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Abstract

With the emerging of printed flexible and stretchable devices, a warm white light source

is desirable to minimize the ecological impacts and human health issues brought by light

emitting diodes (LEDs). Drop casting, wet stamping and bar coating techniques in com-

bination with screen printing process are implemented to fabricate electroluminescence

(EL) films hybrid with downshifting organic dyes. Various solutions utilizing green to

red organic dyes such as F8BT, fluorescein, DCJTB and DCM2 are formulated with sol-

vents (chloroform and ethanol). With the optimization of process conditions and design of

experiments on solution formulation, a hybrid white EL film with CIE of (0.313, 0.312)

is obtained by drop casting and wet stamping processes. With the varying of number of

coated layers, warm white hybrid films with the lowest correlated color temperature (CCT)

of 2820 K and the highest luminance of 89.3 cd/m2 are achieved using the wet stamping and

bar coating processes. However, the hybrid warm white EL film has a luminous efficacy of

only 0.5 lm/W.

To understand the root cause of this low luminous efficacy, two methodologies are

approached, phosphor level and device level. The first approach is to study the frequency

dependent color shift experimentally and theoretically. The color shift is found to be caused

by the change of intensity per cycle of three emission lines, which are decomposed from EL

emission spectra. A charge transport and relaxation model is proposed based on the detailed

review of the luminescent centers and recombination mechanisms of these emission lines.

The charge loss during trapping and recombination process and due to the charge relaxation

is proposed to contribute to the low luminous efficacy of the hybrid warm white EL films

at the ZnS phosphor level. The second approach utilizes a novel opto-impedance spec-

troscopy apparatus and methodology to assess the dielectric relaxation processes within

the unexcited and excited AC powder electroluminescence (ACPEL) devices. With the

ix



construction of an equivalent circuit model representing these relaxation processes, effects

of illumination wavelengths and intensities are investigated on ACPEL devices, phosphor

and dielectric films. A charge transport and accumulation model is proposed to explain the

opto-impedance behaviors. The charges escaping out of ZnS phosphor are attributed to the

low luminous efficacy from the device level.

x
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Chapter 1

INTRODUCTION

1.1 Problem statement and motivation

Printed flexible and stretchable electronic devices have attracted a great deal of research

interest in recent years because these functional devices are low cost, disposable and well

suited to mobile and wearable applications [1]. Although many devices, such as field effect

transistors, sensors, solar cells, batteries and supercapacitors have been demonstrated [2],

the printed sheet lighting source is less well developed. A low-cost printed white light film

with high luminance, efficacy, large emission area, light weight and adequate color temper-

ature and lifetime will have many applications such as signage, advertising and solid-state

lighting. One device structure is the organic light emitting diode (OLED) based on multiple

evaporated layers of phosphorescent emitting layers and charge transport/blocking layers

[3]. Although high performance white OLEDs have been reported [4], the costs of both

organic semiconductor materials and the batch fabricating process remain high [5, 6]. Fur-

thermore, organic materials are sensitive to moisture and oxygen and must be encapsulated

by passivation films which add to the cost [7]. As a result, a lot of research efforts are

shifted backward to conventional inorganic LED due to its lower cost and mature process,

especially silicon based LEDs [8–12].

Despite its high energy saving capability, bright and white LED light sources when

used in outdoor conditions are the main contributor to the global light pollution, which

is increasing rapidly at around 6% per annum [13, 14]. One of the concerns in global

light pollution is the ecological consequences caused by LED light sources. It has been

found that the intrusion of artificial light has profound effects on wildlife including plants,

invertebrates, fish, amphibians, reptiles, birds and mammals [15–22]. In another aspect, the
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indoor LEDs are evident to cause issues on the human circadian clock [23], photoreceptor

loss [24], and visual perception [25]. The problem of LED lies in the strong blue content of

the white light which is dominated by a narrow, short-wavelength emission band together

with a broader long-wavelength emission band. In human’s eyes, there is one type of

photoreceptor cell called S-cones that are most sensitive to blue or blue-violet lights [26].

The strong blue emission from LEDs has been observed to be the main cause of human

health issues [27, 28]. Therefore, warm white LEDs with low CCT are highly favored [29,

30]. However, in a recent study by Pawson and Bader [31], reducing the CCT of white

LEDs does not improve the ecological performances due to the persistent presence of the

blue emissions.

An alternative sheet lighting source is the much earlier ACPEL device based on acti-

vated and encapsulated ZnS phosphor powders. The main advantage of ACPEL devices

is its low cost due to the simple printing process, uniform sheet light emission and low

power consumption [32]. However, conventional ACPEL devices still suffer from low lu-

minance, low efficacy and a limited choice of colors [33–35]. ZnS phosphors emitting at

longer wavelengths have been reported [36, 37]. However, their performance is even poorer

than the standard blue and blue/green phosphors. This limitation is especially problematic

for the realization of a warm white lighting source. Therefore, the hybrid ACPEL device

structure is necessary for the realization of warm white light source.

1.2 Scope and objectives

The primary objective of this study is to fabricate a warm white light source based on the

ACPEL device structure hybrid with downshifting materials and to understand the opera-

tional characteristics of the hybrid EL films. Therefore, the scope of this study includes:

1. To develop and optimize low cost processes for the printing of hybrid device struc-

tures.
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2. To select downshifting materials and formulate printing agents for the fabrication of

warm white EL films.

3. To characterize the hybrid devices at varied operating conditions and obtain the lu-

minous efficacy.

4. To build a physics based model to understand the operating characteristics.

1.3 Significance of the research

This research work has produced significant outcomes which include:

1. Fabricated hybrid white/warm-white EL films with the combination of modified pro-

cesses including screen printing, drop casting, wet stamping and bar coating.

2. Fabricated warm white lighting source with the lowest CCT of 2820 K and highest

luminance of 72.28 cd/m2.

3. Establishment of a charge transport and relaxation model to explain the frequency

dependent color shift behavior and low luminous efficacy from ZnS level.

4. Fundamental understanding of the device level physics of operated EL film and iden-

tification of device level root cause of low luminous efficacy.

1.4 Organization of thesis

This thesis consists of 8 chapters, including introduction (Chapter 1), literature review

(chapter 2), research findings (Chapter 3 to 7) and conclusions and future works (Chapter

8).

Chapter 1 gives an introduction of the current status of solid state lighting industry

and the need for a warm white sheet lighting source. Chapter 2 thoroughly reviews the

fundamentals of ACPEL devices, various printing and coating techniques and dielectric

impedance spectroscopy technique, which act as a foundation for this research work.
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Chapter 3 presents the experimental procedures together with solution formulation for

drop casting of poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-(benzo[2,1,3]thiadiazol-4,7-diyl)]

(F8BT) and 4-(Dicyanomethylene)-2-tert-butyl-6-(1,1,7,7-tetramethyljulolidin-4-yl-vinyl)-

4H-pyran (DCJTB) dyes on forward and reversed blue and green EL films. The downshift-

ing capability of F8BT and DCJTB was explored. The optical properties of conventional

EL films and hybrid films are also presented. The effects of concentration and mass ratio

on the color output of hybrid films are discussed.

Chapter 4 demonstrates the feasibility of using a modified wet stamping process and

bar coating technique for the fabrication of white and warm white hybrid EL films. The

experimental conditions for these two methods were optimized and different combina-

tions of DCJTB, 4-(Dicyanomethylene)-2-methyl-6-julolidyl-9-enyl-4H -pyran (DCM2)

and Sodium 2-(3-hydroxy-6-oxido-9H-xanthen-9-yl)benzoate (fluorescein) dyes were tested.

In Chapter 5, the frequency dependent color shift in green and blue EL films was stud-

ied experimentally and the resulted spectra were analyzed. The excitation mechanisms,

luminescent centers and recombination mechanisms of green and blue emissions were re-

viewed and a charge transport and relaxation model was proposed to explain the observed

phenomenon.

Chapter 6 and 7 present a new opto-impedance spectroscopy apparatus to characterize

the frequency-dependent impedance of EL films. The temperature dependent dielectric

properties were obtained and analyzed to determine relaxation processes present within the

films. The effects of illumination wavelengths and intensities were discussed and a physics

based equivalent circuit model was constructed and verified to represent the relaxation

processes. The charge distribution during excitation was illustrated to understand the low

luminous efficacy of hybrid films.
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Chapter 2

LITERATURE REVIEW

This chapter reviews the fundamentals of ACPEL phenomenon, device structures, its light

emission mechanisms and the constructing materials. The printing and coating techniques

are also covered. In particular, the dielectric impedance spectroscopy technique is reviewed

in details.

2.1 ACPEL devices

2.1.1 History of ACPEL devices

ACPEL phenomenon was first discovered by Round in 1907 who was working on silicon

carbide [38], and was later observed by Lossew [39]. However, it was until 1936 that this

field became actively researched when Destriau worked on copper-doped ZnS [40]. Since

then, enormous researchers had worked on understanding the operating characteristics, ex-

citation and degradation mechanisms of ACPEL devices [41–53]. However, the EL panels

made of luminescent powders suffered from low luminance and short half-life of less than

500 hours. As a result, attention was shifted towards DC powder EL and thin film EL de-

vices. During the period from the late 1970s to the 1980s, there was a need to develop flat

panels instead of cathode-ray tube displays driven by the increasing wide applications of

computer technology. In 1974, high luminance and lifetime as long as 10,000 hours were

achieved in AC-driven, high field, thin-film EL devices [54].

A second push on the ACPEL devices occurred after the development of more durable

phosphors around 1990s. Steady improvement in both the luminance and lifetime/reliability

of phosphor powders was achieved by coating a protective layer over the phosphor pow-

ders. Due to this advancement, ACPEL devices were extensively used in back-lighting of
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liquid crystal displays (LCDs), mobile phone keyboards, automotive dashboards, indoor il-

lumination at modest light levels, safety installations and lighting for advertising purposes

or decoration until today [34]. After that, most of the research efforts were devoted to de-

velop LEDs, especially OLEDs. In recent years, ACPEL phenomenon was revisited due to

the potential and demand of flexible displays and large area lighting applications and the

need to reduce the production cost of today’s lighting industry.

2.1.2 Device architectures

A Destriau-type ACPEL cell consists of phosphor powders suspended in a castor oil. This

suspension is sandwiched between two electrodes of which at least one electrode is trans-

parent. This architecture is still widely used in laboratory for quick demonstration of the

electroluminescence of newly made phosphor powders. Meanwhile, commercially, there

are four types of architectures: forward, reversed, interdigitated and combined ACPEL

devices.

Forward architecture

As a conventional structure, the forward ACPEL devices are the most used in commercial

products as shown in Figure 2.1. A phosphor layer and a dielectric layer are sandwiched be-

tween front and back electrodes. This dielectric layer is to prevent the electric breakdown

and protect the phosphors from moisture. For forward ACPEL devices, light is emitted

from the substrate side. Therefore, the front electrode and substrate have to be as transpar-

ent as possible.

Reversed architecture

The reversed ACPEL devices, apparently, have the reversed structure compared with the

forward ACPEL devices. As illustrated in Figure 2.2, the back electrode is directly at-

tached to the substrate while the dielectric and phosphor layers are in a reversed order. In
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Figure 2.1: Architecture of forward ACPEL devices. Light is emitted from the substrate
side.

Figure 2.2: Architecture of reversed ACPEL devices. Light is emitted from the front elec-
trode.

reversed ACPEL devices, light is not emitted from the substrate but from the front elec-

trode. Therefore, only the front electrode needs to be transparent. This architecture has

higher reliability as the dielectric layer is more uniformly printed than the forward devices

but with lower luminance.

Interdigitated architecture

Another innovative approach to fabricate ACPEL devices is the interdigitated architecture

as shown in Figure 2.3. This structure does not require any transparent electrode. Instead,

electrodes are printed in an interdigitated pattern onto the substrate using lithographic print-

ing [55]. Only a phosphor layer is present without any dielectric layer required. The elec-

trode gaps need to be narrow and are normally between 100 and 200 µm. Due to limited

light emitting sites, this architecture suffers from low luminance.
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Figure 2.3: Architecture of interdigitated ACPEL devices. Light is emitted from phosphors
that are within the two parallel electrodes.

Combined architecture

The combined architecture combines the phosphor and dielectric layers into one single

layer as shown in Figure 2.4. The other layers are the same as the conventional forward

architecture. As no additional dielectric layer is present, the amount of dielectric material

in the combined layer needs to be properly defined. Too few dielectric materials will cause

high chance of early failure resulted by dielectric breakdown. Too many dielectric materials

will reduce the light output intensity. More research efforts are needed to balance these two

factors and currently no commercial products are based on this architecture. However, the

attractive point of this architecture is that it is more suitable for use in flexible displays.

This is because less amount of layers will introduce less internal stress when the device is

subjected to bending or stretching. If the back electrode is made transparent, this device is

then luminescent from both side. With the proper choice of dielectric material, transparent

display devices may be feasible.

2.1.3 Materials for forward and reversed ACPEL devices

Materials for the individual layers of forward and reversed ACPEL devices are listed in Ta-

ble 1. There are mainly four categories of materials for the four layers of ACPEL devices,

namely substrate, electrodes, phosphor, and dielectric layers. The advantages and disad-
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Figure 2.4: Architecture of combined ACPEL devices. Light is emitted from the substrates
side.

vantages of choosing the material for the specific layer are listed in Table 2.1. Following

are the detailed reviews of the materials used for ACPEL devices.

Substrate

The main material for the substrate of forward ACPEL devices is polyethylene terephtha-

late (PET) or equivalent transparent polymers. It is a thermoplastic polymer and is very

resistive to water and moisture. Depending on the process, PET can be totally transparent

or semi-transparent. The production cost for PET is low and its flexibility makes it suitable

for flexible display applications. However, due to its poor thermal resistivity, PET-made

ACPEL devices tend to warp at high temperatures. As a polymer, PET is also subjected

to polymer degradation in a long run. Another alternative transparent substrate is glass.

It is relatively cheap and also has low water permeability. An advantage for glass is that

it has higher thermal resistivity compared to PET which makes it a better choice for high

temperature applications. As for reversed ACPEL devices, theoretically it can be printed

over any substrate as long as it is flat and adhesive enough to the printed back electrodes.

Electrode

ACPEL devices have two types of electrodes: front and back electrodes. The front electrode

needs to be as transparent as possible for higher light output. The back electrode is not
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Table 2.1: Pros and Cons for the materials used in each layer of the ACPEL devices.

Layer Materials Pros Cons

Substrate
PET Good moisture resistivity;

Flexible; Low cost; Easy for
machining

Poor thermal resistivity;
Polymer degradation

Glass Good moisture resistivity;
high thermal resistivity; low
cost

Not suitable for flexible
display; hard for machining

Back
electrode

Metal Highly conductive Expensive

Carbon Low conductivity Cheap

Front
electrode

ITO High conductivity;
transparent

Expensive; limited source
(Indium); cracking issue
under stresses

PE-
DOT:PSS

Cheap; possible for flexible
displays

Low conductivity;
semi-transparent;
transmission loss

Phosphor
ZnS Mature fabricating process;

chemically stable
Limited color choice; short
lifetime

Alkaline
earth
sulfides

More color choice Chemically unstable; shorter
lifetime

Dielectric BaTiO3 High dielectric constant Phase transition at high
temperature

necessary to be transparent but should have high electrical conductivity.

Metal powders or carbon black are suitable to be the back electrode. Metal powders

such as Ag or Au are highly conductive but expensive. Others think it may fail due to

electromigration [34]. However, for such low current (10 to 20 mA), it is hard for elec-

tromigration to occur. Another cheaper choice is carbon but with limited applications due

to its low conductivity. High conductivity is crucial for ACPEL devices because the ho-

mogeneity of the electrical field over the active layer is affected by the conductivity of the
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back electrode. Low conductivity will produce inhomogeneous distribution of emitted light

intensity. For small area devices, carbon back electrode is sufficient. However, for large

panels, it requires highly conductive metal electrodes.

The choices for the transparent front electrode are more constrained compared to that

for the back electrode. Indium tin oxide (ITO) is widely adopted due to its relatively high

electrical conductivity but is quite expensive and uses a limited source indium. An alterna-

tive electrode are conductive polymers like poly(3,4-ethylenedioxythiophene) polystyrene

sulfonate (PEDOT:PSS). It is mostly used in flexible display as ITO has cracking issues

under large stresses. However, its limited conductivity (commercially 200 Ω/sq compared

to 10-100 Ω/sq for ITO) makes PEDOT:PSS only suitable for moderate-size panels. One

disadvantage for PEDOT:PSS is that it is light grey in color and not as transparent as ITO.

Moreover, PEDOT:PSS experiences color shift with time and causes transmission loss to

ACPEL devices. As a polymer, PEDOT:PSS is also susceptible to thermal and humid-

ity degradations [56–58]. Nevertheless, for the reversed ACPEL devices, PEDOT:PSS is

more suitable as the front electrode as it is printable while ITO requires vacuum deposition

process.

Phosphors

Commercial ACPEL devices are dominated by ZnS-phosphors. EL ZnS phosphor powders

are prepared by firing at high temperature (1100-1200 ◦C) and being cooled to form cubic

zinc-blende structure [47]. Intrinsic ZnS is not able to produce light under electrical exci-

tation and dopants such Cu, Ag, Au, Mn (acceptors) and Cl, Br, Al (donors) are needed.

Moreover, only donors and acceptors with levels close enough to the band edges of ZnS

are entitled as luminescent centers. Detailed review of the excitation mechanism will be

discussed in the next section. The emission colors can be controlled by adding different

dopants but the choice of colors is limited (ZnS:Cu,Cl emitting at 450 nm, ZnS:Cu,Al at

540 nm, ZnS:Cu,Mn,Al at 590 nm and ZnS:Cu at 690 nm). The solubility of Cu in ZnS
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is very low (only 800 ppm) [59]. For large area lighting applications, it is still a chal-

lenge to generate stable white emission. Generally, white light emission is achieved by

mixing orange and blue emitting phosphors or combining a blue or green emitter with a

fluorescent dye generating the necessary longer wavelengths [60]. Besides the poor color

rendering problem, the most severe problem is that the different maintenances (i.e. degra-

dation behaviors) of different phosphors in the blends lead to the change of emitted light

color gradually as the devices degrade.

