 3.14. EL spectra to OLED-6 varying the thickness of the PEDOT:PSS (60 nm, 45

nm and 30 nm).

According to Equation 1, exciplex states could also occur due to the excitation of light.
Therefore, films of the PEDOT:PSS-CZDD and CZDD-BPhen blends were made and
their PL was measured. The CZDD-BPhen films exhibited a new emission peak centered
on 600 nm as shown in Figure 3.15 so that the generation of exciplexes between these
two materials was verified, while for the PEDOT:PSS-CZDD film the output of CZDD

only.
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Figure 3.15. PL spectra of the blends PEDOT:PSS-CZDD and CZDD-BPhen.

The CIE chromaticity diagram for OLED-5 and OLED-6 when the thickness of the HTL
was changed is shown in Figure 3.16. OLED-5 shows that by changing such thickness,
from 60 nm to 30 nm, one can reach a tuning in color from bluish to greenish meanwhile
OLED-6 shows a tuning from cold to warm white light. For thickness of 45 and 30 nm of
the HTL the CIE coordinates for OLED-6 were (0.32, 0.42) and (0.38, 0.44) respectively.
The work by Frébel et al.,''” demonstrated color tuning from cold to warm white light in
a tandem structure based on a combination of a blue-emitting unit and a yellow-emitting
unit. Similar tuning was reached with our OLED-6 configuration only by changing the
thickness of the HTL. Figure 3.16 also shows the tuning in correlation color temperature
(CCT); from above 10000 (cold white) K to approximately 2500 K (warm white). This

modulation of white light also has been considered by Kroskus et al.!'®
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Figure 3.16. CIE coordinates of the OLEDs represented in the CIE map 1931.

To improve the electrical and luminance parameters of OLED-6 a buffer layer was added.
The buffer layer was between the ITO and the EML to facilitate the effective hole
migration from the anode to the emissive zone; a thin film of Poly(9-vinylcarbazole)
(PVK) was employed. With this additional organic layer, the architecture was
ITO/PEDOT:PSS/PVK/CDZZ/BPhen/Ca-Ag (OLED-7) and better alignment between
the energy levels of the organic layers was exhibited; the HOMO energy level (5.6 eV)
of PVK acted as bridge energy between the HOMOs of PEDOT:PSS and CDZZ,
respectively. Therefore, the charge injection exhibited by the device was enhanced;
further, the turn-on voltage was reduced from 6.5 to 5.0 V while the luminance was
improved almost 4 times (maximum luminance 9600 cdm™) while the maximun power
efficiency of 7.5 Im/W. The EL spectrum of OLED-7 and a photo of the device working

at 8 V is shown in Figure 3.17.
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Figure 3.17. a) El spectrum of OLED-7 (ITO/PEDOT:PSS/PVK/CZDD/BPhen/Ca-Ag),

b) picture of the device OLED-7 working at 8 V.
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4. ORGANIC LUCO DEVICES; INORGANIC/ORGANIC WHITE LED
BASED ON DOWN CONVERSION MECHANISM

As discussed in chapter 1, currently commercial white LEDs offer the highest energy
efficiency, however, one problem with these devices is the use of phosphors containing
REE:s. It was also pointed out that organic materials are promising materials for replacing
phosphors and offer advantages such as wide color range, high external quantum
efficiency, low-cost manufacturing, flexible substrate compatibility. The combination of
inorganic and organic materials is known as hybrid technology. In particular, LUCO
devices based on down-conversion mechanism have attracted special interest; this
technology uses inorganic LEDs as sources of excitation to photoluminescent organic
compounds of the type "light converters".!'>12° Some works have been reported using

this mechanism '?!-12?

and have already shown enough merits to replace rare earth doped
phosphors. In a recent work, Junjie and her research group ' reported a hybrid LUCO
lamp with CRI <90 and 82 Im/W. They used perylene diimides as organic converters

and were inserted into a polymeric matrix to form better films and protect them from

degradation.

The narrow bandwidth emission of the LED can be complemented by a broad emission
of the organic layer, which can be either a single emitting compound or a mixture of
several compounds. One of the strategies for obtaining white light emission is to use a
blue LED and a yellow organic material, other less common, is the use of a UV-LED and
mixture of organic materials (whose emissions cover most of the visible spectrum); these
strategies are known as partial and full conversion, respectively. An example of partial
conversion is the case of Taylor's group.'?* they reported LUCO devices with a luminous
efficiency of 368 Im/W using a blue LED of InGaN/GaN and a yellow organic converter

based on BODYPI derivatives, however, the CRI was as low as 62.
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A high quantum yield is one of the main optical properties that organic materials should
exhibit to be used as LUCO; the closer value to the unit, the more efficient the device is.
However, in solid-state, different physics and chemical processes can emerge in the
molecules like excimer formation, quenching, among others, reducing the quantum yield
of the materials. The quantum yield of organic converters for LUCO devices reported is
in the range of 30 to 90% which corresponds to fluorescence and phosphorescence
emissions; nevertheless, above 30% values, the devices would exhibit a good
performance since it is comparable to inorganic white LED.!212%126 LUCO devices
exhibit excellent properties that make them an alternative for SSL, however in the
literature few details of the experimental conditions are reported, such as thicknesses and

concentrations of the converter material.

4.1. Description of Down-Conversion Mechanism.

The mechanism for LUCO devices is the down-conversion, which is shown in Figure 4.1.
The excitation source is a blue LED, which incises on the organic sample and two
processes can take place, fluorescence and phosphorescence. For the former, electrons
jump from ground state So to excited state Si, or higher energy levels. After this, a
relaxation of electrons occurs and go back to S and then recombine to So. However,
electrons can also move from S to the triplet state T throughout internal crossing as
shown in the figure. When this process takes place, the recombination of electrons and
holes could happen, this is the phosphorescence phenomena. In this case the emitted light
is delayed in comparison to fluorescence. The time decay of the phosphorescence is in

the range 10°-10's and fluorescence 1071°-107s.'?’
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Figure 4.1. Emission Mechanism of organic LUCO devices, which imply the

electroluminescence of LED (1) plus photoluminescence of the organic materials (2).

From quantum mechanics, the internal quantum efficiency for triplet states could be about
75% while for singlets 25 %. In some organic LUCQO’s reports, the devices are fabricated
taking advantage of triplet states, which involved organic molecules with metal-free
framework (MOF). These molecules require mechanisms as triplet-triplet annihilation
(TTA) and upper triplet crossing to allow the intersystem crossing. Angioni et al.,'!
reported the synthesis of a MOF to LUCO application with a photoluminescence
efficiency of 42% and luminous efficiency close to 35%. Details of these mechanism are

described by Dos Santos and her research group.''?

Singlet-state emission materials offer the possibility of achieving luminescence
parameters comparable to other technologies despite their limited efficiency. Usually, the

development of these materials is focused on polymers with a high quantum efficiency
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although oligofluorenes and fluorescent dyes also are considered under study.!?>128 129

For example, Kim and his group'?® reported a very bright white light from the LUCO
LED using a commercial InGaN LED (460 nm) and a 1,8-naphthalimide derivative
(DBN) dispersed in an epoxy matrix; the conversion efficiency achieved was of 82%,

which is comparable to the phosphors LED and other technologies.

4.1.1. Energy Transfer Processes in the Down-Conversion Mechanism.

When the down-conversion mechanism is due to more than one organic compound,
intermolecular interactions generate other excited species that could change the emission.
One of those processes is the charge transfer. Independent of the weak van der Waals
interaction between molecules in organic films, the energy can transport to distances
substantially exceeding the size of the molecules. Such energy transfer processes are
particularly important for doped organic films. The process of any transfer of energy from

an excited molecule, donor (D*), to another molecule, acceptor (A), can be described by

eq. (6):

D*+A->D+A" (6)

Because of this energy transfer, the acceptor is promoted to a higher electronic state.
There are different energy transfer processes to be distinguished; first, radiative energy

transfer in which the acceptor reabsorbs the donor emission:

D*->D+hv, hv+A—- A" (7)

No direct interaction of the donor with the acceptor is involved. The process requires that
the emission spectrum of (D) and the absorption spectrum of (A) overlap. Thus, the
efficiency of the transfer is governed by the photoluminescence yield of the donor

molecules and the absorption ability of the acceptor, i.e. the extinction coefficient €a.
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Non-radiative energy transfer is the second process which requires the presence of a
specific interaction between D and A. Two types of interaction are identified: The
Coulombic interaction, known as Forster energy transfer, and electron-exchange, referred

as Dexter energy transfer.

The Coulomb or Forster energy transfer involves a dipole-dipole coupling of the
transition dipole moments for excited donor (exciton) and the acceptor dye in its ground
state. As the excited donor relaxes, its energy is transferred via the Coulomb interaction
with the acceptor dye molecule as is shown in Figure 4.2. A characteristic of this energy
transfer process is that the dipole-dipole interaction covers large distances, thus efficient
transfer is possible over distances up to 100 A. A measure for the efficiency of the process
is the value of the rate of energy transfer relative to the radiative relaxation of the donor
molecule. A high rate of the energy transfer relative to radiative relaxation will lead to

emission exclusively from the acceptor.'

Figure 4.2. Forster energy transfer mechanism.

The electron-exchange or Dexter transfer involves an electron transfer mechanism in
which the excited electron on D* transfers into the LUMO of A with a simultaneous

transfer of an electron from the HOMO of A into the corresponding orbital on D (Fig.
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4.3). Thus, in contrast to the Forster transfer, the Dexter transfer requires that molecules
be much closer each to the others allowing for overlapping of the involved electron
orbitals; typically, ~10 A, and is effectively restricted to neighboring molecules.'?!
Dexter energy transfer does not have a singlet requirement and can effectively act to

transfer energy between triplet states or between singlet and triplet states.

Figure 4.3. Schematic Dexter transfer mechanism.

4.2. Fabrication and Characterization of White Hybrid LUCOs.

In a LUCO configuration, the organic material is deposited on the inorganic diode; but
few details of important parameters as concentrations and thicknesses of the converter
materials are provided in most reports, then, several questions arise when manufacture of
devices with new materials is developed. In response, the concentration, mixtures, and
thicknesses study of converter material was developed in this thesis. For partial LUCO
devices three commercials InGaN blue-LEDs (with wavelength emissions of 460, 465,
and 475 nm) and the commercial copolymer derivative of benzothiadiazole (ADS233YE)
was used as converter. For full LUCO a commercial InGa UV-LED (390 nm) and the
mixture of organic converter were used; a commercial copolymer and two small

molecules synthesized by our group were also employed for this case.
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4.2.1. Partial Converter.

To achieve white light through partial down-conversion mechanism is necessary that EL
of the Blue LED and the complementary PL from the organic converter must have a
similar emission intensity (see Fig 4.4; Schematic mechanism proposed to partial
converter LED). The adequate EL and PL emissions were explored by the study of the
thicknesses of the organic films. The luminous parameters were compared with the

commercial white LED to estimate possible advantages and challenges in this proposal.

Figure 4.4. Schematic mechanism proposed to partial converter LED.

The PL, EL and Abs spectra of the used material are shown in Figure 4.5; the EL peak of
the blue LED is centered at 465 nm. According to the Abs spectrum, ADS233YE exhibit

two peaks; one centered at 400 nm, and another at 450 nm which corresponds to n-n* and
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n-7 transitions. As can be seen in the PL spectrum, this material exhibited a peak of
emission centered at 540 nm. Quantum yield of ADS233YE film was of 84%, and the

time decay of 2.6 ns.

T
- - —Abs ADS233YE
PL ADS233YE 1
—EL Blue LED (InGaN)

Normalized Intensity

300 400 500 600 700
Wavelength (nm)

Figure 4.5. Absorption and emission spectra of the materials used in the partial LUCO.

The EL of the blue LED centered at 465 nm matches partially the absorption of the
organic converter (Fig. 4.5). The emission of the blue LED (465 nm) is absorbed by the
ADS233YE films and then re-emitted on a longer wavelength (540 nm). Blue InGaN
LED has a band gap of 2.66 eV while 2.55 eV is the optical band-gap of the ADS233YE,

calculated from absorption data (Fig. 4.5).

Then, to achieve a good complementary EL and PL emission, the thickness of
ADS233YE should be evaluated. Assuming that the organic films are homogeneous, is

possible to use the Lambert-Beer Law:

A =¢gcl =-logq (;—1) (8)
0
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that relate the absorbance A with the thickness | and the concentration ¢ of the film. Based

on this law, is clear that varying | of the converter material films, the ratio between the

final I and initial I intensities (1—1) is modified, where is assumed that Iy and I
0

represent the EL intensities from LED before and after crossing the converter film.

In a first approximation, ADS232YE was dissolved in different concentrations from 5 to
80 mg/ml. For each ratio, films were fabricated at the same rate of 3000 rpm using spin
coating technique and deposited on top of the blue LED. The bias voltage was set to 5.5V.
Figure 3.8 shows the spectra for concentrations of 10, 20, 40 and 80 mg / ml, which leads
to thicknesses of 40, 70, 120 and 190 nm, respectively. As expected, with increasing
concentration and thickness of ADS233YE, PL also increases, while EL intensity
decreases (Fig. 4.6a). Despite that PL increases, its intensity was not enough to achieve a
good intensities balance (EL-PL), then white light was not achieved (see the normalized
spectra of the Fig. 4.6b). By further increasing the concentration of ADS233YE, a good
balance between EL and PL was achieved. However, at concentrations higher than 40
mg/ml it is difficult for the material to form films using the spin coating technique

showing poor optical quality as, for example, low homogeneity.

1.0
= 5.0x10% g EL(@65nm) - - - -Blue LED (EL)
=3 il / o Concentration (W/V)
A i — - -Blue LED (EL) % 0.8 EL 10mg/ml (EL*PL)
> i Concentration (W) 0 - 20mg/ml (EL+PL)
7 . ; 10 mg/ml (EL+PL) £ [ M 40mg/ml (EL+PL)
=  4.0x10% 4 I‘ | 20 mg/ml (EL+PL) w 0.6 S ——80mg/ml (EL+PL)
2 i 40 mg/ml (EL+PL) °
= I — 80 mg/ml (EL+PL) o
c 'R\ = 0.4
Q 4 o ©
‘o 2.0x10% 1 1S
- =
£ ! S 024
o 3 PL (540 nm) =
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‘ ‘ ‘ T : ‘ .
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Wavelength (nm) Wavelength (nm)
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Figure 4.6. Emission spectra of the devices at different concentration, a) relative
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intensity; b) normalized.

A second experiment was carried out by changing the thickness of the organic converter
to larger steps (in order of microns). The concentration of ADS233YE was fixed at 30
mg/ml and the bias voltage at 5.5 V. Therefore, thicknesses were increased from 0.1 to
1.0 um in 0.1 um steps by varying the spinner rate. Figure 4.7 shows the emission spectra
of 4 thicknesses and the relationship between thickness and color balance is evident. For
thicknesses lower than 0.3 um the EL emission is far superior to the PL; thus, the blue
color is dominant. However, the formation of quasi-white emission was measured with

CIE (0.23, 0.29).
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Figure 4.7. LUCO experiment in function of the thicknesses of the converter material, a)
relative emission spectra,; b) normalized spectra, c) photography of the devices; d) CIE

map coordinates.

For thicknesses higher than 0.3 um and lower than 1.0 um, white emissions were obtained
thanks to good complementary emissions between EL and PL. For 0.6 um, neutral white
emission was reached; for this configuration, the blue and yellow emission have an
approximately equal intensity. The CCT and CIE were (5240 ° K) and (0.34, 0.40),
respectively. Close to 1.0 pm the CCT and CIE achieved were (<4000 ° K) and (0.42,

0.47), respectively. For this thickness, the yellow emission is dominant allowing the
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formation of warm white light. For values above 1.0 um, the EL disappeared and only

yellow emission was observed.

Figure 4.7c shows the LUCO devices corresponding to 0.3 pum thickness. Figure 4.7 d
shows the CIE map with all the coordinates of the fabricated devices and Table 4.1

summarizes the optical and color parameters.

Table 4.1. Color and temperature coordinates of the devices in function of the converter

material thicknesses.

Thicknesses CCT (°K) CIE Color
0.1 um >20000 (0.13, 0.08) Blue
0.2 um >16000 (0.20, 0.18) Cian
0.3 pm >10.000 (0.23, 0.29) Quasi-cold
white
0.6 pm 5240 (0.34, 0.40) Neutral white
1.0 um <4000 (0.42, 0.47) Warm white

The color emission in function of the thickness | is shown in the graphic of Figure 4.8.
The values were obtained from the experimental results when the bias voltage was 6.0 V.
In other words, to maintain the color emission in the voltage range (5.0 to 6.0 V), the
corresponding values of | for each case must be taken. Cold white could be achieved
between ~0.38 to 0.53 um, neutral white between ~0.55 to 0.71 pm and between ~0.72 to

0.95 um for warm white.
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Figure 4.8. Emission color in function of the thickness |.

The above relation between color emission and thickness of converter was here proved
by the fabrication of three devices: a neutral white emission (LUCO A), cold white
emission (LUCO B) and warm white (LUCO C). Spectra emissions are shown with

relative and with normalized intensities to observe changes more clearly (see Fig. 4.9a-
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Figure 4.9. Emission spectra of different white LUCO devices as a function of the bias
voltage, a) neutral white (LUCO A); b) normalized spectra (LUCO A); c) cold white
(LUCO B), d) normalized spectra (LUCO B), e) warm white (LUCO C); f) normalized

spectra (LUCO C).