Other than ZnS, experimentally demonstrated capable ACPEL phosphors are all based

on alkaline earth sulfides, namely CaS, BaS or SrS. Similar to ZnS, most of these alkaline

earth sulfides need to be coupled with small concentration of Cu to produce light. However,

more combinations of different donors are reported regarding the emission from lanthanide

ions, e.g., CaS:Cu,Eu [61], CaS:Cu,Sm [62], CaS:Cu,Nd [63], CaS:Cu,Er [64]. There

are also papers showing EL emissions without Cu dopants in CaS:Eu [65]. Similar EL

phosphors can be fabricated for SrS, BaS and (Sr,Ba)S. However, all these materials are

much more reactive with H2O than ZnS and thus degrade much faster. Therefore, none of

these phosphors are used commercially for the fabrication of ACPEL devices.

Another possible phosphor is the ZnS nanoparticle in the size of 1-10 nm which has

been demonstrated in the laboratory but not commercially [66–69]. Although various at-

tempts have been tried to build ACPEL devices based on ZnS nanoparticles, their perfor-

mances are not up to satisfactory with low stability and maintenance [70–72]. Further

developments are needed to solve the packaging and stabilization issues.

Dielectrics

The dielectric layer has two functions. One function is to prevent electrical breakdown and

the other is to reflect the emitted light and also insulate phosphors from moistures. The

most used dielectric material in ACPEL devices is BaTiO3. It has high dielectric constant

with up to 2000-3000 at room temperature and up to 10,000 at 400 K (the curie tempera-
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ture of the ferroelectric phase) [34]. However, the dielectric properties of BaTiO3 powders

are dependent on the preparation procedures, processing conditions and final morphology.

Normally an elegant solution mixing BaTiO3 nanoparticles with binders is made for the

printing process. The binder is polymer materials and has relatively high dielectric con-

stant. Polyvinylidenedi fluoride (PVDF) is commonly used as the binder material.

2.1.4 Properties of ZnS and its phosphor powders

Microstructure

ZnS is a IIb-VIb compound direct bandgap semiconductor. ZnS has two common crystal

structures: a cubic zinc blende (sphalerite) structure and a hexagonal (wurtzite) structure.

The bandgap of the sphalerite form of ZnS is 3.72 eV while that of the wurtzite structure

is 3.77 eV [73–75]. The phase diagram of a Zn-S system is shown in Figure 2.5. At tem-

peratures below 1000 ◦C, ZnS has a sphalerite structure (αZnS) regardless of the sulphur

percentage. On the contrary, the wurtzite structure (βZnS) is only formed at temperature

above 1000 ◦C and with sulphide percentage of 50%.

ZnS without any dopant only has UV emission but no visible light emissions [77].

Moreover, ZnS exhibits EL phenomenon only when the concentration of Cu dopant exceeds

800 ppm [59]. In Figure 2.6, the XRD spectra of the ZnS phosphor with concentrations of

Cu ranging from 40 to 5000 ppm show that hexagonal and cubic phases co-exist with Cu

concentration below 800 ppm. When Cu concentration exceeds 800 ppm, the hexagonal

phase disappears. Therefore, there is phase transition occurring at 800 ppm.

As observed by Fischer using an optical microscope [45], there are birefringent lines

extending parallel over the ZnS phosphor particles. When the ZnS is excited by an AC

electric field, these lines become luminescent and exhibit a ”double comet” shape as shown

in Figure 2.7. Fischer ascribed it to be Cu2S precipitates which was also called needles.

Based on these observations, the dipolar field emission theory was proposed, which will

be covered in the next section. However, other scientists do not observe these needles.
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Figure 2.5: Binary phase diagram for the Zn-S system [76].

Instead, when ZnS phosphor powders were etched with hydrochloric acid, a regular layered

structure was observed as shown in Figure 2.8(a) [79]. A closer look at the layered structure

by TEM shows twin microstructure with a narrow intergrowth wurtzite type phase as shown

in Figure 2.8(b) [80]. Based on these observations, the junction model was proposed by

Brovetto et al. [81].

Point defects in ZnS

The nature and concentration of defects are important as they are crucial in determining the

optical and electrical properties of semiconductors. There are intrinsic and extrinsic point

defects in ZnS. As a binary compound, intrinsic point defects in ZnS are in the form of va-

cancies and interstitials on or in both the cation (Zn2+) and anion (S2-) sublattices. However,

the types and equilibrium defect concentrations of intrinsic defects are largely dependent

on the deposition technique, deposition conditions and substrate materials. Assignment of

energy levels in the band gap to specific structural defects is often nontrivial [82], and the
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Figure 2.6: XRD spectra of ZnS:Cu,Cl with Cu addition in the range of 40 to 5000 ppm
fired at 900 ◦C [78].

electronic properties of point defects in compound semiconductors are not fully understood

because of their variety [83].

The most well characterized doubly ionized Zn/cation vacancy (V2+
Zn) is reported to

have a defect level ∼1.0-1.1 eV above the ZnS valence band edge [84–86]. This value is

close to the depth of hole trap at 1.2 eV reported by Hitt et al. [87]. The defect level of a

singly ionized V+
Zn vacancy is reported to be in the range of 0.2-0.6 eV above the valence

band [85, 86]. The electrical characteristics of anion vacancies in II-VI compounds are less

well known [88]. As shown in Figure 2.9, the donor levels of a chlorine-doped ZnS are

at 0.515, 0.615 and 1.08 eV below the conduction-band edge as revealed by the impurity

absorption and photoconductivity measurements [85].

The extrinsic point defects in ZnS are originated from the presence of impurities or

intentional dopants in the lattice. The significance of the extrinsic defects lies in the cre-

ation of n and p type semiconductors, enabling the subsequent radiative recombination or
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(a) (b)

Figure 2.7: Observation of Electroluminescent lines in ZnS Powder Particles. (a) birefrin-
gent lines extending parallel to long cavity. Bright area when the device is not excited.
(c) ZnS is excited by an AC electric field . Electroluminescent double line at site of the
birefringent striation [45].

(a) (b)

Figure 2.8: (a) SEM image of a ZnS:Cu-based particle after etching with hydrochloric acid
for 15 min, showing a layered structure [79]. (b) Cross-sectional TEM images of a ZnS
phosphor grain. Twin microstructure is seen at high resolution, together with a narrow
intergrowth of wurtzite type indicated by the white arrow [80].

injection type electroluminescence [89]. However, no p-type ZnS has been demonstrated

to date and consequently the energy levels regarding the acceptor defects in ZnS have little
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Figure 2.9: Schematic band-gap diagram of ZnS:Cl showing deep defect levels [85].

been reported [90, 91]. Many of the rare-earth ions in their 2+/3+ oxidation state are em-

ployed to form luminescent centers in ZnS by substituting on to tetrahedrally coordinated

Zn lattice sites. The detailed review of the luminescence centers in Cu doped ZnS will be

presented in the next section.

Emission centers in Cu doped ZnS

Cu doped ZnS is so far the most stable and efficient phosphor powder used in commercial

ACPEL devices. However, the exact nature of ZnS:Cu phosphor emission centers is poorly

understood. Pure ZnS has a UV emission but no visible luminescence. However, when S

is substituted by Cl-, a blue line is observed. This material is referred to as self-activated

(SA). The blue light is probably due to the movement of an electron trapped on a Cl- site

to a Zn vacancy aggregates [77]. When only Cu dopants are added, there are two emission

lines: a blue line very close to that for the SA center and a red line. Bowers and Melamed

did detailed susceptibility measurements and showed that copper is in Cu+ state in all these

samples without any excitation, including samples with higher Cu concentrations [41].
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Figure 2.10: Energy levels within the band gap of ZnS for various dopants and accepts
[92].

However, when a hole is trapped on a substitutional Cu+, these 3d states split into e (lower)

and t2 (upper) states with a splitting about 0.75-0.95 eV [93].

When Cl or other co-activators (Br, I, Al) are added together with Cu, both the green

and blue lines are observed depending on the Cu concentration and the Cu/Cl ratio. The

green line is emitted through the transition from a localized shallow donor state to a trapped

hole on a Cu+ substitutional defect (t2 state). The blue line may come from SA centers or

C3v symmetry structure [94]. The blue emission centers with C3v symmetry are proven

to be consisted of one Cu atom, three nearest neighbor S atoms and one S vacancy with

Cu displaced away from S vacancy [66]. However, the blue emission centers are still not

well understood and need further research efforts. The brief illustration of various emission

centers in ZnS is presented in Figure 2.10.
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(a) (b)

Figure 2.11: (a) Typical microscopic view of EL from ZnS:Cu,Cl particles. (b) Phosphor
particles containing dark segregations and emitting spots. Double lines at threshold voltage
and above the threshold voltage are illustrated [46].

Figure 2.12: Illustration of the phenomenon of the electric field concentrated on the tips of
the conducting needles [46].

2.1.5 Light emission mechanisms

Fischer’s bipolar field emission theory

Although ACPEL phenomenon has been discovered for many years, its excitation and re-

combination mechanisms are still not fully established. Among all the proposed theories,

the bipolar field emission model proposed by Fischer is so far the most acceptable one [45,

46]. As mentioned earlier, Cu2S needles are observed in Fischer’s experiment. A simpli-

fied illustration proposed by Fischer is given to represent the double comet structure of

the emitting lines in Figure 2.11. Fischer postulated that small Cu2S needles were formed
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during the fabricating process of ZnS particles and these needles lied across the particle

with different orientations as shown in Figure 2.11(a). Due to the field enhancement effect,

when the applied voltage exceeds the threshold value, lights are emitted around the lines to

form the double comet shapes as shown in Figure 2.11(b).

According to the above observations, Fischer proposed the following ACPEL working

principles. When an electric field is applied to the phosphor particles, relatively high elec-

tric fields will be concentrated on the tips of Cu2S conducting needles (the effective tip

radius is in the order of 100nm) compared to other regions in Figure 2.12. Therefore, an

applied field of 106-107 V/m is able to induce a local field of 108 V/m or more following

Equation 2.1.

E = E0 (
L

d
)2 (2.1)

where E0 is the electric field strength across the ZnS phosphor powders, L the length of

the Cu2S needles and d the diameter of the needle. This electric field is strong enough to

induce tunneling of holes from one end of the needle and electrons from the other to the

ZnS lattice. The field-emitted electrons are captured in shallow traps of the donor sites,

while holes are trapped by the recombination centers (acceptor sites). When the field is

reversed, the emitted electrons recombine with the trapped holes to produce EL emissions

[46]. Figure 2.13 shows the illustrations of the basic principle of the bipolar field emission

model.

This model could well explain the relationship between brightness and voltage/frequency

[95], different active waveforms [95], delayed emission [96], polarization field effects [97],

and temperature. However, according to this model, the electric field at the center of the

needle is zero and this leads to no light emission at the center which does not agree with

experimental results. It is observed that there is light emission all over the needle. The

other aspect of Fischer’s model that causes a lot of doubts is that only few reports claim

to find the CuxS needles. One of these is a short article by Ono et al. [41] reporting the

detection of copper sulphide needles in the form of Cu2S by means of X-ray absorption
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Figure 2.13: Illustration of the basic principle of the bipolar field model indicating the trap
sites [46].

near edge structure (XANES). Another is a short report by Guo et al. [98] who observed a

higher concentration of copper in the twin boundary areas and crystal streaks of sphalerite

using high resolution electron microscopy and scanning electron microanalysis. A third

study by Nien et al. [78] reported the observation of 50-80 nm CuxS precipitates from

x-ray mapping of a transmission electron microscope. The fourth is an article produced

by Warkentin et al. [99] who claimed that copper sulphide was present in the form of tiny

CuS-like clusters by means of extended X-ray absorption fine structure (EXAFS). How-

ever, others had found no evidence for copper sulphide needles and it was suggested that

the EL generation process was related to the surface roughness of phosphor particles [80,

96]. Moreover, experiments done by Ireland and Silver [19] showed that the more aligned
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surface marks generates more intensive lights, suggesting that light emission was closely

related to surface defects. Thus, the precise nature and roles of copper sulphide clusters

and the carrier generation and recombination processes still remain open to conjecture.

Junction model

The junction model was proposed by Brovetto et al. [81] with the observation that the linear

comet-shaped EL patterns were related to the defective borders at the boundary between

regions of (001) planes. In this model, the defective borders containing broken covalent

bonds are postulated to behave like a p-type semiconductor and the bulk ZnS is assumed to

be n-type in nature. As shown in Figure 2.14, p-n junctions are formed at the boundaries

between the defect borders and bulk ZnS. The defective border is believed to have higher

conductivity than the bulk. As the electric field is directed as in Figure 2.14(b), electrons

are injected at the left extremity as a direct-biased diode. At the right extremity, which,

on the contrary, corresponds to a reverse-biased diode, electrons are extracted by band-

to-band tunneling and holes are injected. When the field is reversed as shown in Figure

2.14(c), Electrons enter at the right extremity and are trapped, whilst holes, injected at

the left extremity, recombine radiatively, through Cu centers, with a part of the electrons

released from the traps.

With the consideration of space charge accumulation at the defective borders, this junc-

tion model is able to explain the brightness distribution along the comet shapes [100], elec-

troluminescence build-up [101], and the brighness-voltage relationship [102]. However,

the biggest doubt lies in the p-type ZnS in the bulk apart from the unidentified nature of the

defective borders. Moreover, this junction model fails to explain the delayed emission and

multiple emission peaks.
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Figure 2.14: Band behaviors at the contact between a defective border and the bulk ZnS.
Three situations are shown: (a) when no field is applied, (b) when the field is parallel to the
border, and (c) when the field is directed in opposite senses [81].

2.2 Printing and coating processes

One of the major advantage of ACPEL devices is its simple and low cost printing process.

Printing is defined as the reproduction of patterns by transfer of matter to a surface by

mechanical force or hydrodynamic stress [103]. There are, in general, seven steps in most

of printing processes: conditioning, fluid acquisition, predosing, dosing, transfer, relaxation

and drying.
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Before the actual printing, a conditioning step is usually performed to cut the substrate

to a desired size, clean substrate surface, or even UV or plasma treat the surface for better

wetting capability. Thereafter, a fluid containing the desired printing substances is formu-

lated in consideration of the viscosity and surface tension that are suitable for the specified

printing process. Followed predosing and dosing steps then ensure the accurate amount

and desired pattern of the fluid to be printed. Mechanical pressure, hydrodynamical shear,

or intense chemical or thermodynamic forces can then be applied to transfer the liquid to

the substrate surface. After the successful transfer, a surface-levelling process takes place,

where the liquid-phase printed layer relaxes in the short period of time due to a hydrody-

namical flow driven by capillary forces. The final drying step is for the complete removal

of solvent residuals from the printed film.

2.2.1 Drop casting

A drop casting process is probably the simplest film-forming technique available. It is

simple and does not require any equipment apart from a very horizontal work surface and

pipettes. During a drop casting process, a specified amount of solution is dropped onto

a substrate followed by relaxation and drying. While it is possible to prepare films of

good quality and also thick films the technique suffers from a lack of control over the

film thickness and often picture framing effects are observed near the edges of the film

or precipitation during drying [104]. If the surface tension of the liquid dominates, the

resulted film after drying will be inhomogeneous. Moreover, it is disadvantageous that the

material to be coated is required to be highly soluble in the solvent used if crystallisation

or precipitation is to be avoided.

2.2.2 Flexography

Flexography is mainly used in the packaging industry for the patterning of foil, bags, card-

boards, etc. The principle of flexography is shown in Figure 2.15. There are two main
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units in flexography: a inking unit consisting of a fluid reservoir and an anilox roller and

a printing unit consisting of a plate cylinder and an impression cylinder. The production

process using flexography is briefly described as follows. Firstly, the printing fluid is pre-

pared with adjusted viscosity and is placed in the fluid reservoir. Secondly, the rotating

anilox roller is wetted by feeding the fluid from the ink feed chamber and excess fluid is

wiped off by the doctor blade. After a defined amount of fluid is transported by the cell of

the anilox roller, the fluid is transferred onto the printing plate, which is mounted on the

plate cylinder and contains the printing layout. The patterned fluid is then transferred onto

the substrate by mechanical force between the plate cylinder and the impression cylinder.

Lastly, a relaxation and drying step is followed to form the final printed film. Thermal

treatment is normally used for drying purpose. This process enables a fast printing speed

up to 1000 m/min at about 2 m printing width. Moreover, the printed layer can reach sev-

eral tens of micrometers in thickness. Another important advantage is the clear distinction

between printed and non-printed areas. However, fluid with a viscosity below 0.5 mPa·s is

not applicable for this process as the fluid will be spin off the printing plate during rotation.

Due to the complexity of forces involved in this process, a halo effect is often observed,

where a unfavorable line surrounds the printed pattern.

2.2.3 Screen printing

A flatbed screen printing press consists of a screen (mesh mounted in a frame), a squeegee

(doctor blade), a flooding blade, and a substrate holder. The principle of screen printing is

shown in Figure 2.16. The well prepared fluid is applied or dropped onto the screen and out

of the patterning area. Subsequently, the effective region is flooded by the fluid using the

flooding blade. The textures of the mesh for printing and nonprinting areas are different.

The mesh at the nonprinting areas is covered with an impermeable stencil material. Only

the fluid falling within the printing areas is able to penetrate through the mesh when pressed

by the squeegee presses and comes in contact with the substrate. The transfer process takes
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Figure 2.15: Principle of flexography [103].

place after the squeegee blade has passed across the screen and as the screen is lifted away

from the substrate, followed by relaxation and drying steps.

Screen printing is a very robust process with the easy operation of squeezing ink through

a stencil. It is possible to reproduce patterns on almost all kinds of surfaces (rough, even,

plain, bent) and materials (e.g.,paper, cardboard, plastic, metal, wood, ceramics, glass,

foils). Moreover, it does not have such high requirement of the viscosity of fluid compared

to other techniques. With the proper combination of screen and fluid, even untrained people

can succeed using screen printing to fabricate samples. However, one important concern to

use screen printing process is the matching of the particle size and the mesh opening. As a

rule of thumb, the mesh opening size should be at least three fold bigger than the particle

size. Larger particles tend to block the mesh, which may also occur if the fluid dries too

fast. In addition, there may be slurring effects due to a massive squeegee pressure or a slack

mesh, which leads to the characteristic wavy edges. The other disadvantage of screen print-

ing is its lower resolution or accuracy which is only limited to micrometer scale, compared
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Figure 2.16: Principle of screen printing [103].

with other printing techniques.

2.2.4 Spin coating

As a highly reproducible lab-scale method, spin coating is normally used as a reference

method for producing, for example, thin films of organic semiconductors and verifying the

layer formation capabilities of printing formulations. Therefore, the required quantities of

liquid are small, but it can only apply to a limited size of the substrates usually not more

than a few centimeters in diameter. Figure 2.17 simply illustrates the principle of a spin

coating process. A certain amount of the prepared liquid is first dropped in the center of the

substrate, which is vacuum held onto an electrically driven spinning plate. The liquid drop

is spread over the substrate surface by centrifugal forces with a specified spinning speed

and duration, and excess liquid is thrown off the substrate from the rim. This process is easy
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Figure 2.17: Principle of spin coating [103].

and straight forward. The thickness of coated layer can range from a few nanometers to a

few micrometers depending on the viscosity of the liquid and the spinning speed and time.

However, spin coating is not suitable for depositing liquids containing large particles. The

particles will be thrown off the spinning plate, leading to missing spots or uneven surface.

If the evaporation from the liquid films can be neglected, the thickness of coated film

can be determined through the following relationship [103]:

h ∝ 60

2πn

√
3η

2ρts
(2.2)

where n is the rotational speed of the spin coater, η the viscosity of the liquid, ρ the mass

density of the liquid (in kg/m3) and ts the spinning time. If solvent evaporation is substan-

tial, and provided that spinning is continued until the deposited film has dried by solvent

evaporation, the thickness can be then estimated as [103]:

h ∝
√

60

2πn
(
3kη

2ρ
)1/3 (2.3)

where k is a solvent-specific constant proportional to the saturation vapor pressure in the

gas atmosphere and to vapor diffusivity.
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Figure 2.18: Principle of blade coating [105].

2.2.5 blade coating

Blade coating, also known as doctor blading or knife coating, uses a doctor blade or a knife

instead of a die with a closed chamber. The working principle of a doctor blade is similar

to that used in gravure printing or flexography, where the doctor blade is installed toward a

roller. A blade coating process is illustrated in Figure 2.18. First, a certain amount of liquid

is dropped onto the substrate and in front of the blade. With the razor blade gently touching

the substrate, a film is formed by moving the blade across the substrate. The film thickness

is determined by the blade type. The advantages of blade coating are its easy setup and

operation as well as the low cost of the system. However, as the doctor blade coater is an

open system, solvents is subjected to evaporation and hence the rheological behavior of the

liquid will be altered.
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2.3 Optical radiation metrology

In order to fabricate warm white hybrid light source, it is necessary to quantify the warm

white color. This involves the understanding of optical radiation metrology and the related

parameters. Optical radiation metrology covers the areas of photometry, radiometry and

colorimetry. Photometry is the science of the measurement of light, in terms of its per-

ceived brightness to the human eye. Radiometry includes a set of techniques for measuring

electromagnetic radiation, including visible light. As opposed to photometric techniques,

radiometric techniques characterize the distribution of the radiation’s power in space. Col-

orimetry is the science and technology used to quantify and describe physically the human

color perception. These three categories of techniques form the basis of optical property

measurements, which in this study includes the parameters of luminance, luminous efficacy

and efficacy, CIE chromaticity, CCT, and color rendering index (CRI).

2.3.1 Luminance

Luminance is a photometric measure of the luminous intensity per unit area of light travel-

ling in a given direction. It is a parameter quantifies the amount of light that is transmitted,

emitted or reflected from a certain area and a defined solid angle. The SI unit for luminance

is candela per square meter (cd/m2). The luminance indicates how much luminous power

will be detected by an eye looking at the surface from a particular angle of view and is thus

an indicator of how bright the surface will appear. The luminance of a specified point of a

light source, in a specified direction is defined as:

Lv =
d2Φv

dΣdΩΣcosθΣ

(2.4)

where d2Φv is the luminous flux leaving the area dΣ in any direction contained inside the

solid angle dΩΣ, dΣ an infinitesimal area of the source containing the specified point, dΩΣ

an infinitesimal area of the source containing the specified direction, θΣ the angle between
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the normal nΣ to the surface d Σ and the specified direction.

2.3.2 Luminous efficacy and efficiency

Luminous efficacy is a measure of how well a light source produces visible light. It is the

ratio of luminous flux to power, measured in lumens per watt in SI. The luminous efficacy

of a source is the product of how well it converts energy to electromagnetic radiation, and

how well the emitted radiation is detected by the human eye. Therefore luminous efficacy,

k, is denoted as:

k =
Φv

Φe

=

∫∞
0
K(λ)Φe,λdλ∫∞
0

Φe,λdλ
(2.5)

where Φe is the radiant flux, Φe,λ the spectral radiant flux, K(λ)=KmV(λ) the spectral lumi-

nous efficacy. Photopic luminous efficacy of radiation has a maximum possible value of

683 lm/W, for the case of monochromatic light at a wavelength of 555 nm (green). When

luminous efficacy is normalized by the maximum value, the resulted dimensionless quan-

tity is then called luminous efficiency.

2.3.3 CIE chromaticity

The CIE 1931 color spaces created by CIE in 1931 were the first defined quantitative links

between physical pure colors (i.e. wavelengths) in the electromagnetic visible spectrum,

and physiological perceived colors in human color vision. The CIE XYZ color space en-

compasses all color sensations that an average person can experience. That is why CIE

XYZ (Tristimulus values) is a device invariant color representation. When judging the

relative luminance (brightness) of different colors in well-lit situations, humans tend to

perceive light within the green parts of the spectrum as brighter than red or blue light of

equal power. The luminosity function that describes the perceived brightnesses of differ-

ent wavelengths is thus roughly analogous to the spectral sensitivity of M cones. The CIE

model capitalises on this fact by defining Y as luminance. Z is quasi-equal to blue stimula-

tion, or the S cone response, and X is a mix (a linear combination) of cone response curves
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chosen to be nonnegative. The XYZ tristimulus values are thus analogous to, but different

from, the LMS cone responses of the human eye. Defining Y as luminance has the useful

result that for any given Y value, the XZ plane will contain all possible chromaticities at

that luminance. The unit of the tristimulus values X, Y, and Z is often arbitrarily chosen so

that Y = 1 or Y = 100 is the brightest white that a color display supports. The tristimulus

values for a color with a spectral radiance Le,Ω,λ are given in terms of the standard observer

by:

X =

∫ 780

380

Le,ω,λx̄(λ)dλ (2.6)

Y =

∫ 780

380

Le,ω,λȳ(λ)dλ (2.7)

X =

∫ 780

380

Le,ω,λz̄(λ)dλ (2.8)

where λ is the wavelength of the equivalent monochromatic light (measured in nanome-

ters).

Since the human eye has three types of color sensors that respond to different ranges

of wavelengths, a full plot of all visible colors is a three-dimensional figure. However, the

concept of color can be divided into two parts: brightness and chromaticity. The CIE XYZ

color space was deliberately designed so that the Y parameter is a measure of the luminance

of a color. The chromaticity of a color is then specified by the two derived parameters x

and y, two of the three normalized values being functions of all three tristimulus values X,

Y, and Z:

x =
X

X + Y + Z
(2.9)

y =
Y

X + Y + Z
(2.10)
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z =
Z

X + Y + Z
= 1− x− y (2.11)

The derived color space specified by x, y, and Y is known as the CIE xyY color space and

is widely used to specify colors in practice.

2.3.4 Color correlated temperature

The color temperature of a light source is the temperature of an ideal black-body radiator

that radiates light of comparable color to that of the light source. Color temperatures over

5000 K are called cool colors (bluish white), while lower color temperatures (2700-3000

K) are called warm colors (yellowish white through red). Warm in this context refers

to radiated heat flux rather than temperature; the spectral peak of warm-coloured light is

closer to infra-red and most natural warm-coloured light sources emit significant infra-red

radiation.

The color temperature of the electromagnetic radiation emitted from an ideal black body

is defined as its surface temperature in kelvins, or alternatively in mireds (micro-reciprocal

kelvins). Many other light sources, such as fluorescent lamps, or LEDs (light emitting

diodes) emit light primarily by processes other than thermal radiation. This means that the

emitted radiation does not follow the form of a black-body spectrum. These sources are

assigned what is known as a correlated color temperature (CCT), which is useful only for

white or generally whitish light sources. CCT is the color temperature of a black-body

radiator which to human color perception most closely matches the light from the lamp.

If a narrow range of color temperatures is considered, those encapsulating daylight being

the most practical case, one can approximate the Planckian locus in order to calculate the

CCT in terms of chromaticity coordinates. The Planckian locus is the path or locus that the

color of an incandescent black body would take in a particular chromaticity space as the

33



blackbody temperature changes. McCamy proposed this cubic approximation [106]:

CCT (x, y) = −449n3 + 3525n2 − 6823.3n+ 5520.33 (2.12)

where

n =
x− xe
y − ye

(2.13)

where xe=0.332 and ye=0.1858.

2.3.5 Color rendering index

A 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. Light sources

with a high CRI are desirable in color-critical applications. The CRI of a light source does

not indicate the apparent color of the light source but is determined by the light source’s

spectrum. A more continuous spectrum produces a higher CRI. CRI can be calculated from

eight reference samples in CIE color space when illuminated by a given light source. First,

colorimetric data must be transformed from CIE 1931 values (X, Y, Z, x, y) to the (u, v)

coordinate of the 1960 diagram by means of the following:

u =
4X

X + 15Y + 3Z
(2.14)

v =
6Y

X + 15Y + 3Z
(2.15)

Secondly, to account for the adaptive color shift due to the different state of chromatic

adaptation under the lamp to be tested, k, and under the reference illuminant, r, use the

following formula:

u′k,i =
10.872 + 0.404 cr

ck
ck,i − 4 dr

dk
dk,i

16.518 + 1.481 cr
ck
ck,i − dr

dk
dk,i

(2.16)
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v′k,i =
5.520

16.518 + 1.481 cr
ck
ck,i − dr

dk
dk,i

(2.17)

where i is a tested color sample and c and d follow the below formulas:

c =
4− u− 10v

v
(2.18)

d =
1.708v + 0.404− 1.481u

v
(2.19)

Color imetric data must now be transformed into the 1964 Uniform Space coordinates

by the following:

W ∗
r,i = 25(Yr,i)

1/3 − 17 (2.20)

U∗r,i = 13W ∗
r,i(ur,i − ur) (2.21)

V ∗r,i = 13W ∗
r,i(vr,i − vr) (2.22)

W ∗
k,i = 25(Yk,i)

1/3 − 17 (2.23)

U∗k,i = 13W ∗
k,i(uk,i − uk) (2.24)

V ∗k,i = 13W ∗
k,i(vk,i − vk) (2.25)

The difference between the resultant color shift of the test color sample under the test
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lamp k and illuminated by the reference r is then:

4Ei =
√

(4U∗i )2 + (4V ∗i )2 + (4W ∗
i )2 (2.26)

CRI =
1

8

8∑
i=1

Ri (2.27)

2.4 Dielectric impedance spectroscopy

2.4.1 Fundamentals of impedance spectroscopy

Dielectrics and capacitors

As the ACPEL device is sandwiched by two electrodes with dielectric materials in between,

it can be considered as a parallel capacitor. A capacitor is characterized by its capacitance,

which represents its capacity to store electrical energy. For an ideal parallel capacitor with

vacuum in between, the capacitance is denoted as:

C0 =
ε0A

d
(2.28)

where ε0 is the vacuum permittivity with the value of 8.854×10-12 F.m-1. A is the area of the

capacitor and d is the distance between the parallel electrodes. When a dielectric material

is inserted into a parallel capacitor, the capacitance becomes:

C =
εrε0A

d
(2.29)

where εr is the relative permittivity of the dielectric material. From Equation 2.29, the

device capacitance is largely dependent on the dielectric material. Materials with high

relative permittivity will increase the capacitance largely. Microscopically, the effect of

an inserted dielectric material on the overall capacitance can be explained by the dipole
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(a) (b) (c)

Figure 2.19: (a) dielectric material in a capacitor with randomly distributed dipoles. (b) An
electric field is applied to the dielectric and dipoles are aligned. (c) Details of the electric
field inside the dielectric.

alignment in an electric field as shown in Figure 2.19. When no electric field is applied

over the dielectric-inserted capacitor, the dipoles inside the dielectric distributed randomly

inside the material as shown in Figure 2.19(a). Upon the applying of an electric field, the

dipoles align with the direction of the electric field E0. If the molecules of the dielectric

are nonpolar, the electric field produces an induced polarization in the molecule. These

induced dipole moments tend to align with the external field, and the dielectric is polarized

as shown in Figure 2.19(b). Therefore, a dielectric can be polarized by an external field

regardless of whether the molecules in the dielectric are polar or nonpolar [107]. The net

effect on the dielectric is the formation of an induced positive surface charge on the right

face and an equal-magnitude negative surface charge density on the left face as shown in

Figure 2.19(c). Thus the induced surface charges on the dielectric give rise to an induced

electric field Eind in the direction opposite to the external field E0.

Polarization

When a dielectric material is placed in an electric field, the electric dipoles will rearrange

themselves. This process is known as polarization. Polarization can be classified into four

categories: electronic, ionic, dipolar and interfacial.

Electronic or optical polarization process occurs in neutral atoms where the electron
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cloud is displaced relative to the nucleus by an external electric field. Thus electronic

polarization is an induced polarization effect, characterized by the electronic polarizability

αe. αe is a microscopic polarization phenomenon that occurs in all materials and is one of

the main mechanism that drives dielectric polarization. Electronic polarizability is defined

as the dipole moment induced per unit electric field strength and is a measure of the ease

with which the charge centers may be dislocated. With the approximation that the charge is

spread uniformly in a spherical volume of radius R of the atom, the dipole moment induced

in the atom is:

µe = (4πε0R
3)E (2.30)

Thus the electronic polarizability is:

αe = 4πε0R
3 (2.31)

Ionic polarization, also called atomic polarization, is observed when different atoms

that comprise a molecule share their electrons asymmetrically, and cause the electron cloud

to be shifted towards the stronger binding atom. The atoms acquire charges of opposite

polarity and an external field acting on these net charges tends to change the equilibrium

positions of the atoms themselves, leading to ionic polarization.

When a bond is formed between two molecules by the transfer of some valence elec-

trons, a permanent dipole moment will originate in them. This permanent dipole moment is

equal to the product of the charges of the transferred valence electrons and the inter-atomic

distance between them. In the absence of an electric field, the dipole moment is cancelled

out by thermal agitation resulting in a net zero dipole moment per molecule. In the pres-

ence of an electric field, the molecules carrying a permanent dipole moment will orient to

align along the direction of the electric field. This process is called dipolar or orientational

polarization. This occurs only in polar materials possessing permanent dipole moments.
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The dipolar polarizability per molecule is defined by the Debye equation,

αd =
µ2
d

3kT
(2.32)

where µd is the inherent dipole moment due to the molecule structure and k is the Boltz-

mann constant, 1.38×10-23 J.K-1. Note that unlike electronic polarizability and ionic po-

larizability, dipolar polarizability is temperature dependent. This is an important factor to

consider when choosing a dielectric material for electronic and optical applications.

Space charge polarization involves the accumulation of charges at the grain boundaries,

interface boundaries or electrode/material interfaces. An external electric field causes these

charge dipoles to align. It is present in dielectric materials which contain charge carriers

that can migrate for some distance through the bulk of the material (via diffusion, fast ionic

conduction or hopping, etc.) thus creating a macroscopic field distortion. Such a distortion

appears to an outside observer as an increase in the capacitance of the sample and may be

indistinguishable from the real arise of the dielectric permittivity. Space charge polarization

is the only type of polarization that is accompanied by a macroscopic charge transport. In

general, space charge polarization can be grouped into hopping polarization and interfacial

polarization. In dielectric materials, localized charges (ions and vacancies, or electrons and

holes) can hop from one site to another, which creates hopping polarization. Similarly, the

separation of the mobile positive and negative charges under an electric field can produce

an interfacial polarization. After the electric field is removed, charge carriers give a partial

recovery and typically leave a finite polarization in the system.

Dielectric relaxation

In the previous reviews, dielectric polarization under DC electric field was discussed. How-

ever, the dielectric spectroscopy technique is conducted under AC electric field where di-

electric relaxation takes place. Dielectric relaxation is the movement and alignment of
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dipoles and electric charges in response to the external alternating electric field.

Experimentally, the dielectric impedance is measured using excitation AC voltage sig-

nal with small amplitude VA applied at frequency f :

V (t) = VA sin(ωt+ δ) (2.33)

where ω is the angular frequency with ω=2πf. In a linear or pseudolinear system, the

current response to a sinusoidal voltage input will be a sinusoid at the same frequency but

shifted in phase, denoted as:

I(t) = IA sin(ωt+ δ) (2.34)

Where δ is the phase angle and IA is the induced current amplitude. By using Eulers re-

lationship, the AC voltage and current can be expressed as a complex function as follows:

V (t) = VAe
jωt (2.35)

I(t) = IAe
jωt−jδ (2.36)

Therefore, the impedance is then represented as a complex number with the combina-

tion of real Z and imaginary Z parts:

Z∗ =
VA
IA

= ZAe
jδ = ZA(cos δ + j sin δ) = Z ′ + jZ” (2.37)

Where ZA is the absolute impedance. The dissipation factor is given by:

tan δ =
Z”

Z ′
(2.38)

Just as complex impedance, the dielectric data can be expressed in terms of complex

permittivity (ε*), complex conductivity (σ*) and complex modulus (M*) with the respec-
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tive real and imaginary parts.