As can be seen for each device, spectra emission was maintained from 5.0 to 6.0 V, it
means that the color emission was not modified as a function of bias voltage as is
illustrated in Figures 4.9b, 4.9d y 4.9f. The concentration of the converter material in
devices A, B and C were 35, 45, and 30 mg/ml while the thicknesses were 0.59, 0.31 and
0.94 pm, respectively. Table 4.2 summarizes color and luminous parameters measured

for the three different devices; from the parameters reported, neutral white achieved the
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best CIE color (0.33, 0.42) and the highest CRI (75). The maximum luminous efficacy

was reached with the cold white devices, having an acceptable value of 55 Im/W.

Table 4.2. Color quality of the LUCO devices and maximum luminous efficacy (npg).

Device  Max M CCT (°K) CIE (x, y) CRI Color
(Im/W)

LUCO A 51 5500 (0.33, 0.42) 75 Neutral white

LUCO B 55 8000 (0.28, 0.34) 70 Cold white

LUCO C 48 <4000 (0.42, 0.47) <60 Warm white

Partial white LUCO and commercial white LED comparation

Three different LUCO devices were fabricated and compared with two commercial white

LEDs (see Fig. 4.10a). For the three LUCO devices, ADS233YE was employed as

organic converter but with different blue LEDs: LUCO D (blue InGaN LED (460 nm),

LUCO E based in an InGaN/GaN (480 nm) and LUCO F, based on InGaN (SMD-5730)

LED. As can be observed in the spectra of Figure 4.10a by changing the blue LED in the

LUCO configurations, different white spectra could be achieved with acceptable

luminous parameters that were reported in Table 4.3. The two commercial white LEDs

were LED 1 and LED 2; LED 1 is based on InGaN (SMD-5730) plus the phosphor

YAG:ce while commercial WLED 2 is an InGaN LED (440 nm) plus the phosphor YAG

as the converter.
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Figure 4.10. Emission spectra of different LUCO and commercial white LED, a) three
different LUCO devices based on different blue LEDs and two commercial white LEDs;
b) comparation of white LUCO F and commercial WLED 1, which have identical blue

LED, in the same figure is shown a photography of the device’s operation.

In Figure 4.9b emission spectra of LUCO F and commercial WLED 1, which uses the
identical blue LED as the excitation source, are shown for a best comparation, moreover,
the picture of the two devices can be observed. Both devices exhibited cold white light
but the conventional YAG:Ce phosphor offer a broader emission (500-700 nm) than
ADS233YE (500-675 nm), thus, WLED 1 exhibited the excellent CIE of (0.32, 0.33) and
CRI (77) higher than LUCO F. Regardless the achieved CIE (0.34, 0.36) and CRI (72)
with the organic material such values are acceptable within the SSL field. An advantage
of this mechanism is that through the modulation of thickness, a slight improvement of
the CRI can be obtained, as was evidenced with the CRI value of 74 for neutral white
LUCO device reported in Table 4.3. Also, by varying the thickness of the converter, the
CIE and CCT can be easily tuned. However, organic devices with a broader emission

would be the best option to enhance the color performance.
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The main LUCO parameter is the conversion efficiency, defined as the ratio of the number
of photons emitted by the LUCO to that of the photons emitted from the blue LED. For
white LUCO F, conversion efficiency has a value of 74 % while to phosphor is of 93%.
That means that the phosphor YAG:Ce is a better converter than organic material
ADS233YE, however, luminous parameters that exhibited the white LUCO F are highly
acceptable for this technology. Nevertheless, it is superior to some conventional sources
such as incandescent, halogen and fluorescent lamps and, these devices are very close in
performance than the commercial WLED 2. Figure 4.11 shows the power conversion (PE)

and luminous efficiency (npg) as a function of the current for the two devices, the

maximum PE and npg for LUCO F were 21 and 19% lower than WLED 1.
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Figure 4.11. Power conversion and luminous efficacy of white LUCO F and commercial

WLED 1.

Table 4.3. Luminous and color quality of the LUCO devices fabricated in this thesis and

commercial white LED used as reference.
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Device Conversion nee (Im/W) CCT (°K) CRI (%) CIE
efficiency (%)

LUCOD *NM 49 + 0.5% 7800 + 0.2% <50 (0.28,0.36)
At52V

LUCOE *NM 41 £ 0.5% 7200 + 0.2% <50 (0.28, 0.42)
At54V

LUCOF 75 55 +£0.5% 5200 + 0.2% 73 (0.34, 0.36)
At54V

WLED 1 93 70 £ 0.5% 6100 + 0.2% 77 (0.32, 0.33)
At54V

WLED 2 *NM 52 +0.5% 5600 £ 0.2% 74 (0.33,0.31)
At3.6V

*NM: not measured

Therefore, based on these results of partial down-converter LUCOs, to find the best PL

and EL combination a study of concentrations and thicknesses is necessary. Once these

parameters are optimized, good and tunable white emission can be achieved. With

ADS232YE in LUCO configuration it was possible to find color quality and luminous

parameters as good as in commercial phosphorous. However, to improve the CIE and

CRI, an organic material with a higher contribution at red wavelengths would be

desirable.

4.2.2. Full Converter.

White organic LUCO device based on full down-converter are those whose white

emission provides completely from the photoluminescence of organic materials with an
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inorganic UV LED used as excitation source. A single organic material is unlikely to emit
in the entire visible spectrum, for this reason, in this configuration is more effective to
have the mixture of different materials whose emission range is from blue to red. Thus,
the main focus of this study was finding the appropriate mixture of organic converters to
achieve devices with acceptable luminous parameters. As converter materials two
commercial copolymers (ADS232GE and ADS233Y3) and two organic dyes synthesized

by our group (ACN1 and JP5) were employed.

Absorbance and photoluminescence spectra of the organic materials are shown in Figures
4.12a and 4.12b. ADS232GE has its main absorption peak centered at 395 nm while
ACNI1 has the peak absorption at 400 nm. ADS233YE exhibits the main peak of
absorption at 400 nm and a shoulder around 450 nm. The dye JP5 shows two peaks of
absorption, the main centered at 380 nm while the other, weaker, at 575 nm. These
materials were chosen due to the maximum absorption in the near UV region of the four
compounds that match the EL emission of the UV LED (385 nm). The PL spectra of
ADS232GE and ACNI1 showed peaks centered at 461 nm and 500 nm, respectively.
Contrary to the absorption spectrum, ADS233YE only exhibited the main PL peak at 540
nm, while JP5 exhibits two transitions, the first at 678 nm and other with less intensity

above 750 nm.
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Figure 4.12. Normalized absorption and emission spectra of the organic material

employed to full LUCO devices, a) absorbance (Abs); b) emission.

For the first full LUCO device, the dyes ADS232GE and JP5 (blue and orange-red dyes)
were mixed, this device was named "FULL LUCO 1". The concentration of ADS232GE
was fixed as weight 1 and the weight ratios of JP5 with respect to the copolymer were
0.2,0.4, 0.6, and 0.8. A solution with a concentration of 35 mg/ml was prepared to deposit
films by spin coating, thickness was between 0.5 to 0.6 um. Figure 4.13a shows the
emission spectra of the FULL LUCO 1. Since the concentration of JP5 increases, changes
in the CIE coordinates were observed as well as good emission balance between blue and
orange-red wavelengths, achieved at (1:0.6) and (1:0.8) weight ratios. However, the
absence of green and yellow colors in this copolymer-dye mixture did not allow the
generation of white light, even though it served to estimate material weight ratios and
film thickness. The quantum yield of ADS232GE film was 0.78 while for JP5 0.4. With
(1:0.2) ratio, the highest conversion efficiency was achieved (68%) against the lowest
value (47%) with the JP5 weight ratio (0.8). From this result, it is evident that the
conversion efficiency is related to the quantum yield of each material and will be closer
to the dominant material in the mixture. It should be noted that, in the LED operating

range, from 2.8 to 4.0 V there was a complete conversion of the incident light.
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Figure 4.13. Normalized emission of the full LUCO devices, a) FULL LUCO 1 (mixture

of ADS232GE and JP5); b) FULL LUCO 2 (mixture of ADS232GE, ACNI, and JP35)

In a second mixture of organic materials, three converters were employed; the copolymer
ADS232GE and the dyes ACNI1 and JPS. This device was named FULL LUCO 2. The
thickness and ratio of the converter/solvent was the same of above. The main difficulty
of this mixture was to find a common solvent for the three materials to fabricate films
with acceptable optical quality. From all these tests, a mixture of toluene and
chlorobenzene (1:0.1 v/v) was found to reach a good dissolution. The ratio for
ADS232GE and ACNI was fixed at (1:1) and the weight ratio of the JP5 dye was
gradually increased from 0.0 to 1.2, results are shown in Figure 4.13b. As observed,
emissions from ADS232GE and ACNI are overlapped emerging in a single peak centered
at 490 nm with a bandwidth from 430 to 560 nm. Although a very wide emission spectrum
was obtained (450-850 nm) in all cases, the emissions achieved did not correspond to
white color. The lack of yellow contribution does not allow to obtain better color
coordinates, but it was closer to white color than the FULL LUCO 1 configuration. The

closest to cold white was achieved when the concentration of the materials was
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(1.0:1.0:1.2) with CIE (0.27, 0.26). With the same ratios, the conversion efficiency was

52%, value close to the average quantum yield of the three materials.

A third set of devices, FULL LUCO 3, was fabricated combining two materials; the
ACNI dye, which was fixed as weight 1, and the ADS23YE copolymer whose weight
ratio was varied from 0.5 to 3.0. With this configuration, emission spectra between 400
to 700 nm were observed with acceptable CIE coordinates corresponding to neutral and
quasi-warm white (see Fig. 4.14). For this configuration, one of the two peaks were
observed at 565 nm, corresponding to the copolymer ADS233YE. However, this peak
exhibited a red-shift of 25 nm with respect to the individual emission of the material (540
nm, see figure 4-12b). For the ratios (1.0:0.5), (1.0:1.0) and (1.0:1.6), a peak centered at
491 nm was observed, corresponding to the ACN1 compound but it exhibited a blue-shift
of 9 nm with respect to the PL spectrum of Figure 4.13b. For the ratio (1.0:2.0), this peak
1s further shifted towards blue changing from 491 nm to 461 nm. These red and blue shifts
influenced a greater widening of the emission spectrum and therefore the generation of

acceptable white colors.
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Figure 4.14. Normalized emission of the FULL LUCQO 3 devices to different weigh ratios

of the mixture ACN1:ADS233YE.

The shifts could be associated with the intermolecular interaction of the two materials as
is shown in the scheme of Figure 4.15. The mechanism that could generate the red-shift
is the exciplex process. For the ratio (1.0: 3.0) the peak centered at 461 nm becomes a
shoulder around 500 nm; which means that the type of interaction is reduced for this
relation and the individual transition of ACNI1 is observed again. In some reports, it has
been stated that the intermolecular interaction can tune the emission, for example Perez
and co-workers'® reported that a polymer matrix is a medium that induces the

aggregation of the dye leading to the change in emission wavelength.

Figure 4.15. Schematic representation of the mechanisms to full LUCO devices.

Luminous and color parameters for FULL LUCO 3 are summarized in Table 4.4. The
conversion efficiency of this configuration increases when the ADS233YE concentration
does, this is related to the quantum yield of the materials being from 0.57 for ACN1 and
0.84 for the copolymer. This was already evidenced with the previous LUCO device. For
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these devices of down-conversion mechanism, the best conversion efficiency was 78%.
In addition, the luminous was also improved according to the ADS233YE ratio, being 38
Im/W the highest corresponding to the ratio (1.0:3.0). The best white light was achieved
with the ratio (1.0:1.6) due to the good balance color with CIE (0.36, 0.43) that
corresponds to neutral white light and CRI of 70. Despite the good values achieved, the
emission of this mixture needs a better orange-red contribution to enhance the color and

reach ideal white in order to have a superior performance than lighting systems.

Table 4.4. Luminous parameter of the FULL LUCO 3, where the mixture of ACNI dye

and copolymer ADS233YE was used as full converter material.

Ratio Conversion NPE CCT CRI CIE (x,y)
(ACN1:ADS233YE) efficiency (Im/W) (°K)

(1.0:0.5) 57% 19 6184 51 (0.26, 0.40)

(1.0:1.0) 60% 24 5700 56 (0.32, 0.45)

(1.0 :1.6) 66% 27 4983 70 (0.36, 0.43)

(1.0:2.0) 71% 35 4364 65 (0.35,0.42)

(1.0 :3.0) 78% 39 4364 61 (0.38, 0.46)

To improve quality of the white emission, the FULL LUCO 4 was fabricated which
includes an orange-red dye. For this LUCO device, the mixture employed was
(ACN1:ADS233YE:JP5), where the ACN1 and ADS233YE ratios weights were fixed at
(1.0:1.6) taking advantage from FULL LUCO 3 performance, while the JP5 was varied
to ratios of 0.1, 04, 0.8, and 1.2. The emission spectra are shown in Figure 4.16. For all
ratios of JP5 (0.1 to 1.2) the emission spectrum was observed to be very broad, from 380
to 780 nm, with acceptable luminous determined values (see Table 4.5). The ratio
(1.0:1.6:0.0) was plot as reference. For the ratio (1.0:1.6:0.1), three peaks were observed
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at 475, 554 and 672 nm, besides, a weak shoulder at 775 nm. Unexpectedly, the highest
intensity peak (475 nm) corresponding to ACN1, has a blue-shift with respect to the
emission without JP5 as well as the ADS233YE peak centered at 554 nm, which exhibits
a blue shift of 13 nm. For this peak (554 nm) the intensity decreases, compared with the
reference, due to the small absorption of the JP5 at these wavelengths. For the ratio
(1.0:1.6:0.4), the peaks observed were at 481, 554 and 659 nm, with a small red-shift for
the ACNI1 peak, ADS233YE emissions was kept on but the JP5 emission exhibited a
blue-shift of 19 nm compared with the previous relation and its intensity increased. For
(1.0:1.6:0.8), a notorious change was observed, the ADS233YE peak disappeared due to
the increment of JP5; this means that JP5 absorbed the light from ADS233YE because of
the matching in emission and absorption, however the spectrum conserves a considerable
yellow contribution. For the last ratio tested (1.0:1.6:1.2), only two peaks were observed
at 487 and 648 nm, the peak center at 487 nm was red-shift compared with the previous

ratio. For all ratios, excellent CIE were measured.
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Figure 4.16. Normalized emission of the FULL LUCO 4 devices to different weigh ratios

of the mixture ACN1:ADS233YE.

The blue and red shift must be explained by the intermolecular interactions emerged in
this down conversion mechanism (see Fig. 4.16). Despite these possible intermolecular
interactions, which were not considered in this work, the reported results and optical
properties of the used materials show that the mechanisms of exciplex and FRET are
related to these unexpected displacements as illustrated in Figure 4.15. Any
intermolecular interaction can produce the superposition of excited sates and could be the
responsible of the quenching of the shoulder centered at 775 nm that JP5 exhibited alone.
Also, these processes could be the reason for the dissociation of the interactions that in
the previous devices had already exhibited the compounds ACN1 and ADS233YE.

4

Melgoza'** reported that ACNI interacted with other neighbor dyes, causing a

modification of the expected spectrum. The morphologies of the films fabricated with the
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different materials and mixtures used for the FULL LUCO 3 and FULL LUCO 4 are
shown in Appendix B (Figures B.3-7). Differences in size and shape of the agglomerates
of the films were observed, which could be related to the intermolecular interactions that
these materials exhibited. Other authors have reported that the intermolecular interactions
can modify the morphology of the organic films and at the same time the optical

properties such as the emission. 36138

Table 4.5. Luminous and color parameter to FULL LUCO 4.

Ratio Conversion NPE CCT CRI CIE (x,y)

(ACN1:ADS233YE:JP5) efficiency (m/W)  (K)

(1.0 :1.6:0.0) 66% 27 7780 62 (0.26,0.40)
(1.0 :1.6:0.1) 71% 33 8800 71 (0.27, 0.34)
(1.0 :1.6:0.4) 68% 30 6832 93 (0.34, 0.33)
(1.0 :1.6:0.8) 62% 21 6627 89 (0.31,0.30)
(1.0:1.6:1.2) 54% 15 3299 78 (0.42,0.38)

With this mixture of organic converters, the excellent CRI values of 89 and 93 were
achieved, with CIE (0.33, 0.30) and (0.32, 0.32) respectively. In regards to luminous
parameters, the conversion efficiency suppressively was improved to 71% when the JP5
weight ratio was 0.1 and at the same ratio the maximum power efficiency of 33 Im/W
was exhibited. Possibly, intermolecular interactions at low JP5 concentration enhanced
the down conversion mechanism, while at higher ratios as 0.8 and 1.2, it reduced the

conversion.
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5. A COMPARISON BETWEEN THE TWO STUDIED MECHANISMS
FOR PRODUCING WHITE LIGHT FOR SSL

This chapter presents a comparative discussion of the achieved parameters (CIE, CRI,
energy efficiency, luminance and bias voltage) for white light through the use of down-
conversion and exciplex mechanisms. A comparison among luminescent parameters
exhibited by WOLEDs and LUCOs, which are predominantly related to the technology

of fabricating SSL devices, is presented.