ε∗ = ε′ − jε” (2.39)

σ∗ = σ′ + jσ” = jωε0ε
∗ (2.40)

M∗ = M ′ + jM” =
1

ε∗
= jωC0Z

∗ (2.41)

By substituting Equation 2.37 into Equations 2.39-2.41, we can derive real and imagi-

nary permittivity, conductivity and modulus from real and imaginary impedance:

ε′ =
−Z”

ωC0(Z ′2 + Z”2)
(2.42)

ε” =
Z ′

ωC0(Z ′2 + Z”2)
(2.43)

σ′ = ωε0ε” (2.44)

σ” = ωε0ε
′ (2.45)

M ′ = −ωC0Z” (2.46)

M” = ωC0Z
′ (2.47)

In dielectric materials, ε′ represents the alignment of dipoles, which is the energy stor-

age component that is an inverse equivalent of Z”. ε” represents the ionic conduction com-

ponent that is an inverse equivalent of Z’. ε” is also called the loss factor. Dispersion, or
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frequency dependence, according to the laws of relaxation, is the corresponding frequency

domain expression of complex permittivity, conductivity or modulus as a function of radial

frequency. The dielectric permittivity dispersion is the relaxation of the electric displace-

ment vector under the constraint of constant electric field while the modulus dispersion

describes the relaxation of the electric field under the constraint of a constant displacement

vector. That is why the complex modulus is the inverse of complex permittivity. In di-

electrics containing mobile charges, it is more advantageous to use complex modulus so

that variations in the large values of permittivity and conductivity at low frequencies are

minimized. In such cases, the conductivity is composed of AC and DC parts. Therefore,

the total conductivity is given by:

σT = σac + σdc = ωε0ε” + σdc (2.48)

Debye relaxation

When a direct voltage applied to a dielectric for a sufficiently long duration is suddenly

removed, the decay of polarization to zero value is not instantaneous but takes a finite time.

This is the time required for dipoles to revert to a random distribution, in equilibrium with

the temperature of the medium, from a field oriented alignment. Similarly, the build up of

polarization following the sudden application of a direct voltage takes a finite time interval

before the polarization attains its maximum value. This phenomenon is described by the

general term dielectric relaxation. The polarization builds up from zero to a final value by

a DC voltage according to an exponential law:

P (t) = P∞(1− e
t
τ ) (2.49)
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where P(t) is the polarization at time t and τ is called the relaxation time. τ is a function of

temperature and is independent of time. The expression for Debye type behavior is:

ε∗ = ε∞ +
εs − ε∞
1 + jωτ

(2.50)

where εs is the static dielectric constant and ε∞ is the dielectric constant at very high fre-

quency. Therefore,

ε′ = ε∞ +
εs − ε∞
1 + ω2τ 2

(2.51)

ε” =
(εs − ε∞)ωτ

1 + ω2τ 2
(2.52)

Cole and Cole showed that in a material exhibiting Debye relaxation each point correspond-

ing to a particular frequency yields a semi-circle in the ε”-ε′ plot [108]. This plot is called

Cole-Cole plot or Nyquist plot. In the case of Debye relaxation, the points in Nyquist plot

follows the following relationship:

(ε′ − εs + ε∞
2

)2 + (ε”)2 = (
εs − ε∞

2
)2 (2.53)

In studies involving the minimizing the space charge effects, electric modulus is pre-

ferred. The expressions for the real and imaginary modulus following Debye type relax-

ation are [109]:

M ′ = M∞Ms
M∞ +Msω

2τ 2

M2
∞ +M2

sω
2τ 2

(2.54)

M” = M∞Ms
(M∞ −Ms)ωτ

M2
∞ +M2

sω
2τ 2

(2.55)
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Figure 2.20: Loss tangent versus temperature at different frequencies. The inset shows a
magnification region of the β relaxation [112].

2.4.2 Dielectric properties of resin

The binder used in our experiment contains a crosslinking epoxy resin and a polyurethane

film former. Epoxy resin are low molecular-weight pre-polymers or higher molecular-

weight polymers which normally contain at least two epoxide groups. During curing,

epoxies generally undergo step reaction to form network polymer chains, which will have

strengthened thermal and structural stability [110]. Due to their low concentration of free

charge carriers, epoxy resins are considered as insulators. Therefore, their electrical char-

acteristics are mainly attributed to the dielectric relaxation phenomena in response to an AC

electric field, which are related to either dipolar orientation of polymer chains or migration

of space charges [111].

In general, there may be three relaxation processes α, β and γ within epoxy resin based

polymers due to its polar nature. α relaxation occurs at high temperatures and low fre-

quencies while β and γ relaxations take place at low temperatures and high frequencies

as indicated in Figure 2.20 [112, 113]. The α relaxation, also known as the primary or

glass-rubber relaxation, is associated with the translational movement of the main polymer
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chains. Moreover, α relaxation is normally more significant at temperature above glass

transition temperature (Tg) [114]. β and γ relaxations, also known as secondary relax-

ations, can be detected at higher frequencies and lower temperatures than α relaxation. β

relaxation is caused by the reorientation of polar side groups while γ relaxation is ascribed

to the rearrangement of small parts of the polymer chains.

2.4.3 Dielectric properties of polymer composites

A polymer composite is a composite that contains a polymeric material and at least one

other material, organic or inorganic. The inorganic-polymer composite material will be

discussed here as in ACPEL materials only inorganic materials such as ZnS, BaTiO3 and

Ag are blended with binder.

The advantage of integrating micro- or nanofillers into polymer based materials is that

the properties associated with the inorganic phase and polymers can be coupled, leading to

new functionality or new processing methods for inorganic materials [115]. Polymers are

ease to produce and process and they have good adhesion with reinforcing elements and va-

riety of substrates, not mentioning their light weight and ductile mechanical performances.

Furthermore, as excellent electrical insulators, polymers exhibit high dielectric strength

but low dielectric permittivity [116]. On the other hand, inorganic fillers are brittle mate-

rials, with high dielectric permittivity and thermal strength but usually have low dielectric

strength [117]. Combining these two materials with compensating properties in a compos-

ite system could lead to a superior performance. The dielectric permittivity improvement in

a polymer composite, which is also a heterogeneous system, is realized through the forma-

tion of so called interfacial polarization, termed the Maxwell-Wagner-Sillars effect (MWS

effect) [118–120]. This is initiated by the differences in conductivities and permittivities

of the inorganic and polymeric materials. As a result, space charges build up at the macro-

scopic interfaces. In contrast to the other types of polarization (atomic, electronic, dipolar),

only this polarization changes the electric field, which are caused by the displacement or
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orientation of bound charge carriers.

Conventionally micro-sized inorganic materials are used to form polymer composites

[121–123], which are named microcomposites. More recently, nanocomposites, which

contain nanoparticles as the fillers, are preferred due to their superior dielectric properties.

This advantage is due to the larger interfacial volume existing in nanocomposites compared

to microcomposites [124], and the properties of the interfaces between the polymer and

nanosized fillers are responsible for this improvement. Due to the interaction between

polymer and fillers, the polymer morphology at the interface and local charge distribution

at the nanoparticle surface may be changed. Moreover, the change of density and energy

depth of trap sites due to the change in local structure at the interfaces affects the charge

mobility and structure at the interfaces. Thus it is important to understand this interface.

ZnS polymer composites

As the main phosphor, the polymer composites containing ZnS phosphor microparticles

are less studied, although extensive works have been carried out to study the dielectric

enhancement of ZnS or ZnS-capped nanoparticles [125–131]. Bessiere et al. studied the

dielectric properties of sphalerite ZnS at solutions to understand the effects of different ions

and its concentrations on the solid-solution interface [132]. A polyaniline-ZnS composite

was prepared with different weight percentages and its temperature dependent DC conduc-

tivity was acquired, which followed a variable range hopping model [133]. The increase of

ZnS concentration increased the conductivity but further increase reduced the DC conduc-

tivity. However, the polyaniline is a conducting polymer which does not apply to this case

whereby polymeric binder is highly insulating. No other relevant literature could be found

on the dielectric impedance spectroscopy study of ZnS polymer microcomposites.

46



Figure 2.21: BaTiO3 particle size-dependence of the dielectric constants of the BaTiO3

/PVDF nanocomposites measured at room temperature at 1.14 kHz [134].

BaTiO3 polymer composites

As a high k dielectric, BaTiO3 is extensively studied. BaTiO3 is a well-known fundamental

ferroelectric perovskite oxide and is often used in multilayer ceramic capacitors due to

high dielectric constant and low loss characteristics [135, 136]. BaTiO3 experiences a

phase transformation from paraelectric phase to ferroelectric phase at Curie temperature

of around 130 ◦C. This transformation enhances the dielectric properties and reduces the

dielectric loss [137, 138]. The size and concentration of the BaTiO3 nanoparticles affect

the dielectric properties of the BaTiO3-polymer nanocomposites.

The size dependency of dielectric constant of a BaTiO3/PVDF nanocomposites is shown

in Figure 2.21. The dielectric constant increases with the particle size first and decreases

with sizes larger than 100 nm. This agrees well with the findings of Fan et al. [139], where

the dielectric constant is the largest with the sizes from 50 - 80 nm. With the well fitting

of the experimental results to the Jayasundere’s relation, it is found that the decrease of the

dielectric constant at larger size is due to the interactions between fillers and matrix [140].
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Figure 2.22: Dependence of dielectric properties of the composites on the volume concen-
tration of BaTiO3 (0.1 µm and 0.7 µm) at 103 Hz measured at room temperature [141].

Similar trends were observed by other scientists as well [134, 141, 142].

In Figure 2.22, the increase of BaTiO3 concentration increases the dielectric permittiv-

ity and loss tangent for both the 0.1 µm and 0.7 µm BaTiO3 at 103 Hz. Similarly, Fan et al.

also observed the increase of dielectric permittivity with the concentration of BaTiO3 for

the particle sizes of 30 - 50 nm and 50 - 80 nm. Ramajo et al. ascribed this phenomenon to

the increased porosity at high filler concentrations [143]. Mendes et al., however, related

the increased real permittivity of higher BaTiO3 concentration to the increased amount of

defective structures, which corresponded to the reduced degree of crystallinity of the poly-

mer matrix [142].

The dielectric response study of BaTiO3 was conducted by various research groups

[143–145]. Figure 2.23 shows the temperature and frequency dispersions of imaginary

modulus for neat epoxy, composite-1 (40% 100 nm BaTiO3) and composite-2 (40% 200

nm BaTiO3). As indicated in Figure 2.23(a), α, β and γ relaxation processes are observed in

neat epoxy. However, when mixed with BaTiO3, only α relaxation and the MWS effect are

significant in composite-1. With the size of BaTiO3 increased to 200 nm, the α relaxation
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Figure 2.23: Imaginary part of electric modulus spectra as temperature and frequency for
(a) neat epoxy, (b) composite-1 and (c) composite-2; (d) M” vs. temperature at 103 Hz for
all samples [144].

peak is largely suppressed. It is widely believed that mainly the MWS effect and tetragonal

phase transition of BaTiO3 nanoparticles affect the dielectric response of the composites.

Metal polymer composite

Metal polymer composites are widely incorporated into bulk materials to enhance the

dielectric permittivity of devices [146, 147]. At low concentration, the enhancement is

achieved by the formation of the MWS effect at the metal/polymer composites [148]. At

high volume concentrations of metal nanoparticles, this dielectric enhancement is then orig-

inated by the percolation theory [149]. When metal composites are used as electrodes, the
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porous structure and large surface area can facilitate high diffusion volume and large dou-

ble layer capacitance [150]. Various equivalent circuit models of the double layer structure

of the metal composite electrode are proposed by Cha et al. [151].

2.5 Summary of research gaps

In summary, although ACPEL devices were discovered years ago, the light excitation and

emission mechanisms are still not well understood. There is also a research gap on the

warm white colors of such devices. A number of printing techniques can be utilized to fab-

ricate the hybrid warm white light source, whose color may be indicated by the colorimetric

parameters, such as CIE xy color space, CCT and CRI. The impedance spectroscopy study

of ZnS microcomposites is still lacked and the multilayered composites are less studied as

well.
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Chapter 3

PRINTED HYBRID EL FILMS BY DROP CASTING PROCESS

3.1 Introduction

One of the limiting factors for the popularization of ACPEL devices is the limited color

choices, with only blue, green and orange colors. The lack of red emitters will cause prob-

lems when producing white especially warm white ACPEL devices. Basically, there are

three main approaches to achieve a warm white EL films: a white ZnS phosphor, mixing

ZnS phosphors of different colors and using color conversion materials. Through the first

approach, a white ZnS:Cu,Cl,Mn phosphor consisting of only blue and yellow peaks was

fabricated with the CRI of more than 85% [36]. Commercial white EL films are made by

the mixed blue-green and yellow ZnS phosphors. No warm white EL films are achieved

by the first two approaches due to lack of red phosphors. Although a red ZnS:Cu,Cl,Mn,Te

phosphor powder was recently fabricated by Park et al. using a conventional wet synthe-

sis and a sealed vessel method [37], the luminance of this red phosphor is only around

3.5 cd/m2 at 200 V and 400 Hz. This low luminance is not sufficient in producing warm

white EL films. Hence, various researches had worked on the third approach of implement-

ing downshifting materials, both organic dyes and inorganic phosphors. Downshifting is a

color conversion process which converts a high-energy to low-energy photon [1]. In par-

ticular, Kim used two small molecules (coumarin-6 and DCJTB) to convert blue emission

from ZnS phosphors to green and red emissions and obtain a CIE of (0.46, 0.46). These

two organic dyes were inserted as separate layers between a transparent electrode and ZnS

phosphor layers. Another experiment conducted by Park et al. demonstrated the incorpora-

tion of yellow Tb3Al5O12:Ce3+ and red CaS:Eu2+ phosphors over the transparent substrate

to produce a white light with a CRI of 89 and a luminance efficacy of 3.32 lm/W. However,

51



Eu is not favored as it is a rare earth and toxic material. In both studies, no warm white

color is reported.

In this study, a big molecular dye F8BT acting as the green converter and a small molec-

ular dye DCJTB as the red converter were used. F8BT and DCJTB were used as they were

demonstrated as stable in organic solar cells and OLED [152, 153]. As a preliminary

experiment, a simple drop casting process was utilized to demonstrate the downshifting ca-

pabilities of both organic dyes. To further simplify the fabrication process, both dyes were

coated together in one layer. Different operating voltages and frequencies were applied to

facilitate the color tuning. Various colors were obtained with altering the mass ratio and

concentration of F8BT and DCJTB mixed solutions.

3.2 Experimental methods

3.2.1 Fabrication of forward and reversed EL films

Forward and reversed blue/green EL films were fabricated by the low-cost screen-printing

process using a Micro-tec MT-850 screen printer. The printing process for forward de-

vices is illustrated in Figure 3.1. The substrates used for the screen-printing process were

PET pre-coated with ITO (∼100 Ω/sq, Nejilock) with the thickness of 200 µm. Blue

(Gwent C2061027P15) or green (Gwent C2070209P5)) ZnS phosphor powders (∼20 µm

in diameter) was premixed with a polymeric binder (Gwent R2070613P2) consisting of a

polyurethane film former and epoxy resin. A 105 mm× 105 mm square emitting layer was

formed with the phosphor paste printed on top of the ITO-coated PET using the printing

speed of 300 mm/s. Thereafter, the devices were placed in Tabai oven and cured at 130

◦C for 30 min. After the emitting layer was fully cured, a 105 mm × 105 mm dielectric

layer (∼35 µm thick) was printed over it using high-k dielectric material barium titanate

(BaTiO3) nanoparticles (∼100 nm, Gwent D2070209P6) dispersed in binder with the print-

ing speed of 300 mm/s. A second curing step was followed at 130 ◦C for 30 min. Finally,

Ag nanoparticle paste (Gwent C2131014D3) was printed as the back electrode (∼10 µm
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Figure 3.1: The screen printing process flow for forward ACPEL devices. Device architec-
tures along the process are presented as the insets with the final device structure presented.

thick) using the printing speed of 30 mm/s and the final pattern size formed was 100 mm

× 100 mm. For the external electrical supply, two copper stripes were attached to the two

electrodes and EL was emitted from the PET side for the forward EL films. The final de-

vice structure for forward devices is shown in the inset of Figure 3.1. For the reversed EL

films, the dielectric layer was printed first followed by the emitting layer with the same

printing speed and pattern size as the forward devices, as illustrated in Figure 3.2. A layer

of PEDOT:PSS (CLEVIOS S V3 HV) with the size of 100 mm × 100 mm was printed

prior to a Ag layer using the printing speed of 100 mm/s. The size of the Ag layer was only

10 mm× 100 mm and its function was to stabilize charges over the PEDOT:PSS electrode.

The reversed EL film emits lights from the PEDOT:PSS side. The final device structure for

reversed EL films is shown in the inset of Figure 3.2.
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Figure 3.2: The screen printing process flow for reversed ACPEL devices. Device architec-
tures along the process are presented as the insets with the final device structure presented.

3.2.2 Selection of dye, solvent and coating method

F8BT (Lumtec LT-S957) and DCJTB (Lumtec LT-E704) were used as the downshifting or-

ganic dyes with the molecular structures as shown in Figure 3.3. These two materials were

primarily dissolved in chloroform (CHCl3, 99% Sigma-Aldrich). In order to explore the

possibility for large-scale processing, a 2.0 mg/mL dye in CHCl3 solution was mixed with

binder or polydimethylsiloxane (PDMS) and the resulted dye-binder mixture was cured at

130 ◦ for 30 min while the dye-PDMS mixture was cured at 70 ◦C for 10 min. Their PL

emission spectra were obtained. With the unsatisfactory results from the mixed binder or

PDMS results which will be shown in the results section, only the dye in CHCl3 solution

was suitable and spin coating process was primarily considered for the coating method us-

ing a Laurell WS-400-6NPP-LITE spin coater. A layer of the F8BT and DCJTB mixed

solution was spin-coated on both forward and reversed EL films. Prior to the coating pro-

cess, forward devices were cleaned by isopropanol (IPA) (Sigma-Aldrich). After several

trials of spin coating, the lowest coating speed of 300 revolutions per minute (RPM) and
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Figure 3.3: Chemical structures of (a) F8BT and (b) DCJTB.

lowest acceleration speed of 116 RPM were selected. With the total dye concentration

fixed at 0.5 mg/mL, the mass ratio between DCJTB and F8BT was varied to be 1:1, 1:2,

1:3, 1:4, 1:7, 1:9, 2:1, 3:1, 4:1, 7:1, and 9:1. These different solutions were spin-coated at

room temperature and the resulted coating was also dried at room temperature.

3.2.3 Drop casting of dye-chloroform solution

Spin coating was not an appropriate method to coat F8BT and DCJTB organic dyes. As an

alternative, drop casting method is more suitable due to its simplicity and material saving.

F8BT and DCJTB were first coated individually onto the forward and reversed EL films to

study the downshifting capability of each organic dye. Figure 3.4 shows the process flow

for the drop casting method. To drop cast a layer of F8BT dyes, 15.6 mg of F8BT was dis-

solved in 4 mL of CHCl3 at room temperature. Thereafter, 20 µL of the above 3.9 mg/mL

F8BT solution was dropped over the horizontally flat PET surface of forward EL films by a

pipette which was then placed 2 cm over the sample. After drying at room temperature, the

forward hybrid EL films exhibit the final device structure as shown in Figure 3.5(a). The

typical diameter of the drop casted organic dye is around 1cm. As for the reversed hybrid

devices, 20 µL of the above F8BT solution was drop casted over the PEDOT:PSS side of

the reversed EL films and the hybrid device structure is illustrated in Figure 3.5(b). The

forward and reversed hybrid EL films incorporating DCJTB were fabricated with the same
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Figure 3.4: The drop casting process. RT: room temperature.

(a) (b)

Figure 3.5: Structures of (a) forward and (b) reversed hybrid ACPEL devices with a layer
of drop casted organic dye.

method using a 1.9 mg/mL DCJTB solution prepared by dissolving 11.4 mg of DCJTB in

6 mL of CHCl3 at room temperature.

3.2.4 Fabrication of white hybrid EL films

In order to tune the emission colors of the hybrid EL films, a mixed F8BT- and DCJTB-

CHCl3 solution was drop casted over reversed devices using the same process stated in

section 3.2.3. The mixture was obtained by dissolving F8BT and DCJTB separately into

CHCl3 first and mixing the resulting solutions. Two sets of experiments were conducted in

the present study. The first one involved various F8BT:DCJTB mass ratios. 18mg of F8BT

was added into 4.5 mL of CHCl3 to prepare a starting solution. By adding 1, 1.286, 1.8,

2.25, and 3 mL of the 2 mg/mL DCJTB-CHCl3 solution, the F8BT:DCJTB mass ratios of

9:1, 7:1, 5:1, 4:1, and 3:1 were obtained and the respective concentrations of F8BT-DCJTB

solution (final concentration) were 3.64, 3.56, 3.43, 3.33 and 3.2 mg/mL respectively. The

final concentration was calculated by dividing the total mass of F8BT and DCJTB by the
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Table 3.1: Variation of concentration and mass ratio of the dye mixture used for the fabri-
cation of white hybrid ACPEL devices.

Experiment set Final concentration (mg/mL) Mass ratio

1-mass ratio 3.64, 3.56, 3.43, 3.33, 3.20 9:1, 7:1, 5:1, 4:1, 3:1

2-final concentration 2.40, 1.92, 1.60, 1.37, 1.20 3:1

total volume. The second set of experiment involved diluting the final mixture with the

F8BT:DCJTB mass ratio of 3:1 from the first experiment to achieve different final concen-

trations. By adding 2.5 mL of CHCl3 successively to the previous mixture up to 5 times,

the final concentrations of 2.40, 1.92, 1.60, 1.37 and 1.20 mg/mL were obtained. As sum-

marized in Table 3.1, 20 µL of the mixtures in these two sets of experiments were drop

casted over reversed EL films to fabricate hybrid devices.

3.2.5 Characterization methods

Photoluminescence (PL) emission and excitation spectra were acquired using a Fluorolog-

3 PL system. The absorbance and transmittance spectra were measured by a Shimadzu

UV-2450 UV-VIS spectrometer from 350 nm to 800 nm. The ZnS phosphor powders,

BaTiO3 powders and EL films were examined under Ultra Plus FE-scanning electron mi-

croscope (SEM) from ZEISS and using Energy-dispersive X-ray spectroscopy (EDX). The

dark field images of operating EL films were taken using an Olympus upright metallurgical

microscope BX53M by exciting the devices at 110 V and 400 Hz with the characterization

light turned off under the dark field mode. EL spectra, luminance, and CIE were measured

using the SpectraWin software of the PR655 spectroradiometer from Photo Research. The

measurement was performed at a 2◦ observer angle with a spot size of about 5 mm in a

dark enclosure at ambient conditions. The power luminous efficacy was obtained by di-

viding the luminous flux by the electrical power. The luminous flux was measured using
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(a) (b)

Figure 3.6: PL emission and excitation spectra of (a) green and (b) blue ZnS phosphors.

a halfmoon integrating sphere from Labsphere and the electrical power was measured by

a YOKOGAWA WT210 digital power meter. The AC sinusoidal excitation voltages were

applied by a Pacific 105-AMX power source without any DC bias voltage. EL and white

light aging were performed to study the durability of reversed blue and F8BT and DCJTB

in hybrid devices. In order to reduce experimental errors, six un-passivated samples drop-

casted with the F8BT:DCJTB mass ratio of 9:1 were tested for each aging study. EL aging

was carried out by operating the devices continuously at 110 V and 400 Hz in a dark room

at 25 ◦C and 70% relative humidity. For white light aging, a fluorescent white light box

with the radiance power of 4.3 Wsr-1m-2 was used to age the hybrid EL films at 25 ◦C and

70% relative humidity in a dark room. The hybrid EL film with the F8BT:DCJTB mass

ratio of 9:1 and final concentration of 1.6 mg/mL was placed directly over the white light

box with the dye layer facing the light source and AC voltage was not applied to the device

during white light aging.
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3.3 Results and discussion

3.3.1 Forward and reversed EL films

The PL emission and excitation spectra of green and blue ZnS phosphor powders are shown

in Figure 3.6. In Figure 3.6(a), green ZnS phosphors exhibit emissions with the peak

wavelength of 497 nm when excited by 330 nm UV light. The full width at half maximum

(FWHM) is 82 nm. The excitation spectrum of a 500 nm emission from green phosphors

is at its maximum at 390 nm. The emission peak of blue ZnS phosphors is at 457 nm when

excited by 350 nm UV light as indicated in Figure 3.6(b). The PL excitation spectrum tells

us that blue ZnS phosphors are most efficiently excited by 370 nm photons. As shown in

Figure 3.7(a), ZnS phosphor powders have irregular shapes with the average size of around

20 µm. Figure 3.7(b) reveals the cross-section of ZnS phosphors. A layer of coating with

the thickness of submicron is seen for each ZnS powder. The EDX result tells us that this

coating is Al2O3. The BaTiO3 dielectric powders used for insulating purposes in EL films

are in nanometer size and also with irregular shapes as shown in Figure 3.7(c).

The SEM images of forward and reversed EL films are shown in Figure 3.8. The main

difference between these two types of devices is the position of the ZnS phosphor layer.

Especially in reversed EL films, there is no clear indication of visible transparent layer,

which is PEDOT:PSS. This shows that the thickness of PEDOT:PSS is very small. When

excited by an AC electric signal with the voltage of 110 V and frequency of 400 Hz, the

forward EL films with green ZnS phosphors (forward green) exhibit green emission with

the peak wavelength of 504 nm and FWHM of 76 nm. As seen in Figure 3.9(a), in spite of

having different peak intensities, the reversed EL films with green ZnS phosphors (reversed

green) emit EL lights with the same peak wavelength and FWHM as forward green. Both

forward and reversed devices with blue ZnS phosphors (forward Blue, reversed Blue) give

out EL with the same peak wavelength of 456 nm and FWHM of 100 nm. In Figure

3.9(b), it is observed that CIE for all samples shift towards blue region as the operating
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(a) (b)

(c)

Figure 3.7: SEM images of (a) ZnS phosphor and (b) BaTiO3 dielectric powders.

(a) (b)

Figure 3.8: SEM images of (a) forward and (b) reversed EL films.
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(a) (b)

Figure 3.9: (a) EL spectra at 110 V and 400 Hz and (b) CIE at 110 V and different frequen-
cies for Forward Green, Reversed Green, Forward Blue and Reversed Blue EL films.

Figure 3.10: Optical transmittance of ITO-coated PET and PEDOT:PSS.

frequency increases. This is due to the frequency-dependent charge transport and relaxation

behaviors which will be elaborated in details in Chapter 5. The reversed devices are more

blueish in color than the forward ones. This is due to the higher transmittance of shorter

wavelength photons than longer wavelength photons of the PEDOT:PSS layer as indicated

by the transmittance spectra in Figure 3.10.

In Figure 3.11, the luminance of forward green, reversed green, forward blue and re-
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(a) (b)

Figure 3.11: Luminance as a function of (a) voltage at 400 Hz and (b) frequency at 110 V
for forward and reversed blue or green EL films.

versed blue as a function of voltage and frequency is shown. For all the four types of EL

films, luminance increases with voltage or frequency. However, there is a tendency for

the luminance to saturate at higher frequency. This agrees well with the observation by

Stanley et al. [92]. For both forward and reversed structures, the luminance of green EL

films is higher than that of blue ones. Moreover, the forward devices are brighter than the

reversed ones in either green or blue phosphors. However, it is noticed that the luminance

margin between forward and reversed devices is a lot smaller in blue phosphors than in

green phosphors. The measured luminous efficacy values of forward green, forward blue,

reversed green and reversed blue EL films are 3.51, 2.29, 3.65, and 1.74 lm/W. The power

efficacy of green devices is higher than that of blue devices. However, the overall luminous

efficacy is in a order much smaller than that of 128 lm/W in the GaN LED [154]. There-

fore, purely in the view of emission intensity and power efficacy, forward green should be

used for color tuning. However, if the performances of forward and blue hybrid devices are

to be compared, blue devices should be used. In our case, these four devices will be tested

and the selection criteria is based on the color output and film quality.
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3.3.2 Solvent effect and spin coating method

CHCl3 was used to dissolve F8BT and DCJTB powders. Their PL emission and absorbance

spectra are shown in Figure 3.12. When excited by 350 nm UV light, the F8BT-CHCl3

solution exhibits a green emission with a peak wavelength of 548 nm and a FWHM of 67

nm while the F8BT-PET film experiences a slight blue shift to a peak wavelength of 543

nm. With the peak wavelengths at 468 nm and 478 nm, the absorbance spectra of the F8BT-

CHCl3 solution and F8BT-PET film fall within the EL spectra of the forward and reversed

ACPEL devices as shown in Figure 3.9(a). This demonstrates the downshifting capability

of F8BT and this green dye is more effectively in absorbing blue photons. The increased

absorbance at wavelengths less than 350 nm is due to the absorption in ITO. On the other

hand, the DCJTB-CHCl3 solution exhibits a red emission with the peak wavelength of 615

nm and FWHM of 54 nm. The DCJTB layer on a PET film experiences a red shift of the

PL emission spectrum to the peak wavelength of 630 nm. From the absorbance spectra in

Figure 3.12(b), both the DCJTB-CHCl3 solution and DCJTB-PET film are able to absorb a

broad spectrum of blue to green lights. However, since the absorbance peak wavelength is

at 510 nm for both samples, DCJTB is better at absorbing the green emissions from F8BT

as shown in Figure 3.12(a).

Polymeric binder and PDMS are considered to mix with the dye-CHCl3 solution, be-

cause binder is proved in screen printing technology and PDMS has been used extensively

in spin coating process. Figure 3.13 shows the PL emission spectra of F8BT and DCJTB

mixed in binder and PDMS before and after curing process. The photo-excited F8BT-

binder solution emits green light with the peak wavelength of 545 nm but experiences a

suppression of the green peak after curing. There is another peak at 385 nm for the cured

sample. This suppression effect is even more significant for the F8BT-PDMS solution be-

fore and after curing. DCJTB mixed in binder or PDMS, however, does not suffers from the

intensity suppression but a blue shift from 595 nm to 550 nm for the DCJTB-PDMS mix-

ture. Interestingly, the peak wavelength of DCJTB-binder shifts from 595 nm to 636 nm
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(a) (b)

Figure 3.12: PL emission and absorbance spectra of (a) F8BT and (b) DCJTB in CHCl3

and on PET films.

after curing. This may be due to the different energy transfer mechanism between DCJTB-

binder and DCJTB-PDMS. In the consideration of the low green peak intensity for cured

F8BT-PDMS and a large blue shift of the cured DCJTB-PDMS, PDMS is not suitable for

the coating of these two organic dyes. Binder solution is also discarded as the green emis-

sion is largely quenched. As such, only dye-CHCl3 solution was spin-coated onto EL films

for the demonstration of downshifting capabilities. However, the coating finish is not uni-

form. Even with the lowest speed, the spin-coated dye layer cannot be distributed evenly

over the sample surface. This poor surface finish is caused by the high evaporation speed

of CHCl3. Moreover, as shown in Figure 3.14, there is no noticeable green emission even

with the mass ratio of F8BT and DCJTB at 9:1 due to the low solubility of F8BT in CHCl3.

Therefore, the spin coating methodology is still not suitable for the coating of organic dye

layer onto EL films. Considering the simplicity and conservation of materials, drop casting

method is adopted to achieve a downshifting process by F8BT and DCJTB dyes.
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(a) (b)

Figure 3.13: PL emission spectra of F8BT and DCJTB mixed with (a) binder and (b) PDMS
before and after curing.

Figure 3.14: EL spectra of reversed blue EL films with spin-coated dye layer with the mass
ratio of F8BT:DCJTB at 9:1 and 1:9 respectively.

3.3.3 Drop casting of a single-dye solution

A single organic dye dissolved in CHCl3 was drop casted on forward and reversed EL

films to verify the downshifting capability of F8BT and DCJTB. In Figure 3.15(a), clear

green peaks at about 528 nm and 536 nm are observed respectively for the forward and

reversed hybrid EL films with a drop of F8BT (forward F8BT, reversed F8BT). Their green

emissions can also be seen from the dark field optical images as shown in Figures 3.16(a)

65



and 3.16(b) demonstrating the downshifting capability of blue ZnS emissions by the added

F8BT. As illustrated in Figure 3.18(b), some photons of the blue and green emissions from

the emitting layer are absorbed by the F8BT layer with an optical band gap of 2.25 eV

[155]. After relaxation, singlet and triplet excitons are formed in the F8BT. When the

singlet excitons decay radiatively, green light is emitted and gives rise to the EL spectra

of forward and reversed F8BT devices in Figure 3.15(a). In addition, the downshifting is

more effective for blue photons, as can be inferred from the absorbance spectra in Figure

3.12(a). As a result, the blue peaks of the hybrid devices shift to 450 nm with the blue-

green lights being absorbed in the F8BT layer. The green peak intensity of forward F8BT

is higher than that of reversed F8BT while the blue peak intensities are similar. This shows

that the downshifting process is more effective in forward F8BT devices. The drop-casted

F8BT in reversed F8BT is visually noticeable from the PET substrate side, which means the

F8BT-CHCl3 solution may diffuse into the emitting and dielectric layers upon drying. This

leads to less F8BT participating in the downshifting process and thus lowers the intensity

of green emissions in reversed hybrid F8BT films.

The forward hybrid EL films with a layer of DCJTB (forward DCJTB) have only one

EL emission peak with the peak wavelength of 452 nm as shown in Figure 3.15(a). Com-

pared with the EL spectra of forward blue, there is a subdued red emission in forward

DCJTB. The dark field optical image of forward DCJTB in Figure 3.16(c) shows the exis-

tence of circular features with size ranging from hundreds of micrometers to submicrom-

eter. These circular features are further investigated in the SEM cross-sectional images.

Holes with various sizes like that in Figure 3.17(a) are identified. A significant number

of porosity is seen from Figure 3.17(b). Located at the edge of the coatings, DCJTB in

less quantity is observed to have nanorod shapes. Therefore, it is reasonable to believe that

the large porosity is caused by the random stacking of DCJTB nanorods. These nanorods

may be formed through the minimization of free energy between DCJTB and PET surface

where the wettability is low [156]. Meanwhile, the surface holes may be introduced by the
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(a) (b)

Figure 3.15: (a) EL spectra at 110 V and 400 Hz and (b) CIE at 110 V and different
frequencies for forward and reversed blue EL films with a layer of F8BT or DCJTB organic
dye.

(a) (b) (c) (d)

Figure 3.16: Dark field images of (a) forward F8BT, (b) reversed F8BT, (c) forward
DCJTB, and (d) reversed DCJTB operated at 110 V and 400 Hz.

Marangoni effect [1]. The surface energy at the edges is higher. To minimize the total en-

ergy, DCJTB molecules move to the edges and high amount of DCJTB nanorods nucleate

and circular patterns are formed. In three dimensional spaces, this process takes places in

x, y and z directions and large number of pores is formed. Consequently, when DCJTB

is excited, the incident EL lights and converted red emissions are trapped within the pores

leading to the insignificant red component in forward DCJTB.

The reversed hybrid films incorporating DCJTB (reversed DCJTB) in Figure 3.15(a),

show two EL emission peaks with the peak wavelengths of 445 nm and 624 nm. The blue

shifting of the low wavelength peak indicates the PL absorption of blue-green lights by

DCJTB, which is further proven by the red emissions observed from the dark field image
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(a) (b)

(c) (d)

Figure 3.17: SEM images of (a)-(c) DCJTB over forward EL films; (d) optical images of
drop casted DCJTB layer in reversed DCJTB.

in Figure 3.16(d). As illustrated in Figure 3.18(b), DCJTB with the band gap of around

2.01 eV is able to absorb high energy blue and green photons from ZnS phosphor as well

as the converted green emissions from F8BT for the production of red emissions [157].