CIE and CRI parameters: White color. Organic semiconductors were used in this thesis
as emitting materials in WOLEDs and LUCOs. As discussed above, these materials can
emit in all the visible spectrum. This is an advantage over inorganic semiconductors and
other lighting technologies which, lacking contribution in some frequencies of the visible
spectrum, exhibit low CRI and poor CIE. Moreover, as was already discussed in chapter
1, these materials could be an effective solution in the SSL free of REEs. Therefore, white
OLED and full LUCO devices exhibited excellent CIE and CCT color coordinates and,
the high CRI values (85 and 92, respectively) are outstanding. These values can be
compared to those of commercial LEDs, CRI values oscillating around 80. Therefore,
based on this comparison our devices would be good white sources, which reproduce nice

colors and might be used as SSL.

In particular, it has been shown in previous chapters that broad emission from 400 to 700
nm is possible with exciplex states from a single emitting organic compound; CIE (0.31,
0.33) and CRI of 85. Therefore, the cost to produce such devices is less expensive and
the manufacturing process becomes easier in comparison with other WOLEDs to obtain
white light with similar characteristics. Regarding the down-conversion, white emission
can be obtained very easily with the reported hybrid configuration using only one organic

compound for the case of the partial conversion devices. However, the achieved white
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light lacks contribution below 440 nm due to the emission properties of the used blue
LED; additionally, the used organic converter lacks contribution in the reds thereby their
CRI value is low (<73). Nevertheless, for comparison, the achieved emission already has
the quality offered by commercial white LEDs based on phosphors. To improve the
quality of white emission with partial conversion, blue LEDs with emission below 440
nm would be beneficial as well as organic converters of wider emission from green to
red; for now, a single organic compound, as reported in this thesis, is unlikely to exhibit
better quality. In contrast, with the full down-conversion mechanism wider emission
spectra corresponding to CRI coordinates above 90 and CIE (0.32, 0.33) can be obtained.
For this case, the emission from up to three organic compounds can be combined so
spectra from 400 to 800 nm were observed. Thus, the full down-conversion mechanism

is much better mechanism to achieved excellent white color.

WOLEDs and LUCOs devices based on the exciplex and down-conversion mechanisms
are very easy to manufacture. A major limitation to induce convenient exciplex states is
to find HTLs and ETLs that allow the formation of adequate energy barriers with the
EMLs and be adjusted to proper values. Further, the quantum mechanics modeling for
exciplex states is due to Kalinosky but there is not a high correlation between this model
and experiments. For example, Kalinosky's model does not take into account the thickness
of the HTLs and ETLs that, based on our study, influence the generation of those states,
thereby, the proper prediction for the type of spectrum to be generated is still loose with
this modeling. A deep understanding of the exciplex mechanism is necessary to improve

the model.

For the case of down-conversion, the major challenge is to find materials with high
quantum yield, the precise concentrations between the emitting materials, as well as to

avoid re-absorption. Moreover, with this mechanism contrary to exciplex is highly
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possible to design the desired color in advance, based on the individual PL spectra of each
material. A model involving Lambert-Beer's law and the quantum yield of the materials
could be a powerful tool to make an accurate prediction of color for the LUCO devices,
although intermolecular interactions may arise causing a slight change in the expected

emission spectrum.

An attractive property observed in both studied mechanisms was emission tuning. As
mentioned in chapters 2 and 3, the emission from WOLED and LUCO devices can easily
be tuned from cold to neutral and warm white, which would make them attractive for use
in both industry and research. This tune property hardly can be exhibited by conventional

emission sources including inorganic SSL.

Energy efficiency. It is necessary to emphasize two aspects concerning this concept for
the adequate comparison of the achieved values reported in this work. Firstly, for SSL the
efficiencies that can be calculated are external quantum efficiency (EQE), power
efficiency (PE) and conversion efficiency. Any device with high EQE should exhibit high
PE and high conversion efficiency; although the conversion efficiency is only applied to
devices that operate under the down-conversion mechanism and is related with the
quantum yield of the converter material. Secondly, for fluorescent materials such as those
used in this thesis, the EQE under the EL phenomenon is limited to 5 % and LEDs to 75
% due to physical restrictions of the exciton spin-statistic and non-radiative
phenomena.'** Thus, to achieve better energy efficiency it is more convenient to use
hybrid devices based on down-conversion because they combine high efficiencies of
LEDs and the organic converter under EL and PL. For example, the compound
ADS232GE was used as the active layer in WOLEDs, reaching a maximum PE value of

~5 Im/W while for LUCO, as converter material, its maximum PE was ~15 times higher.
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The top value for the PE for WOLEDs is around <40 Im/W while for the exciplex
configuration here reported was less than 10 Im/W. This low PE value is due to the
limitations of the used fluorescent materials, which would reduce their use on SSL
applications for high energy consumption such as indoor and outdoor lighting. However,
exciplex WOLED on lower-energy consumption applications such as display screens may
have a better acceptance on flexible optoelectronic devices. For this structure the energy
efficiency can be enhanced through the synthesis of new materials which conserved the
broad emission spectrum, of the used CZDD in our case, but with the addition of

phosphorescent or thermal active delayed fluorescence (TADF) properties.

For devices under LUCO mechanism the maximum values for the conversion efficiency
for partial converters is 75 % and for full converters 68 %; the YAG:Ce phosphorus is
about 90 %. The PE achieved values for partial and full LUCOs in this work were 55 and
30 Im/W, respectively, which are much higher than those obtained with our best exciplex
WOLED. These values are acceptable for using as white light sources and they are higher
than some current light sources (incandescent and fluorescent). Taking into account the
conversion efficiencies and PEs, the LUCO devices are closer than exciplex WOLED to
match the inorganic LED technology. Materials with a quantum yield close to the unit
would be the compound to look for better LUCO devices and they could replace LED

technology based on phosphors doped with REEs.

Luminance and bias voltage. The luminance displayed by the reported devices would
indicate the potential field of application. For example, the 9600 cd/m? achieved with
exciplex WOLEDs are sufficient to be used in displays and TV screens where the

brightness of the devices is within that range of 1000 cd/m?. However, this luminance
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value was achieved at 12 V, which is a bias voltage high for an industrial application. In

this sense, the deep study of the use of buffer layer may reduce the bias voltages.

In the case of the LUCO's voltages, the values are the lowest of all SSL because it is an
electrical intrinsic property of the efficiency LEDs used in this study at the same that their
luminance; the high values of 40000 and 110000 cd/m? obtained with the LUCOs would
be wider the range of application because with those values it could even be used in indoor

or outdoor lighting.

The parameters previously compared are summarized in Table 5.1, in addition, a
qualitative assessment is added as low, high, among others, to the values reported in this

thesis regarding the state of the art of SSL.

Table 5.1. characteristic parameters of the organic/hybrid SSL sources manufactured in

thesis work.

Technology/Mechanism Efficiency CRI Luminance  Turn-on Tuning
(cd/m?) White/fabrication
OLED/Exciplex
MpE=7.5 Im/W 85 9600 50V Varying thickness and
(OLED-3) exciplex transition
Low High Low Acceptable Easy/Easy
Hybrid/partial down- npe=55 Im/W Varying thicknesses of
conversion Conversion efficiency 35V organic material.
(0.75) 73 > 110000 50V The blue LED limited the
broad blue contribution.
High Low High Low Limited/Easy
Hybrid/full Nnpee=30 Im/W
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down-conversion Conversion efficiency 93 >40.000 35V Varying the ratio weight
(0.68)

Acceptable High Acceptable Low Easy/Easy

To sum up, exciplex and down-conversion mechanisms employed in SSL are an
alternative to fabricate easy devices with acceptable luminous parameter. For
commercialization, both mechanisms present challenges to be overcome. In the case of
the exciplex WOLED, an improvement in energy efficiency is necessary, as well as
complete studies of lifetimes and encapsulation. In the case of LUCOs the next step is a
study of thermal stability and lifetime. The advantage of LUCO over the WOLED devices
studied here is that it already has the appropriate luminescent parameters for different

applications within the SSL.
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6. CONCLUSIONS AND FUTURE WORK.