The dropped casted pattern of forward DCJTB is shown in Figure 3.17(d). The Marangoni

effect is clearly seen with deeper red color at the edges. It is also observed that the resulted

hybrid film is not in a regular shape, which is a drawback of the drop casting process. The

size of this drop casted sample is around 7 mm at the longest distance. As the spot diameter

of the spectraradiometer measurement is 5 mm, it is then difficult to obtain the luminance

uniformity, which is a parameter to quantify the uniformity of a large area printed film.
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In Figure 3.15(b), CIE for forward and reversed F8BT follows the same trend with the

increase of frequency. At the same operating frequency, the hybrid F8BT devices show a

green shift in color due to the downshifting by F8BT. The forward F8BT color becomes

green with CIE of (0.228, 0.490) when operated at 110 V and 100 Hz. CIE of forward and

reversed DCJTB also varies with frequency from 100 Hz to 2 kHz. The forward DCJTB

has only a slight red shift in color output compared to the forward and reversed blue devices

while a large red shift is observed for the reversed DCJTB device. This demonstrates that

the incorporation of DCJTB into forward EL films fails to yield the desired red component

and is therefore not suitable for color tunable EL films. At 100 Hz, CIE for the reversed

DCJTB is (0.311, 0.288) showing near white color. As the operating frequency increases to

2 kHz, the downshifting process by DCJTB is enhanced due to the more intense emission

from ZnS and thus a purple color with the CIE of (0.253, 0.153) is produced. In view of

these results, only reversed EL films are selected for the hybrid devices.

3.3.4 Drop casting of F8BT and DCJTB mixed solution

Mass ratio effect

Figure 3.18(a) illustrates the EL spectra of reversed hybrid EL films with a layer of F8BT

and DCJTB mixture of different mass ratios operated at 110 V and 400 Hz. Two clear peaks

located at the blue and red regions are observed with the peak wavelengths of 448 nm and

627 nm respectively and there is another small hump near the wavelength of 526 nm. As

illustrated in Figure 3.18(b), when F8BT and DCJTB are mixed together, F8BT acts as a

sensitizer for DCJTB. Short wavelength photons from ZnS phosphors are first absorbed and

downshifted by the sensitizer. This is followed by an energy transfer from F8BT to DCJTB

in the form of a further downshifting of F8BT green lights by DCJTB. Consequently, no

clear green peaks are observed. As the F8BT:DCJTB mass ratio increases, the 627 nm peak

intensity decreases, showing less red emission by DCJTB. Meanwhile, the intensities of the

448 nm peak and 526 nm hump increase with the mass ratio. However, even with the F8BT-
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Figure 3.18: (a) EL spectra at 110 V and 400 Hz for reversed blue EL films with different
mass ratios of F8BT and DCJTB, (b) band diagrams of ZnS, F8BT and DCJTB illustrating
the downshifting process.

DCJTB mass ratio of 9:1, the hybrid EL film is still deficit in the 526 nm emissions. As

the final concentration of F8BT and DCJTB mixture vary with the mass ratio as shown in

Table 3.1, the dependency of peak intensities is mainly due to the change of the proportion

of F8BT and DCJTB in the hybrid devices but may also be affected by the small change of

the final concentration.

The increase of mass ratio generally shifts CIE towards blue region except for the mass

ratio of 9:1 as shown in Figure 3.19(a). This may be due to the fact that the total dye
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(a) (b)

Figure 3.19: (a) CIE and (b) luminance as a function of frequency at 110 V for reversed
blue EL films with different mass ratios of F8BT and DCJTB.

concentration for the mass ratio of 9:1 is the highest as shown in Table 3.1. A reddish

purple color is achieved with the mass ratio of 4:1 when operated at 110 V and 2000 Hz

and the corresponding CIE is (0.336, 0.219). For purplish pink color, the mass ratio needs

to be 3:1 and the resulted CIE is (0.386, 0.266) with the operating voltage at 110 V and

frequency at 400 Hz. The luminance as a function of frequency for hybrid EL films with

different F8BT:DCJTB mass ratios are shown in Figure 3.19(b). It can be seen that the

increase of mass ratio leads to a slight increase of luminance from 100 Hz to 1600 Hz. In

contrary, at 2000 Hz increasing F8BT:DCJTB ratio decreases the luminance. As discussed

in section 3.3.1, ZnS phosphors emit an increased portion of blue lights at high frequency

and green lights at low frequency. Since DCJTB is more effective in absorbing green light

as suggested in Figure 3.12(b), an increase in F8BT:DCJTB ratio will reduce the absorption

of green light at low to intermediate frequencies and thus lead to higher luminance. At

higher frequencies near 2000 Hz, the emission spectrum of the ZnS phosphor exhibits a

blue shift. The increased blue emission intensity will result in more absorption by F8BT in

mixtures with higher F8BT:DCJTB mass ratio. The increased downshifting of blue light

thus results in a decrease of the total luminance.
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(c)

Figure 3.20: (a) EL spectra at 110 V and 400 Hz, (b) luminance and (c) CIE as a function
of frequency at 110 V for reversed blue EL films with different concentrations of F8BT and
DCJTB mixed solution in CHCl3.

Final concentration effect

In order to investigate the impact of final mixture concentration on optical properties of the

hybrid devices, different amounts of CHCl3 are added into a F8BT and DCJTB mixture

with the mass ratio of 3:1. Final concentrations of 2.40, 1.92, 1.60, 1.37 and 1.20 mg/mL

were achieved and the corresponding EL spectra of the hybrid EL films are shown in Figure

3.20(a). It is observed that decreasing the final concentration increases the blue emission
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intensity but reduces the red peak intensity. No obvious green hump is observed. This is un-

derstandable because as the dye mixture becomes more dilute, the solution has less organic

dye per unit volume and thus produces less red and green emission. Less downshifting

thus causes more blue lights to penetrate the organic layer and the resulting colors are more

blueish as the concentration decreases as illustrated in Figure 3.20(c). At 110 V and 400

Hz, CIE of the hybrid EL films with the final concentration of 2.40 mg/mL is (0.313, 0.230)

while that for the final concentration of 1.20 mg/mL is (0.267, 0.232). White color with

CIE of (0.313, 0.312) is achieved for the hybrid devices with the final concentration of

1.60 mg/mL and operated at 110 V and 100 Hz as shown in Figure 3.20(c). However, the

luminance at this condition is only 13.13 cd/m2 and its CCT is 6632 K, which is far from

warm white color. The luminance of all these devices increases with frequency as illus-

trated in Figure 3.20(b). The decrease of the final concentration increases the luminance at

all frequencies. Note that there is no crossover of the luminance characteristics as in Figure

3.20(b) because all samples in this plot have the same F8BT:DCJTB mass ratio. It is thus

concluded that the red shift for the mass ratio of 9:1 in Figure 3.19(a) is due to the increased

concentration of DCJTB causing increased energy transfer from the F8BT sensitizer.

3.3.5 Aging study

Aging study of reversed blue EL films

The EL spectra of reversed blue devices under white light aging are shown in Figure

3.22(a). Minimal changes of peak intensity are observed in reversed blue and the luminance

in Figure 3.22(b) mostly stays in a steady level with time. This suggests that reversed blue

does not suffer from degradation within 120 hr’s white light aging. With extended aging

time, degradation behaviors may start to emerge. When aged by electrical excitations at

110 V and 400 Hz, the peak intensity of reversed blue keeps decreasing and the luminance

decreases almost linearly with time as shown in Figure 3.22. This degradation is not due

to the light aging of EL materials but may be due to the degradation of PEDOT:PSS by
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(a) (b)

Figure 3.21: (a) EL spectra and (b) luminance as a function of time for reversed blue EL
films exposed to a constant white light source.

(a) (b)

Figure 3.22: (a) EL spectra and (b) luminance as a function of time for reversed blue EL
films operated at 110 V and 400 Hz.

hot electrons or the degradation of ZnS phosphors. Further investigations are needed to

understand this behavior.

Aging study of hybrid EL films

During white light aging, the hybrid EL films were removed from the light box from time

to time and were turned on briefly at 110 V and 400 Hz to measure the EL spectrum and
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Figure 3.23: (a) EL spectra and (b) luminance as a function of time for reversed hybrid
blue EL films with F8BT and DCJTB layer exposed to a constant white light source.

luminance. In Figure 3.23(a), a red peak contributed by DCJTB and a green shoulder gen-

erated by the downshifting in F8BT are initially observed for reversed hybrid EL films with

F8BT:DCJTB mass ratio of 9:1. As white light aging progresses, the red peak intensity de-

creases continuously until it diminishes. This suggests that DCJTB degrades readily under

white light illumination. However, the green shoulder becomes a green peak with aging

time and the intensity of this peak increases thereafter. This is because with less DCJTB,

energy transfer from F8BT is reduced leading to higher green emission. This change in

color also indicates that F8BT is more stable under white light aging. In Figure 3.23(b),

as DCJTB degrades, the device luminance decreases by about 5 cd/m2 and becomes stable

after 40 hours.

The change of optical properties of the hybrid EL films under EL aging is different from

that under white light aging. As shown in Figure 3.24(a), the red peak intensity reduces

with time continuously under EL aging. With less DCJTB and less sensitizing effect, the

green peak intensity increases during the first 22.75 hours but decreases thereafter. This

change of the green peak intensity can be due to two reasons. First, the F8BT also degrades

under EL aging but the degradation rate is much less than that of DCJTB. On the other
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Figure 3.24: (a) EL spectra and (b) luminance as a function of time for reversed hybrid
blue EL films with F8BT and DCJTB layer operated at 110 V and 400 Hz.

hand, since little degradation was observed for F8BT under white light aging, reduced

incident blue EL may have resulted in decreased green emission by F8BT under EL aging.

Further studies, however, will have to be conducted to understand the EL aging mechanism.

Figure 3.24(b) shows that unlike white light aging, there is a monotonic decrease of device

luminance. After around 114 hours of EL aging, the luminance decreased by 39% of the

initial value.

3.4 Conclusion

In this study, F8BT and DCJTB organic dyes have been investigated by PL and EL methods

for the downshifting capabilities of blue emission from ZnS phosphors. EL excited green

and red emissions in F8BT and DCJTB are obtained respectively through downshifting

and sensitizer-downshifting mechanisms. Forward EL films are unsuitable for color tuning

due to low red light output from the drop-casted layer. For the reversed device structure,

emissions from the hybrid EL films can be tuned through the adjustment of F8BT:DCJTB

mass ratio, total dye solution concentration and the excitation frequency. Increasing the

mass ratio enhances the blue and green emission peaks but the red peak intensity is reduced.
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Similarly, diluting the F8BT and DCJTB mixture suppresses the green and red emission

peaks and enhances the blue peak. Colors ranging from green to white can be obtained

from the reversed hybrid EL films. EL and white light aging results show that DCJTB

degrades under both conditions while F8BT does not degrade under white light aging.

However, the luminance of white light is only 13.13 cd/m2. An improvement of printing

process is also needed to enable a large area processing.
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Chapter 4

PRINTED HYBRID EL FILMS BY WET STAMPING AND BAR

COATING PROCESSES

4.1 Introduction

In Chapter 3, a simple and cost-effective drop casting method was developed to coat a

layer of F8BT and DCJTB mixture on forward and reversed EL films. A white color

with CIE of (0.313, 0.312) was achieved when the hybrid devices were operated at 110 V

and 100 Hz. However, the luminance in this operating condition was only 13.13 cd/m2.

The other drawback of the drop casting process is that the shape and size of the coated

layer are not controllable. In order to obtain a uniform white/warm-white hybrid EL films

with controllable shapes, modified wet stamping and bar coating techniques are adopted in

this chapter and F8BT is replaced by fluorescein to perform coating process with dye in

ethanol solutions. The process conditions are tuned to produce coatings with the highest

uniformity. The mass ratios and concentrations of the dye solution are altered to obtain a

white and warm white emissions.

4.2 Experimental details

4.2.1 Modified wet stamping process

As concluded in Chapter 3, reversed EL films are more suitable to fabricate hybrid devices

through the downshifting of organic dye layers [158]. The detailed screen printing process,

device structure and materials used in reversed EL films can be referred to in Section 3.2. A

modified wet stamping process for the deposition of a dye layer with controlled shape and

size is constructed as shown in Figure 4.1. Two small molecules were used as the down-
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shifting materials: fluorescein (Lumtec LT-F0089) and DCJTB. The molecular structure of

fluorescein is shown in Figure 4.2(a). These two organic dyes were dissolved in ethanol

(95.0%, Sigma-Aldrich). A commercial rubber stamp with the size of 20 mm× 20 mm was

ultrasonically cleaned in ethanol for 10 s using water bath FB15055 from Fisher Scientific,

followed by 365 nm UV exposure for 5 min under Blak-Ray B-100AP high intensity UV

lamp. The surface-treated stamp was then attached to a stainless steel block with a prede-

fined mass w for the applying of certain pressure. To dip coat a layer of dye molecules, the

stamp was immersed in the dye-ethanol solution for 3 s and held in air with a tilt angle of

45◦ to dry off the coating for a predefined time (td). Thereafter,the coated stamp was placed

in contact with the transparent electrode of reversed EL films which were pre-heated to

a predefined temperature (T) controlled by a AREC hotplate from VELP SCIENTIFICA.

After a predefined stamping time (ts), the stamp was removed from the sample and ethanol

was evaporated at temperature T to form an organic dye layer.

4.2.2 Optimization of wet stamping conditions using fluorescein

To obtain the optimal wet stamping conditions, 2 mg/mL fluorescein solution was prepared

by dissolving 32.7 mg of fluorescein in 16.35 mL of ethanol to be stamped over reversed

blue EL films. The experimental matrix was designed according to Table 4.2.2. For the first

experiment, wet stamping of fluorescein was performed using different mass values (0.20,

0.40, 0.72, 0.99, 1.62 kg) with the other conditions kept constant (ts=15 s, T=60 ◦C, td=10

s). Secondly, to obtain the best stamping time, constant w (0.99 kg), T (60 ◦C) and td (10 s)

were used with varied ts (5, 10, 15, 20, 25, 40 s). After that, different hot plate temperatures

(30, 40, 50, 60, 70, 80, 90 ◦C) were tested to obtain the optimal temperature for the wet

stamping process. The other conditions were w=0.99 kg, ts=15 s, td=10 s. Lastly, different

td (5, 10, 15, 20, 25, 30, 40 s) was tested with fixed w (0.99 kg), T (60 ◦C) and ts (15 s).
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Figure 4.1: Modified wet stamping process integrated with dip coating and temperature
control. RT: room temperature.

(a) (b)

Figure 4.2: Molecular structures of (a) fluorescein sodium and (b) DCM2.

Table 4.1: Experimental matrix for the optimization of
various experiment conditions.

Parameters Values

w (kg) 0.20, 0.40, 0.72, 0.99, 1.62

ts (s) 5, 10, 15, 20, 25, 40

T (◦C) 30, 40, 50, 60, 70, 80, 90

td (s) 5, 10, 15, 20, 25, 30, 40
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Table 4.2: Various mass ratios and concentrations of mixed DCJTB and fluorescein solu-
tion.

Experiment Mass ratio Concentration (mg/mL)

1 7:1, 5:1, 3:1, 1:1, 1:3, 1:5, 1:7 2

2 1:1 2, 3, 4, 5, 6

4.2.3 Fabrication of white EL films with DCJTB and fluorescein mixture by wet

stamping process

With the optimal experimental conditions of w=0.99 kg, T=60 ◦C, ts=10 s and td=15 s

determined from the previous experiment in section 4.2.2, the mass ratio and concentration

of mixed DCJTB and fluorescein solution were varied to fabricate white hybrid EL films by

downshifting mechanism from blue ZnS phosphors. The mixed solution was achieved by

dissolving predefined amount of DCJTB and fluorescein powders in ethanol. As shown in

Table 4.2, the first experiment kept the dye concentration to be constant at 2 mg/mL while

the mass ratios of these two dyes were varied to be 7:1, 5:1, 3:1, 1:1, 1:3, 1:5 and 1:7. In

the second experiment, the dye solution with the mass ratio of 1:1 was taken from the first

experiment. By adding suitable amount of ethanol and dyes, different dye concentrations

(2, 3, 4, 5 and 6 mg/mL) were obtained. For the first experiment, the optimal conditions

were used. In the second experiment, w was adjusted to 0.4 kg as it produced thicker dye

layer and thus stronger downshifted emissions.

4.2.4 Fabrication of warm white hybrid films by wet stamping process

As observed in Section 4.2.3, DCJTB saturates in ethanol at concentrations above 5 mg/mL.

Therefore, 4 mg/mL of DCJTB was prepared to fabricate the multilayered hybrid EL films.

One to seven layers of DCJTB coatings were stamped over green EL films with w=0.4 kg,

T=60 ◦C, ts=10 s and td=10 s. The alignment for each printing was achieved manually by
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visual adjustment. Additionally, 4 mg/mL of DCJTB-fluorescein solution with the mass

ratio of 1:1 was prepared for wet stamping. One to five layers of such mixed solution was

coated onto reversed green EL films using the same conditions.

4.2.5 Fabrication of large-area warm white hybrid films by bar coating technique

The coating process of bar coating techniques is similar to the blade coating process which

is introduced in Section 2.2.5. A distinguished feature is the wire-wrapped bar. The de-

position finish is controlled partly by the wire diameter or thread thickness. As the wet

stamping has a limited coating area and selective materials and solvents, the successful

demonstration of bar coating of hybrid EL films will have a great value for the large-scale

and low cost printing process and for the commercialization of this type of hybrid devices.