6.1 Concluding Remarks.

Based on the mechanisms of exciplexes and down-conversion in emissive organic
materials, it was shown that white light could be generated with acceptable lighting
characteristics for SSL systems. It should be underlined, for the first time, the emission
from both interfaces of the emissive material in exciplex devices is reported; besides, the
CRI value (93) is among the highest achieved so far. The emission from both interfaces
was possible through the study and use of adequate material as EML, i.e., a material with
HOMO and LUMO energy levels that allow charge accumulation at both interfaces,
which leads to exciplex formation. It was demonstrated the influence of the energy barrier
and the thickness of the organic films for the exciplex states can be to emerge. In the first
study, it showed that for the exciplex formation the energy levels of the used materials
play an important rule. It was found that due to the energy barrier formed at
ADS232GE/TPBi and ADS232GE/BPhen interfaces were 0.3 and 0.6 eV, respectively,
allowed the formation of exciplex states, and the emission of white light was possible.
While with an energy barrier around 0.1 eV the exciplex formation was not observed. In
the second study, WOLED based on a new carbazole derivative showed excellent CIE
coordinates (0.31, 0.33). Understanding the role of energy barriers and thickness layers
was used to obtain exciplex emissions in two interfaces formed between the emissive
layer with HTL and ETL. In these devices, the formation of the exciplex transitions at the
HTL / EML interface is related to the change in thickness of the HTL and is responsible
for the tuning emission, while the exciplex transition at the EML / ETL interface was
formed due to the adequate energy barrier, being responsible for emissions at wavelengths

greater than 600 nm, so the good white colors that have been obtained.
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The luminous parameter reached with the simple WOLED structure
ITO/PEDOT:PSS/EML/ETL/Ca-Ag were 6.5 V, 2900 cdm™ and 6.3 ImW-! for the turn-
on, luminance and power efficiency, respectively. The importance of the buffer layer was
evidenced also, all the above parameters were improved considerably by inserting a buffer
layer in between the HTL and ETL, this layer enhanced holes injection, thus, the best
parameters achieved were 5.0 V, 9600 cdm™ and 7.5 ImW-!. Furthermore, taking into
account the novelty of the structures, the easy fabrication, the use of new fluorescent
materials, and excellent color quality, these single white OLEDs fabricated become a

valuable contribution in this field of research.

In the other hand, down-conversion mechanism was used to fabricate partial and full
LUCO devices and excellent white emission was achieved. The appropriates EL and PL
intensities were studied through the control of the ratios and thicknesses of the converters.
White color can be reached with a wide range of thickness (0.3 to 1um) and concentration
(30 to 80 mg/ml) of the organic converter. Meanwhile, the conversion efficiency of the
devices is related with the quantum yield of the organic material, thus, materials with high
quantum yield are disable to guarantee a high performance of the devices. With the partial
LUCO devices, the converter ADS233YE exhibit a quantum yield of 84% and the
maximum conversion efficiency was of 73% while for full LUCO devices, the conversion
efficiency was of 71% with the mixture (ACN1:ADS233YE:JP5) which should be related

at the average quantum yield of the materials.

Regarding the emission color, it was found that with LUCO devices excellent color
characteristics can be achieved where the intermolecular interaction played an additional
role to broad the emissions. The overall color characteristics of the devices fabricated are
acceptable compared to the other lighting sources. A close ideal CIE was exhibited of

CIE (0.32, 0.33), and the CRI values (93) are among the highest reported. With this study,

92



it was demonstrated that organic materials as converters are an alternative in SSL field

against the use of phosphors. Optical parameters and color quality are acceptable to

compete with those of phosphors materials.

A deep understanding of the intermolecular interaction in the organic materials could be

the indispensable way to improve the performance of these novels SSL proposed.

5.2. Future Work

Despite of the good results, challenges to improve the performance in the two mechanism

are necessary to address, which are listed as follow:

A better understanding of the intermolecular interactions. A better understand
of these interactions would allow us to predict the true potential of the exciplex
structures as well as the exactly energies of the new transition formed. In this
sense an alternative to the Kalinosky model must be developed, which enclosed
other physical and chemical properties than the organic material exhibited and can
be related to this interaction. In this same way, the measured time decay in
electroluminescence have to be developed to determine with a larger exactitude
the possible new transitions formed under electrical excitation.

Better organic materials. News and commercial organic materials with optical
properties as phosphorescence and TADF will be used in this simple OLED
structure to find new white devices under exciplex mechanism with high
efficiency energy. In the LUCO case, new material with high quantum yield and
phosphorescent properties are desirable, where a superior conversion efficiency

than phosphors materials based on REEs is expected.
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A theoretical model LUCO. A general model to determine thickness,
concentration, ratio, emission and conversion efficiency in LUCO devices could
be developed taking into account the Beer-Lambert's law but adding parameters
such as quantum yield. This would shorten the experimental work for future
research.

Application of these novel organic and hybrid devices. Lifetime and stability of
the devices should be studied because it is an important aspect that determine the

application and commercialization of the device.
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7. OTHER CONTRIBUTIONS.

6.1. Study of the intermolecular interaction due to acids and thermal
treatment to tuning emission in OLED devices.

The optical properties of organic conjugated compounds are usually determined by their
chemical structure and the presence of functional groups. However, some fluorescent
compounds have the ability to tune their absorbance and fluorescence (PL) in response to
some external stimuli such as pressure, heat, pH, mechanical grinding, solvent polarity,
etc. These compounds named “smart” fluorescent materials have attracted considerable
attention owing to their potential applications in optical switches, organic light-emitting
diodes (OLEDs), data recording, sensors, displays or photodynamic therapy.!'4*-!#* The
external stimuli affect the molecular conformation, packing, and noncovalent
interactions, leading to changes in their luminescence properties.'3*!47152 1 et al.,'*” in
a recent review did an excellent description of different examples of these luminescence
changes that some materials. In particular, for thermal stimuli (thermochromism) or

changes in pH conditions (halochromism) have been widely reported.!>3-163

In this work, a systematic study of changes on optoelectronic-properties of (Z)-3-(4-(4,5-
diphenyl-1H-imidazole-2-yl)phenyl)-2-phenylacrylonitrile (DPimdPPA) based films
owing to treatments with acid or temperature, was reported. The DPimdPPA films treated
with vapors of HNO3, HCI or CH3COOH exhibited a hypsochromic shift and an enhanced
in the fluorescence quantum yield (®r). Surprisingly, similar behavior exhibited
DPimdPPA films when were exposed to a thermal treatment with temperatures between
100 °C and 240 °C. XRD study were done; the results show that DPimdPPA exhibited
polycrystallinity and depending of the treatment, different crystal or amorphous patter is

observed. Additionally, morphological studies by AFM showed that agglomerates with
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different sizes and shapes were formed due to either treatments. These particular
agglomerates which are correlated with the XRD habit, are responsible to the
hypsochromic shift and increment of emission intensity. This fluorescence shift was used
to tune the OLED emission; in particular, devices with pristine DPimdPPA film as well
as treated with HNO3 vapor or at temperature of 240 °C were prepared. The emission
with pristine films was warm white with CIE coordinates (0.45, 0.43); with HNO3
treatment was green with CIE coordinates (0.28, 0.40) and, when treated at 240 ° C the
emission was greenish-blue with CIE coordinates (0.35, 0.48). Besides, the optoelectronic
parameters as threshold voltage and luminance were enhanced with the treatments; the
maximum luminance of 5400 cd/m? while the highest luminance efficiency of 5.2 Im/W.
Therefore, in this work it is shown that DPimdPPA can be used to fabricate OLEDs with

different emission wavelength with the above easier treatments.

6.1.1. Acids treatment on DPimdPPA films.

The absorbance and photoluminescence spectra of the DPimdPPA films at room
temperature (rt) and without any other treatment are shown in Figure 7.1a. The maximum
wavelength of absorption (Aabs) was at 396 nm, which corresponds to the m—n* transition
and the maximum wavelength (Amax) of photoluminescence at 569 nm with the Stokes
shift of 7678 cm™!. Figure 7.1b shows the PL spectra of the DPimdPPA films exposed to
HNO3 vapors; as can be observed, Amax shifted from yellow (Amax=569) up to blue
(Amax=465 nm) as a function of the exposition time. Besides, the relative intensity was
increasing. The changes occurred in a short period of time, withing one minute of
exposure the blue-shift begins and after 3 minutes the blue-shifting finished. Further, after
4 minutes the intensity of emission decreased to vanish totally, this could be owing to an

excess of acid that finally damage the film. As is shown in Figure 7.1c, similar blue-shift
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in emission was observed when the DPimdPPA films were exposed to HCl and
CH3COOQOH. The spectra also show a blue-shift in the wavelength of maximum absorption,
from 396 nm to 362, 365 and 378 nm for CH3COOH, HCI and HNO3, respectively. The
PL emission wavelength (ApL) shows similar shifting from 569 nm to 465, 501 and 515
nm for HNOs3;, CH3COOH and HCI, respectively. The increasing of the quantum yield of

the films exposed to acids was measured and is shown in Figure 6.1d.
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Figure 7.1. Acid treatment on DPIMAPPA film. &) Absorbance and photoluminescence
spectra of the DPIMAPPA film (pristine); b) Photoluminescence spectra of the
DPIimMdPPA film exposed to HNO3 vapor during time intervals; c) Absorption and
photoluminescence spectra of the DPIMAPPA films the pristine sample and those exposed
to HCI, HNO;, CH3COOH vapors. (d) Bar diagrams showing the ®r due to the

interaction vapors of acid.
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The changes in the Abs, PL, and ®r of the DPimdPPA films can be attributed to the
proposed protonation mechanism that is shown in scheme of Figure 7.2. That is; the
modification in the molecular electronic density of molecule when DPimdPPA interact
with an acid vapor. In neutral condition, DPimdPPA exhibited a D-n-A structure whereas
in the acidic condition it showed A’-n-A motif because of the absence of lone pair in the

imidazole NH group.

Figure 7.2. Scheme of possible protonation mechanism of DPimdPPA reacted with acid

vapor.

The possible differences in the blue-shift between the three acids could be to do an
auxochromic effect from the counterion, of the respective acid that affect the packing
molecular that each film in turn influence the length of the hypsochromic shift, similar
reports have noticed the influence of the counterions in the protonation.!®*166- Besides,
due to oxidative character of NOs, there could be an increment in the band-gap value
compared with other counterions. In turn it is related to the possible enhancement of the
rigidity of the molecule, the treatment with NHO3 was the only that showed a reduction

in the Stokes shift compared to the pristine film.

The X-ray diffraction (XRD) measurements were done for DPimdPPA films exposed to
acid vapor, the XRD patterns are shown in Figure 7.3. For the pristine film and the film

treated with CH3COOH no diffraction was obtained indicating an amorphous phase. The
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film exposed to HCI presented only one peak at 26=10°. On the other hand, those films
treated with NHO3 exhibited a well-defined XRD pattern with four peaks at 8°, 9°, 15.7°
and 17.7° (20). The two latter cases indicate that the acid treatments have induced a
crystalline phase in the films. The induced crystallinity together with protonation of the
molecules could be the reason for the blue-shift in fluorescence for films treated with acid
vapors. Our results agree with similar studies about changes in the optical properties of

organic molecules under acid environment, !33:159-163.167
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Figure 7.3. Diffractogram of DPImdPPA films exposed to the acid’s treatment.

To correlated the induced crystallinity with the film topography, a morphological analysis
by AFM was conducted to DPimdPPA films before and after being exposed to different
acid vapors, the corresponding images are shown in Figure 7.4. As can be see, the
homogeneous morphology of pristine film (see Fig. 7.4a) changes to like a needle
morphology, the effect was more evident for the treatment with HNOs3 (Fig. 7.4e) while
other for the CH3COOH, the morphology remains like agglomerates and only damage on

the surface is observed because the acid would dissolve the film (Fig 7.4g).
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Figure 7.4. Topographies of the DPIMAPPA films. (a) before acids treatments, (b and c)
treated with HCI for 1.5 min and 3 min, respectively. (d and e) treated with HNOj for
1.25 min and 2.5 min, respectively. (f and g) treated with CH;COOH for 0.5 min and 1
min, respectively. In micrographs 3a, 3b and 3c, a derived filter was used to highlight the

morphologies.

7.1.2. Thermal treatment on DPimdPPA films.

Thermal treatments to organic films have been reported in order to improve their

optoelectronics properties. 68171

To analyze the effect of temperature on optical
properties of DPimdPPA films deposited by either spin coating or vacuum evaporation
methods, films were subjected to heating treatments on a hot plate. It should be worth

noting that with the heat treatment the films exhibited a similar hypsochromic effect as

was evident with the acids like is shown in Figure 7.5. Fig 7.5a shows the absorption
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spectrum of the DPimdPPA film at room temperature and 240 °C (less than the
DPimdPPA melting point, 250 °C). Before thermal treatment, the film showed the
absorption Amax at 392 nm and after heating at 240 °C, a slight hypsochromic shift at 373

nm

Figure 7.5. DPIMdPPA films under thermal treatment. a) Abs spectra of before and for

the thermal treatment at 240 ° C; b) PL at different temperatures.

The hypsochromic shift was also observed in PL analysis (Fig. 7.5b) and it agreed with
the absorption results. At temperatures lower than 100 °C, the initial Apr. for DPimdPPA
films (566 nm) was not affected. However, at 100°C, the emission wavelength changed
to 536 nm (yellowish-green) and remains shifting as the temperature increase up to 496
nm at 160°C (bluish-green color). Along with the blue-displacement, an increase of
emission intensity was also observed and these increments followed until 240 °C. The ®r

at room temperature, 100, 160 and 240 °C was 17, 20.5, 22 and 23 % respectively.

The morphology of thermal treated DPimdPPA films, was studied through AFM. Figure
7.6a-d shows the AFM images of films deposited by spin coating method and subjected

to different temperatures: rt, 100 °C, 160 °C and 240 °C. The deposited DPimdPPA films
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showed a messy morphology (Fig. 7.6a), however, as the temperature increase an ordered
on the morphology appear (Fig. 7.6b). For films heated at 160 °C its morphology showed
the appearance of agglomerates (Fig. 7.6c) and for temperature of 240 °C crystals with

needle shaped as large as 10 um was evidenced (Fig 7.6d).

Figure 7.6. Topographies of DPImdPPA films deposited by thermal evaporation. (a) rt

condition, (b) treated at 100 °C, c) treated at 160 °C and d) treated at 240 °C.

XRD measurements were conducted for pristine DPimdPPA films and treated at three
representative temperatures (100, 170, and 240 °C) at which changes in fluorescence were
observed. The XRD patterns for the pristine and treated films are shown in Figure 7.7.
Initially, the pristine film exhibited an amorphous phase, however, as the temperature
increased, the pattern showed some peaks indicating the formation of a crystalline phase.
The XRD pattern for film heated at 100 °C (temperature after which blue-shift begins),
exhibited one peak at 26=12.1°. For treatments at 170 and 240 °C (temperatures for the
maximum blue-shift and the maximum emission increment, respectively) a well-defined
pattern with peaks at 6.1°, 11.9°, 12.7°, and 19.1° (20), were observed. Therefore, the
heat treatment induces crystallinity in the DPimdPPA films, changing intermolecular
interactions that lead to a hypsochromic effect in optical properties as well as

improvement in fluorescence quantum yield. A rearrangement in the molecular
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orientation owing to heat treatment also induce a change in films morphology as revealed

by AFM analyzes in Figure 7.6b-d.

XRD Film
Pristine (rt)
—100°C
—170°C
—240°C

10000 -

5000 6.

Intensity (a.u.)

20 (Degree)

Figure 7.7. XRD of DPImdPPA films to different temperatures. (a) rt condition, (b)

treated at 100 °C, c) treated at 170 °C and d) treated at 240 °C.

Interestingly, the treatment at 240 °C produced similar effect to that of treatment with
HNO; vapors, both induced crystallinity on the films. For these treatments, the blue-shift
in emission was the larger and for the case of temperature the higher quantum yield was
also achieved. Further, the treatments were able to change the films morphology and lead

to the formation of crystals with needle like shape

7.1.3. Electroluminescence properties.

The DPimdPPA films were used as active layer for OLED devices. Three different types
of OLEDs were prepared, one where active layer was used without any treatment (OLED-
1), one treated with HNO3 vapor (OLED-2) and another one with thermal treatment at
240 °C (OLED-3). The treatments features were those where the higher hypsochromic

effect was observed. The electroluminescence spectra of OLEDs 1-3 are shown in Figure

103



6-8 as well as the picture of working devices. OLED-1 with pristine active layer shows a
broad emission spectrum with two emission peaks at 550 and 655 nm with CIE
coordinates (0.45, 0.43), this can be considered warm white light. The emission centered
at 550 nm corresponds to ©- 7 transitions, while the emission at 655 nm, which was not

evident in PL, could be due to intermolecular interactions possibly of exciplex nature.

Figure 7.8. Electroluminescence spectra for OLED devices with DPIMAPPA as active
layer. OLED-1 (without treatments), OLED-2 (NHO; vapor exposure), and OLED-3

(thermal treated at 240 °C).

For OLED-2 a hypsochromic shift in EL like the recorded for PL owing to NHO; vapor
was observed. The EL spectrum showed a hypsochromic shift with respect to OLED-1
and a bluish-green emission was observed, with CIE coordinates (0.28, 0.40). The EL
spectra shows two peaks, the n-n transition at 500 nm and that corresponding to exciplex
formation at 575 nm. Compared with the EL spectra for pristine device, the peak assigned
to m-m transitions increase while the peak assigned to exciplex decrease. In the case of
OLED-3, the blue-shift observed for PL was not evident, for EL the wavelength of
maximum emission centered about 530 nm shifted 125 nm compared with thus for

pristine device (655 nm). However, the broad EL spectrum has CIE coordinates (0.35,
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0.48) quite similar to the recorded for OLED-1. According with these results, the tuning
emission is evident due to the acid and thermal treatment compare with the reference
OLED-1 whose EML was not exposed to neither treatment; the blue-shifts were 55 and

26 nm, to OLED-2 and OLED-3, respectively.