Here we used DCM2 dye (Lumtec LT-E702) as the red emission downshifting material

and fluorescein as the green emission downshifting material. The structure of DCM2 is

shown in Figure 4.2(b). To formulate the dye solution, DCM2 was first dissolve in CHCl3,

followed by adding ethanol to create a mixed solution. Thereafter, fluorescein was added

into the mixed solution to form the printing agent with a designed mass ratio of DCM2 and

fluorescein. To first obtain the best processing conditions, 4 mg/mL of DCM2-fluorescein

solution with the mass ratio of 3:1 was formulated. Bars with the thread thicknesses of

40, 60, 80, 100 and 120 µm were used for the bar coating process of the above solution

on reversed green EL films with the printing speed of 100 mm/s. Another experiment was

conducted using the 120 µm bar with the various printing speeds of 10, 50 and 100 mm/s.

To study the concentration effects on the printing quality and obtain a warm white color, a

layer of 1.0, 2.0 and 4.0 mg/mL solution with only DCM2 was printed using 80 µm bar and

50 mm/s. 2, 4 and 5 layers of 4.0 mg/mL DCM2 solution were also bar coated to study the

thickness effects. Eventually 8.0 mg/mL DCM2-fluorescein solution with the mass ratio

of 5:1, 15 mg/mL DCM2-fluorescein solution with the mass ratio of 9:1 and 15 mg/mL

DCJTB-fluorescein solution with the mass ratio of 9:1 were formulated and printed indi-
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vidually over reversed green EL films using the 80 µm bar and with the printing speed of

50 mm/s to obtain a warm white large area hybrid lighting source.

4.2.6 Device measurement and characterization

Photoluminescence (PL) emission spectra of the organic dyes in ethanol solution and on

PET films were acquired using a Fluorolog-3 PL system. The absorbance spectra were

obtained by a Shimadzu UV-2450 UV-VIS spectrometer. EL spectra, luminance and CIE

were measured using the SpectraWin software of PR655 spectroradiometer from Photo Re-

search. The measurement was performed at a 2◦ observer angle with a spot size of about

5 mm in a dark enclosure and at ambient conditions. The power luminous efficacy was

obtained by dividing the luminous flux by the electrical power. The luminous flux was

measured using a halfmoon integrating sphere from Labsphere and the electrical power

was measured by a YOKOGAWA WT210 digital power meter. The AC sinusoidal excita-

tion voltages for the printed EL film were supplied by a Pacific 105-AMX power source

without any DC bias. To calculate the emission uniformity of the hybrid devices, the lumi-

nance/CCT of five positions was measured with four at the corners and one in the center.

The uniformity follows:

Uniformity = (1− σ/µ) ∗ 100% (4.1)

where σ is the standard deviation and µ is the mean luminance/CCT of the measured five

positions. EL and white light aging were performed to study the durability of fluorescein

and DCJTB in white hybrid EL films by wet stamping process. In order to reduce experi-

mental errors, optical measurements were taken on five positions of the stamped film, one

in the center and four at the corners. EL aging was carried out by operating the devices

continuously at 110 V and 400 Hz in a dark room at 25 ◦C and 70% relative humidity. For

white light aging, a fluorescent white light box with the radiance power of 4.3 Wsr-1m-2
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(a) (b)

Figure 4.3: Normalized PL emission and absorbance spectra of (a) DCJTB-ethanol solution
and DCJTB-PET film and (b) fluorescein-ethanol solution and fluorescein-PET film.

was used to age the hybrid EL films at 25 ◦C and 70% relative humidity in a dark room.

4.3 Results and discussion

4.3.1 Optimization of wet stamping conditions

The PL emission and absorbance spectra of DCJTB and fluorescein in ethanol solution

and on PET films are shown in Figure 4.3. When photo-excited, DCJTB emits red lights

with the peak wavelengths of 620 nm in ethanol solution and 640 nm on PET film. The

absorbance spectrum of the DCJTB-ethanol solution has a peak wavelength of 515 nm

while the DCJTB-PET film exhibits a broader absorption capability with a similar peak

position. In Figure 4.3(b), photo-excited fluorescein has emission spectra with the peak

wavelength of around 563 nm both in ethanol solution and on PET film. The fluorescein-

ethanol solution is able to absorb lights with the peak wavelength of around 500 nm while

the fluorescein-PET film can be excited by a broader range of visible lights ranging from

400 nm to 530 nm with comparable absorbances. Therefore, both DCJTB and fluorescein

can be photo-excited by the blue emission from ZnS phosphors, whose EL spectrum is

presented in Chapter 3. Moreover, fluorescein is capable of sensitizing DCJTB effectively.

84



The effects of T, w, ts and td on the luminance uniformities of wet stamped hybrid

EL films are shown in Figure 4.4. The luminance uniformity increases with temperature

till 60 ◦C and decreases thereafter as illustrated in Figure 4.4(a). The highest uniformity

is obtained at 60 ◦C with the value of 97.25%. Therefore, 60 ◦C is the best temperature

for the wet stamping process at which the evaporation and coating rate are optimal. At

temperatures higher than 60 ◦C, the evaporation rate is so high that fluorescein does not

have enough time to spread over the stamping area, which gives forth lower uniformity.

At temperatures lower than 60 ◦C, the amount of solution coated on the stamp is high

causing stains remaining within the contact region when stamps are removed. The effect

of weight exhibits a similar trend. When pressure is applied by the 0.99 kg weight, the

hybrid device has the highest luminance uniformity of 94.28%. When the mass is less than

0.99 kg, the increase of weight introduces higher pressure over the dye solution and pushes

it towards the stamp edge, which increases the luminance uniformity. However, when the

weight keeps increasing and exceeds 0.99 kg, the pressure is so high that most of the dye

solution is pushed to the stamp edge leaving less coatings in the center of the stamp. That

is why it is observed that the luminance in the center is higher with less emission losses

for the samples stamped with 16.2 N weight. In Figure 4.4(b), the relationship between the

luminance uniformity and ts or td is not straightforward. However, it is observed that ts=10

s and td=15 s are the two optimal conditions for the wet stamping process which lead to the

highest uniformity values of 96.24% and 94.14% respectively.

4.3.2 Wet stamped hybrid films with DCJTB and fluorescein

Effects of mass ratio

In order to achieve white emission from the hybrid EL films, it is necessary to coat both

DCJTB and fluorescein to produce red and green components. Our approach is to mix both

dyes in ethanol and wet stamp it in just one layer. As such, the DCJTB-fluorescein mass

ratio plays a critical role. From the EL spectra of the hybrid devices with different mass ra-
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(a)

(b)

Figure 4.4: Uniformity of reversed EL films deposited with a layer of fluorescein using wet
stamping process with different experimental conditions.

tios in Figure 4.5, there is a blue peak at around 450 nm from blue ZnS phosphor emission,

another green peak at around 532 nm downshifted from fluorescein and a red shoulder at

around 610 nm from DCJTB. With the increase of fluorescein proportion, the blue peak

sees a slight blue shift while the relative intensities of both the green peak and red shoulder

increase. As shown in Figure 4.3(b), fluorescein is more effective in absorbing blue-green

lights and thus with the increased amount of fluorescein the blue peak experiences a blue

shift. On the other hand, the red DCJTB is more effective in absorbing green-yellow lights

as indicated in Figure 4.3(a). With the increase of the fluorescein ratio, the amount of

green-yellow lights emitted by fluorescein is increased and thus the red emission is inten-
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Figure 4.5: EL spectra at 110 V and 400 Hz for hybrid EL films with fixed dye concentra-
tion at 2 mg/mL and different DCJTB:fluorescein mass ratios.

sified. However, the overall green and red emissions are still weak which is probably due

to the small thickness of the dye layer or the low concentration of the dye-ethanol solution.

The emission mechanism of the hybrid EL films incorporating downshifting organic

dyes is illustrated in Figure 4.6. When excited, doped Cu forms two trapped states: one

contributing to green emission at the energy level of -5.51 to -5.41 eV (G-Cu) and the other

contributing to blue emission at the energy level of -6.01 to -5.81 eV (B-Cu) [92]. Free

charge carriers are generated by field emission of CuxS needles as proposed by Fischer

[46]. Electrons trapped in the donor sites combine with holes in G-Cu and B-Cu sites to

emit green and blue lights. These emissions from ZnS phosphors excite both fluorescein

and DCJTB in the stamped layer and give forth green and red emissions. As the band

gap of DCJTB is around 2.01 eV, the green-yellow lights from fluorescein have enough

energy to excite DCJTB and act as a sensitizer to increase the efficiency of downshifting in

DCJTB. Different from the case of F8BT and DCJTB in Chapter 3, the lowest unoccupied

molecular orbital (LUMO) energy level of fluorescein is lower than that of DCJTB and

thus direct charge transfer is negligible from fluorescein to DCJTB [159]. Thus the yellow

emission is stronger in this experiment compared with the drop casting case in Chapter 3.
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Figure 4.6: Downshifting mechanism of DCJTB and fluorescein from blue ZnS phosphors.

The colors of these hybrid devices with different mass ratios are shown in Figure 4.7.

CIE shifts towards the blue region with the increase of operating frequency in all conditions,

which agrees well with previous observed frequency dependent performances of ACPEL

devices [45, 158] and is explained by the model we proposed in Chapter 5. In Figure 4.7,

increasing the fluorescein proportion shifts the hybrid device towards white color at 110

V and 400 Hz, which agrees well with the increased intensity of green and red emissions

observed in Figure 4.5. However, the color is still far from white.

Effect of dye concentration

To study the effect of dye concentration, mass ratio of 1:1 was used as it gives moderate

color output as suggested in Figure 4.7. Although CIE of mass ratio 1:7 is closer to white,

the small amount of DCJTB may cause the lack of red component when the dye layer thick-

ness increases. To wet stamp a thicker dye layer, there are two possible ways: decreasing

w or td. By reducing w, less dye will be pressed to the edge while the amount of dyes

available for wet stamping is increased with smaller td. Figure 4.8(a) shows the EL spectra

with the change of td to 10 s and w to 0.40 kg while other conditions are fixed. With td=10
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Figure 4.7: CIE at 110 V and 100, 400, 800, 1200, 1600, 2000 Hz for hybrid EL films with
fixed dye concentration at 2 mg/mL and different DCJTB:fluorescein mass ratios.

(a) (b)

Figure 4.8: (a) EL spectra at 110 V and 400 Hz and (b) CIE at 110 V and 100, 400, 800,
1200, 1600, 2000 Hz for hybrid EL films with weight of 0.40 kg or 0.99 kg and drying time
of 10 s or 15 s.

s, the changes of green and red shoulders are minimal while the shoulders become two

peaks at the wavelengths of 525 nm and 610 nm with 0.40 kg. CIE in Figure 4.8(b) further

sees no improvement in color for td=10 s but a big shift towards white color for w=0.40 kg.

Although CIE for w=0.40 kg operated at 110 V and 100 Hz is (0.296, 0.346) and close to

white color, the luminance is low (21.63 cd/m2).
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The efficiency of ACPEL devices is the highest at 400 Hz [160]. Furthermore, increas-

ing voltage does not alter CIE. Therefore, if we can obtain white color at 400 Hz, luminance

can be tuned by changing the operating voltage. The effects of dye concentration on the

hybrid device performance with a mass ratio of 1:1 are shown in Figure 4.9. As the dye

concentration increases from 2 mg/mL to 6 mg/mL, three peaks at the wavelengths of 450

nm, 540 nm and 610 nm respectively start to form and the latter two emissions get intensi-

fied. This is due to the increased quantity of both fluorescein and DCJTB downshifting dyes

which leads to stronger 540 nm and 610 nm emissions. The 450 nm peaks also experience

a little blue shift like that in Figure 4.5. Consequently, the colors of these hybrid devices

shift to white with an increased dye concentration as indicated in Figure 4.9(b). A white

color with CIE of (0.304, 0.294) is achieved for the concentration of 5 mg/mL and operated

at 110 V and 400 Hz. The image of the stamped hybrid EL films operated at 200 V and 400

Hz is shown in the inset of Figure 4.9(b). The white emission has the luminance and CCT

uniformities of 95.07% and 88.56% respectively and a high luminance of 93.9 cd/m2 at 200

V and 400 Hz. The CCT at 200 V and 400 Hz is 7162 K with the CRI of 89.5. However,

the luminous efficacy of this stamped white film is only 1.31 lm/W, which is slightly lower

than that of reversed blue EL films. This indicates that there is an energy loss during the

downshifting process. Additionally, a ’NTU’ pattern was coated on the hybrid device as

shown in the inset of Figure 4.9(b). The pattern displays a good uniform white color with

blue background from the ZnS phosphors. This demonstrates the capability of controlling

pattern shapes using this wet stamping process.

Warm white hybrid EL films by wet stamping

As shown in previous sections, one single layer of the DCJTB-fluorescein coating can

only produce white color by the wet stamping process. To obtain warm white color, there

should be enough red component in the EL emission of the hybrid film. Therefore, multiple

layers of DCJTB were wet-stamped onto reversed green EL films. In Figure 4.10(a), as the
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(a) (b)

Figure 4.9: (a) EL spectra at 110 V and 400 Hz and (b) CIE at 110 V and 100, 400, 800,
1200, 1600, 2000 Hz for hybrid EL films with fixed DCJTB:fluorescein mass ratio at 1:1
and varied dye concentrations

number of DCJTB layers increases, the red peak intensity increases while the 500 nm

intensity decreases. This suggests thicker DCJTB coating is achieved with more layers,

leading to more downshifting phenomenon. However, the red peak is not high enough

to produce warm white color. As shown in Fig. 4.10(b), the lowest CCT is only 4344

K for the hybrid films coated with five layers of DCJTB and operated at 200 V and 400

Hz. Continuous increasing of the number of DCJTB layers may further reduce the CCT.

However, from Figure 4.3(a), DCJTB is not effectively excited by the green ZnS phosphors

but more effectively by green-yellow emissions from fluorescein. Therefore, the mixture

of DCJTB-fluorescein was coated subsequently.

A 4 mg/mL of DCJTB-fluorescein solution with the mass ratio of 1:1 was formulated

and multiple layers were wet stamped over reversed green EL films. With the increased

number of layers, the 628 nm intensity increases first until five layers and decreases from

six layers as shown in Figure 4.11(a). However, the 496 nm and 524 nm peaks do not

follow a trend. The increase of the 628 nm peak intensity is due to the increased amount

of DCJTB along with the increased coating thickness while the reduced intensity at more

layers may be due to the significant scattering within the coating layer. Consequently, CCT

91



(a) (b)

Figure 4.10: (a) EL spectra at 110 V and 400 Hz and (b) CCT as a function of voltage at
400 Hz for hybrid EL films stamped with one to five layers of DCJTB solution at 4 mg/mL.

at six layers is higher than that at five layers as illustrated in Figure 4.10(b). CCT decreases

with the increased number of layers when less than five layers are coated. The five-layer

hybrid EL film produces a warm white color as shown in the inset of Fig. 4.11(b) with

the luminance of 89.3 cd/m2 operated at 200 V and 400 Hz. This warm white color has

a CCT of 2864 K with a CRI of 86.2 while the luminance and CCT uniformities are 93%

and 93.03 % respectively. Visually, the warm white color appears to be a bit yellowish

due to the large amount of green component from fluorescein. However, it is noticed that

there are dye stains over the stamped surface and the border of stamped surface is thicker

with multiple lines due to the inaccurate alignment during the multilayer wet stamping

process. Therefore, although warm white color is demonstrated by wet stamping process,

this technique is not suitable for large scale and commercial applications. Moreover, the

luminous efficacy is also low at 1.45 lm/W.

4.3.3 Optimization of bar coating conditions

The need for multilayer structure of wet-stamped coating is primarily due to the insufficient

solubility of DCJTB in ethanol. To overcome this issue, a similar red dye DCM2 was used
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(a) (b)

Figure 4.11: (a) EL spectra at 110 V and 400 Hz and (b) CCT as a function of voltage at 400
Hz for hybrid EL films stamped with one, two, four and five layers of DCJTB-fluorescein
solution at 4 mg/mL and with the mass ratio of 1:1. Inset: the image showing warm white
color of stamped sample operated at 200 V and 400 Hz.

and the PL and absorbance spectra are shown in Figure 4.12. When excited by 450 nm

photons, DCM2-ethanol solution has a red emission with the peak wavelength of 664 nm.

The absorbance spectrum exhibits a peak wavelength of 509 nm, which demonstrates that

DCM2 can be effectively excited by the green ZnS phosphors with the peak wavelength of

around 500 nm. Primarily, it is necessary to determine the best coating conditions to obtain

the best uniformity and lowest CCT.

Bar thread thickness

The bar-coated coating thickness is mostly determined by the thickness of bar thread. In

Figure 4.13(a), with the printing speed fixed at 100 mm/s, the increase of thread thickness

causes the 613 nm intensity to increase when the thickness is less than 80 µm, after which

the intensity drops. This may be due to the luminescence quenching with thicker coating

layers or aggregations. The 492 nm and 530 nm peak intensities exhibit inverse effects with

the 613 nm emission. The change of 613 nm peak intensity is also reflected in the CIE map

of these hybrid films with different thread thicknesses at different operating frequencies as
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Figure 4.12: PL emission spectrum excited by 450 nm photons and absorbance spectrum
of DCM2 dissolved in ethanol.

shown in Figure 4.13(b). When coated with the tread thickness of 80 µm, the hybrid film

is closest to the red color. The color quenching is also observed with the thickness of 100

and 120 µm. These hybrid films are still within the green color region, which suggests an

insufficient 613 nm intensity.

The resulted CCT with the consideration of the effects of the thread thickness is shown

in Figure 4.14(a) at different frequencies. The hybrid films coated by the bar with the thread

thickness of 80 µm again have the lowest CCT values at all frequencies. However, CCT

is still above 6000 K, which is not close to the warm white color at around 3000 K. The

depreciation of CCT is also observed at thicker thread. In Figure 4.14(b), the 80 µm hybrid

film has the highest luminance uniformity at 95.2% but its CCT uniformity is the lowest at

90.7%. With the CCT as our primary factor, bar with the thread thickness of 80 µm is used

for the bar coating process in all our future experiments.
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(a) (b)

Figure 4.13: (a) EL spectra at 110 V and 400 Hz and (b) CIE at 110 V and 100, 400, 800,
1200, 1600, 2000 Hz for bar coated hybrid EL films using bars with thread thicknesses of
40, 60, 80, 100, and 120 µm and speed of 100 mm/s.