Conclusion

A tunable hypsochromic effect in absorption and fluorescence, as well as an increment in
the intensity of emission, of DPimdPPA films are reported owing to treatment with acid
vapors of HCl, HNO3, and CH3COOH or by heating at temperatures above 100 °C. Both
treatments induced crystallinity in the films and the XRD pattern showed a preferential
molecular orientation. The induced crystallinity modifies the molecular arrangement and
intermolecular interactions since a change in the film morphology was observed.
Therefore, the induced crystallinity and molecular rearrangement effects are responsible
for the changes in optical properties. The changes in emission owing to acid and thermal
treatments were used to prepare OLEDs with different electroluminescence properties.
This is an easy way for tuning the device's emission that also improves its electrical

parameters.

7.2. Encapsulation OLED.

Encapsulation OLED study was a contribution developed in this work, in the follow

section the summarized of the result more important will be described.

Once the OLEDs are fabricated, encapsulation is the last process they must undergo to
ensure that they work by longer time. Without encapsulation process, these devices only
worked for a few hours due to the degradation that organic materials exhibit in the

presence of oxygen while with encapsulation they can last up to thousands of hours and
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depending on the stability of the compounds used. The devices fabricated were monitored
using the LT50 parameter, which defines the life time of the device when the initial

luminescence drops by 50%.

Two types of encapsulation were made in this work; one, using the E131 resin and another
using a hybrid composed, formed by the NOA 76 resin and silicon nanoparticles. Both
resins were acquired from OSSILA company. In the Figure 7.9 is shown a process
diagram for the encapsulation of both structures; firstly, 25 puL of the E131 resin or 50 uL.
for the hybrid resin was deposited on the surface of the OLED. Then the resins were dried
with a UV lamp with wavelength of 365 nm. The curing time for the E131 resin was 3
seconds, while for the hybrid it was 2 minutes. It is important to mention that the coating

was developed under ambient conditions.

Figure 7.9. Encapsulation process to OLED devices, a) deposit of epoxy resin, b) put the

coating glass; c) curing with the UV lamp, d) encapsulated OLED.
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The OLED structure was ITO/PEDOT:PSS/ADS232GE/BPhen/Ca-Ag. In Figure 7.10

is shown the luminance measured in different times, to the device encapsulated with the

epoxy resin E131, according with the results the LT50 to these devices was of 360 h.

The devices were encapsulated immediately after to be fabricated, these were left out of

the glove box in laboratory environment and monitored for luminescence every 6 hours.
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Figure 7.10. Luminance curve in function of bias voltage to different times (hours).

To compare this result with the LT50 that was achieved with the devices without

encapsulation and using the hybrid epoxy resin (NOA 76: silicon nanoparticles), the

Figure 7.11 is shown. As can be seen in the luminance curve, the LT50 to the devices are

24,78, and 360 to without encapsulation, NOA 76, and E131, respectively. According to

the results, E131 offer the highest LT50, possibly because of the short time to cure (3s)

not allow the penetration as occur with the NOA (2 min). As was to expect, the devices

without encapsulation reducing his lifetime very fast, and pass 70 h, let to work.
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Figure 7.11. Luminance in function of the time.

The encapsulated devices, in comparison with the non-encapsulated ones, managed to
delay the degradation process, with lifetimes of up to 360 hours for the first resin,
however, the lifetimes of the devices in both cases are below the values reported by other
authors. whereby is required further and deep study to extend the time of the OLED

devices above 10000 hours.

From this study, the material engineering thesis was done titled “ Encapsulado de
Dispositivos Leds Organicos (OLEDs) Mediante el uso de Resinas Epoxicas!’? by the
student Alejandra Daniela Mercado Ramirez from Tecnoldgico de Estudios Superiores

de Jocotitlan.
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7.3 Ablation laser to OLED patrons.

Laser ablation method was implemented for the engraving of patterns OLED on ITO-
coated glass substrates (Indium and tin oxide), besides the method was employed to

fabricate matrix OLEDs.

As it is a surface emission, the exact delimitation of the OLED area is very important.
There are several methods to carry out this process, among the most used is the wet
etching method, which consists in removing layers of material by means of a chemical
attack. This method is widely used because of its simplicity and because no special
equipment is needed, but, poor delimitation in areas of microns has been evidenced as

will be shown later.

Laser ablation for ITO occurs when a laser beam uniformly strikes the ITO which in turn
absorbs the energy from the laser. This energy must be intense enough to produce a
significant increase in temperature of the material producing a thermoplastic force, which
allows the separation of ITO from the glass substrate where usually it is deposited. The
representative schematic and a photography of the optical array used for ablation are

shown in Figures 7.12a and 7.12b, respectively.

Figure 7.12. schematic of the optical array used for ablation laser.
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For the implementation of the laser ablation technique an Nd:YAG laser (yttrium
aluminum garnet doped with neodymium impurities) was used, with a wavelength of 532
nm, repetition frequency of 1000 Hz, pulse width of 300 ps, energy of 35 uJ and in pulsed
operation mode. For the engraving system, a New Focus platform was used, controlled
by three motors that move the y, x, z axes. The motors were controlled by drivers and
serial communication, using the Matlab software. The patterns were designed by creating

a program in the ATOM code editor, using the C programming language.

Figure 7.13. ITO substrate through the 5000X optical microscope.

Figure 7.13 shows an image of the ITO substrate through the 5000X optical microscope.
In the image can observed the line with which the ablation removed the ITO (80 microns
thick) while in the same image you can see that at the scale shown the ITO removal with
wet etching is not uniform, which generates that the area of the OLED devices is not

exact, which in turn brings problems for the reproducibility of them.
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Once the technique was optimized, were design and manufacture OLED patterns, such as
the one shown in Figure 7.14. In Figure 7.14a, an image of the patterns made with ablation
is shown through the optical microscope. as can be observe the delimitation is very
uniform. Figure 7.14b shows 3 different patterns that were manufactured in addition to

one of the OLED matrixes where a blue emission is seen from 9 small mini OLEDs.

Figure 7.14. a) image of a patron OLED on ITO substrate through the 5000X optical
microscope; b) images of ITO substrates with the patron’s OLED and a matrix OLED

working.

In conclusion, it was possible to implement the laser ablation method for the manufacture
of patterns in OLED devices, thus achieving an improvement in the performance of the
devices compared to those manufactured with wet etching. Among the parameters that
were improved are: defined and repeatable emission area in all devices, reduction of time

for pattern making and select from a wide range of patterns.
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From this study, the electronic engineering thesis was done titled “Diserio y Fabricacion

de una Luminaria OLED para Una Lampara de Escritorio” by the student Jazzia

Michelle Sanchez Avalos from Universidad de Guanajuato.

7.4. Publications relate to this thesis.

First author:

Bernal W, Barbosa-Garcia O, Aguilar-Granda André, Pérez-Gutiérrez E,
Maldonado J-L, Percino MJ, Rodriguez-Molina B, White Organic Light emitting
diodes based On exciplex states by using a new carbazole derivative as single
emitter Layer. Dyes and Pigments. 163 (2019) 754-760.

Wilson Bernal*, Karnambaram Anandhan, M. Judith Percino, Oracio Barbosa-
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APPENDIX A.

Buffer layer: In OLEDs, buffer layer is an organic thin film used to facilitate effective
hole migration from the anode to the emissive zone.

CIE: The International Commission on [llumination (CIE) proposed the CIE coordinates
are a standard reference which has been used as the basis for defining most other color
spaces. This map human color perception based on the two CIE parameters x and y. In
this work was used the CIE 1931.

Color rendering: Effect of an illuminant on the color appearance of objects by conscious
or subconscious comparison with their color appearance under a reference illuminant.

CRI: A color rendering index (CRI) is a quantitative measure of the ability of a light
source to reveal the colors of various objects faithfully in comparison with an ideal or
natural light source.

EML: Emissive layer.

ETL: Electrons transport layer.

HTL: Hole transport layer.

Intermolecular interactions: Interactions between two or more molecules that occur
between all types of molecules or ions in all states of matter.

Intramolecular interactions: Interactions between the atoms within a molecule.

Luminance: the luminous intensity of a surface in a given direction per unit of projected
area.
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APPENDIX B.

Figure Bl. Micrographics of PEDOT:PSS films at thicknesses of 60, 45 and 30 nm.

Figure B2. Micrographics of CZDD at scales of 10, 5 and 2.5 um.

125



Figure B3. Micrographics of ADS233YE at scales of 50, 20 and 5 um.

Figure B4. Micrographics of ACNI at scales of 50, 20 and 2.5 um.
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Figure B5. Micrographics of JP5 at scales of 50, 20 and 5 um.

Figure B6. Micrographics of the mixture ACN1:ADS233YE at the scale of 20 um, ratio
1:1(left) and ratio 1:3 (right).
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Figure B7. Micrographics of the mixture ACNI1:ADS233YE:JP5 at the scale of 20 um,
ratio 1:1.6:0.4 (left) and ratio 1:1.6:0.8 (right).
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