(a) (b)

Figure 4.14: (a) CCT at 110 V as a function of frequency and (b) uniformity at 110 V and
400 Hz for bar coated hybrid EL films using bars with thread thicknesses of 40, 60, 80,
100, and 120 µm and speed of 100 mm/s.

Printing speed

Printing speed is also another major factor in determining the quality of bar-coated hybrid

films. As shown in Figure 4.15(a), increasing the printing speed from 10 mm/s to 100 mm/s

enhances the red emission and reduces both 492 nm and 528 nm peak intensities. This is
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due to the fact that at a high printing speed the dye solution does not have enough time to

escape from the two ends of the bars. Consequently more dyes are printed leading to more

downshifted red emissions from DCM2. It is noticed that the red component intensities

with the printing speed of 50 and 100 mm/s do not differ much. This is also seen in

Figure 4.15(b), where CIEs of both hybrid films are close to each other. The increase of the

printing speed shifts CIE toward red color. As shown in Figure 4.16(a), CCT decreases with

the printing speed so as the luminance and CCT uniformity in Figure 4.16(b). To obtain a

lower CCT without sacrificing too much luminance and CCT uniformity, the printing speed

of 50 mm/s is used for future bar coating experiments.

4.3.4 Bar coated hybrid films

Effect of solution concentration

As DCM2 can be effectively excited by green ZnS phosphors, only DCM2 is coated over

reversed green EL films to obtain warm white color. The EL spectra of hybrid EL films

with only one layer of DCM2 solution with the concentrations of 1.0, 2.0 and 4.0 mg/mL

are shown in Figure 4.17(a). Increasing the concentration enhances the 608 nm peak and

reduces the 500 nm peak intensity. This is due to the higher amount of coated DCM2,

which also shifts CIE toward red color as shown in Figure 4.17(b). In Figure 4.18(a), CCT

is also reduced with the increase of dye concentration. However, both luminance and CCT

uniformities reduce with the dye concentration.

Effect of number of coated layers

The CCT of one layer of 4.0 mg/mL DCM2 solution is still above 6000 K, which suggests

insufficient red emissions. To increase the red component, more layers are printed and the

EL spectra are shown in Figure 4.19(a). With the increased number of layers, the proportion

of 620 nm emission over the 500 nm emission increases, although the absolute amount of

620 nm peak intensity of five layers is smaller than that of two layers. This is probably due
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(a) (b)

Figure 4.15: (a) EL spectra at 110 V and 400 Hz and (b) CIE at 110 V and 100, 400, 800,
1200, 1600, 2000 Hz for bar coated hybrid EL films using bars with thread thicknesses of
120 µm and speed of 10, 50 and 100 mm/s.

(a) (b)

Figure 4.16: (a) CCT at 110 V as a function of frequency and (b) uniformity at 110 V and
400 Hz for bar coated hybrid EL films using bars with thread thicknesses of 120 µm and
speed of 10, 50 and 100 mm/s.

to the sample-sample variation. The increased number of layers also shifts CIE toward red

color as shown in Figure 4.19(b). It is noted that CIE of five layers of DCM2 solution is

located within the red region. In Figure 4.20(a), CCT is reduced further with the increased

number of layers and a CCT of 5385 K is obtained with five layers of coatings. With the

increased number of layers, the CCT uniformity is also increased but luminance uniformity
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(a) (b)

Figure 4.17: (a) EL spectra at 110 V and 400 Hz and (b) CIE at 110 V and 100, 400, 800,
1200, 1600, 2000 Hz for hybrid EL films with one layer of bar-coated DCM2 solution at
1.0, 2.0 and 4.0 mg/mL.

(a) (b)

Figure 4.18: (a) CCT at 110 V and 100, 400, 800, 1200, 1600, 2000 Hz and (b) uniformity
at 110 V and 400 Hz for hybrid EL films with one layer of bar-coated DCM2 solution at
1.0, 2.0 and 4.0 mg/mL.

is the lowest with two layers of coatings.

Warm white hybrid films

From above experiments, increasing the concentrations and numbers of coated layers re-

duces CCT. Therefore, a 15 mg/mL DCM2-fluorescein solution with the mass ratio of 9:1
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(a) (b)

Figure 4.19: (a) EL spectra at 110 V and 400 Hz and (b) CIE at 110 V and 100, 400, 800,
1200, 1600, 2000 Hz for hybrid EL films with one, two and five layer of bar-coated DCM2
solution at 4.0 mg/mL.

(a) (b)

Figure 4.20: (a) CCT at 110 V as a function of frequency and (b) uniformity at 110 V and
400 Hz for hybrid EL films with one, two and five layers of bar-coated DCM2 solution at
4.0 mg/mL.

is bar coated over reversed green EL films. The 612 nm red component of the EL emission

is not improved compared with that in Figure 4.19(a). CIE in Figure 4.21(b) indicates that

this hybrid film is still yellow in color. The resulted CCT in Figure 4.22 is more than 5500

K. This suggests that DCM2 is not able to achieve warm white color probably due to the

low luminescence intensity or high quenching effect at high concentrations. Consequently,
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(a) (b)

Figure 4.21: (a) EL spectra at 110 V and 400 Hz and (b) CIE at 110 V as a function of
frequency for hybrid EL films with one layer of bar-coated DCM2-fluorescein or DCJTB-
fluorescein solution at 15.0 mg/mL and with the mass ratio of 9:1.

DCJTB is used as the red downshifting material. A 15 mg/mL DCJTB-fluorescein solution

with the mass ratio of 9:1 is prepared using the same method as DCM2-fluorescein solu-

tion. The hybrid film with only one layer of such solution coated exhibits two peaks with

the peak wavelengths of 492 nm and 636 nm as shown in Figure 4.21(a). The intensity of

the 636 nm peak is significant enough that CIE of this hybrid film is located in red region

in Figure 4.21(b). The resulted CCT operated at 200 V and 400 Hz is 2820 K with the

luminance of 72.28 cd/m2 and the image of warm white hybrid film is shown in the inset of

Figure 4.22. The obtained warm white color is a bit reddish due to the significant amount

of red emissions. The luminance and CCT uniformities of this film are 93.5% and 92.1%

respectively. The luminous efficacy of this warm white EL film is the lowest at 0.5 lm/W

and its CRI is only 44.76.

4.3.5 Aging study

The aging behaviors of white EL films hybrid with wet-stamped DCJTB-fluorescein dyes

are studied under white light aging and EL aging. Under white light aging, the red peak in-

tensity from stamped white films readily decreases with aging time and almost diminishes
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Figure 4.22: CCT as a function of voltage at 400 Hz for hybrid EL films with one layer of
bar-coated DCM2-fluorescein or DCJTB-fluorescein solution at 15.0 mg/mL and with the
mass ratio of 9:1. Inset: warm white EL film bar-coated with DCJTB-fluorescein solution
operated at 200 V and 400 Hz.

when aged for 88.33 hr. With less downshifting effects from DCJTB, the peak intensity of

dowdnshifted emissions from fluorescein increases. As the white light aging progresses,

the green peak disappears. This indicates that fluorescein also degrades under white light

conditions but with a slower degradation rate compared to DCJTB. The luminance, how-

ever, generally increases with aging time. This is due to the reduced luminous loss during

downshifting process when fluorescein and DCJTB degrade. Under EL aging, DCJTB ex-

periences degradation but with a slower rate compared to that under white light aging and

the red peak intensity decreases gradually. Fluorescein, however, degrades even slower and

its emission curve is only changed to a shoulder from a peak shape from 281.5 hr. The

luminance generally decreases with time largely due to the degradation of reversed blue

EL films as suggested from Figure 3.22(b).
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(a) (b)

Figure 4.23: (a) EL spectra and (b) luminance as a function of time for wet-stamped white
hybrid EL films with a layer of DCJTB and fluorescein dyes exposed to a constant white
light source.

(a) (b)

Figure 4.24: (a) EL spectra and (b) luminance as a function of time for wet-stamped white
hybrid EL films with a layer of DCJTB and fluorescein dyes operated at 110 V and 400 Hz.

4.4 Conclusions

DCJTB, DCM2 and fluorescein have been investigated by PL methods and are found to

have the capability of downshifting blue emissions from ZnS phosphors to red and green

emissions to obtain white or warm white hybrid EL films. Wet stamping process has been
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implemented to coat a layer of DCJTB-fluorescein solution to fabricated white pattern.

Through the design of experimental matrix, the best stamping conditions are found to be

0.99 kg of the stamping block, 60 ◦C of temperature, 15 s of drying time, and 10 s of stamp-

ing time. With these conditions, the mixed solutions of different DCJTB:fluorescein mass

ratios are stamped and the green and red emissions are intensified with the colors shifting

toward white with the increase of mass ratio. However, the green and red components are

not strong enough for the production of white color due to the small thickness of the dye

layer. Reducing the weight to 0.40 kg increases the coating thickness and the light out-

put. With the modification of dye concentrations, white color with CIE of (0.304, 0.294) is

achieved with the luminance of 93.9 cd/m2 at 200 V and 400 Hz. A white ’NTU’ pattern

is created to demonstrate the capability and potential of this method for the future devel-

opment of flexible displays. With the increased number of layers, a warm white square

pattern is achieved with CCT of 2864 K. However, the device finish is not satisfactory and

not large area. Therefore, a bar coating process is used with bar thread thickness and print-

ing speed optimized to be 80 µm and 50 mm/s. Increasing dye concentration or number of

layers reduces CCT. Eventually a CCT of 2820 K is obtained for the hybrid film bar coated

with a layer of 15.0 mg/mL DCJTB-fluorescein solution with the mass ratio of 9:1. Both

DCJTB and fluorescein used in wet stamping process are found to experience degradation

under white light aging and EL aging with the degradation rate of fluorescein less than that

of DCJTB. The luminous efficacy of bar-coated warm white hybrid EL films is only 0.5

lm/W, which is less understood and needs detailed understanding.
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Chapter 5

MODELING OF FREQUENCY-DEPENDENT COLOR SHIFT

5.1 Introduction

In Chapter 3 and 4, the luminous efficacy values of warm white hybrid EL films produced

by wet stamping and bar coating processes are only 1.45 and 0.5 lm/W respectively. This

low luminous efficacy is partly due to the luminous loss during the downshifting process in

the organic dye layers. However, a larger part lies in the ACPEL devices with the luminous

efficacy of reversed green of only 3.65 lm/W. A few research works have been attempted to

enhance the luminous efficacy. Kim et al. inserted shortened single wall carbon nanotube

(SWCNT) between dielectric and metal layers or between dielectric and phosphor layers

[161]. A 65% increase in luminous efficacy was reported with the maximum efficacy at

only about 3.50 lm/W. Wang et al. deposited a SiNx and SiOx thin film between elec-

trode and dielectric layer as a electret layer [162]. The modified ACPEL devices exhibited

a highest luminous efficacy at 2.3 lm/W. In another study, the luminous efficacy was in-

creased from 3.14 lm/W to 12.56 lm/W by adding TiO2 nanoparticles to BaTiO3 dielectric

layer [163]. A recent work by Wang and Chen [164] incorporated SWCNT and multiwall

carbon nanotube (MWCNT) into BaTiO3 dielectric layer but only obtained a maximum ef-

ficacy of less than 1.4 lm/W. Although utilizing nanoparticles in ACPEL devices improved

the luminous efficacy, its performance is still incomparable to LED. Therefore, the cause

of this low luminous efficacy is necessary to be investigated.

As observed experimentally, the colors of EL films can be tuned by changing the oper-

ating frequency. An increase of frequency causes a blue shift of the ACPEL devices. This

phenomenon is observed in both forward and reversed blue/green devices. In this chapter,

a detailed study of this frequency effect on device colors is carried out. The excitation
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mechanism, luminescent centers and recombination mechanism of ZnS phosphor powders

are reviewed. Several existing models for frequency dependent spectral composition are

found to contradict with some of the experimental findings. A charge transfer and relax-

ation model is proposed, from which the low luminous efficacy is understood from ZnS

level.

5.2 Experimental methods

Four types of samples were fabricated using a screen printing process: forward blue, re-

versed blue, forward green and reversed green. The printing processes for forward and

reversed EL films are the same as those in Chapter 3. The structures of forward and re-

versed EL films are illustrated in the insets of Figures 3.1 and 3.2. The EL spectra and

luminance of these samples were acquired using spectraradiometer PR655 from Photo Re-

search. The measurement was performed at a 2◦ observer angle with a spot size of about 5

mm in a dark enclosure at ambient conditions. The AC sinusoidal excitation voltages were

applied by a Pacific 105-AMX power source without any DC bias voltage. The frequency

effects were studied by supplying the voltage of 110 V with various frequencies of 100 Hz,

400 Hz, 800 Hz, 1200 Hz, and 1600 Hz. Voltages of 80 V, 110 V, 140 V, 170 V and 200

V were supplied with a fixed frequency at 400 Hz to study the voltage effect on the device

color. The optical properties were processed and calculated by the SpectraWin software.

The multipeak fitting of EL spectra was achieved using Origin software.

5.3 Experimental results

5.3.1 Voltage effects

The EL spectra of forward blue, reversed blue, forward green and reversed green operated

at 400 Hz and different voltages are shown in Figure 5.1. The increase of voltage from 80

V to 200 V consistently increases the EL spectra intensity levels for all four devices. The
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(a) (b)

(c) (d)

Figure 5.1: EL spectra of (a) forward blue, (b) reversed blue, (c) forward green, and (d)
reversed green operated at 400 Hz and different voltages.

normalized spectra shown in Figure 5.2 show negligible changes of emission bands for the

four devices. Therefore, it is concluded that the change of operating voltage or the electric

field over the ACPEL devices does not affect the emission shapes or colors.

5.3.2 Frequency effects

When EL films are operated at different frequencies, the EL intensities increase in all wave-

lengths for forward blue, reversed blue, forward green and reversed green devices as shown

in Figure 5.3. This is due to the increased number of recombination cycles per unit time

with the increase of frequency. Therefore, the luminance also increases with frequency as
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(c) (d)

Figure 5.2: Normalized EL spectra of (a) forward blue, (b) reversed blue, (c) forward green,
and (d) reversed green operated at 400 Hz and different voltages.

shown in Figure 5.4(a). However, the luminance per cycle as indicated in Figure 5.4(b)

decreases with frequency for all four devices and tends to reach a steady state at higher

frequencies. The EL spectrum shapes for forward and reversed green in Figures 5.3(c) and

5.3(d) do not exhibit noticeable change with the increase of frequency. However, the for-

ward and reversed blue devices have, interestingly, dominant green emissions at 100 Hz.

The Shift of EL spectra is more obvious under the normalized EL spectra in Figure 5.5. A

clear dominant green emission is noticed in both forward blue and reversed blue when op-

erated at 100 Hz. For all the four devices, the peak frequency experiences a blue shift with
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(c) (d)

Figure 5.3: EL spectra of (a) forward blue, (b) reversed blue, (c) forward green, and (d)
reversed green operated at 110 V and different frequencies.

the increase of frequency, among which the shift in green devices is less profound. With

the similar behaviors between forward and reversed devices, it can be concluded that the

frequency dependent color shift is not caused by the charge polarization at the electrodes,

which is different from Sadakata et al.’s work on ITO/Tetracene/Al diodes [165].

As suggested by earlier works [92, 166], the EL spectrum of ZnS phosphors can be

decomposed to four emission lines. Ibaez et al. decomposed the EL spectrum of ZnS

phosphors operated at 3 kHz into emission lines with the peak wavelengths of 448, 471,

504, and 550 nm, each following a Gaussian distribution [166]. In Stanley’s work, the

emission spectra of ZnS:Cu,Cl particles were simulated by four emission lines with the
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(a) (b)

Figure 5.4: (a) Luminance and (b) luminance per cycle as a function of frequency of for-
ward blue, reversed blue, forward green, and reversed green EL films operated at 110 V.

Gaussian peaks of 452, 464, 475, and 508 nm [92]. The exact composition of emission

lines depends largely on the production process and dopant concentrations. In our case,

the EL spectrum of blue ZnS phosphors are best described by three emission lines with

the peak wavelengths of 444, 470, and 506 nm. Each emission line follows a Gaussian

distribution:

y = y0 + Ae−
(x−xc)2

2w2 (5.1)

where xc is the peak wavelength, w the width and A the peak intensity. For the three emis-

sion lines of the blue ZnS phosphors, the simulated Gaussian distributions have common

xc and w. w values are kept at 16.5 nm, 23.4 nm, and 36.2 nm for the peak wavelengths of

444, 470 and 506 nm respectively. Only the peak intensity A varies at different frequencies.

The same methodology is applied for the decomposition of the EL spectra of green ZnS

phosphors at different frequencies. The peak wavelengths of the three emission lines are

470, 506 and 560 nm with fixed widths of 16.9, 27.0, and 23.3 nm respectively. As shown

in Figure 5.7, the cumulative fittings show satisfactory goodness of fittings with the R2 val-

ues of 0.99955, 0.99916, 0.99892, and 0.99905 for forward blue, reversed blue, forward

green, and reversed green devices respectively.
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(c) (d)

Figure 5.5: Normalized EL spectra of (a) forward blue, (b) reversed blue, (c) forward green,
and (d) reversed green operated at 110 V and different frequencies.

The fitted peak intensities for each emission lines of blue and green ZnS phosphors are

further divided by the frequency and are plotted against the operating frequency as shown

in Figure 5.7. In forward and reversed blue devices as shown in Figures 5.7(a) and 5.7(b),

the 506 nm peak intensity per cycle decreases with frequency and tends to reach steady

state at high frequencies while the 444 and 470 nm peak intensity per cycle increases with

frequency and seems to reach equilibrium from 800 Hz but with a small downward trend.

Similarly for forward and reversed green devices, the 506 and 560 nm peak intensity per

cycle decreases with frequency. Although the steady state level is not reached, the decre-
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(a) (b)

(c) (d)

Figure 5.6: The decomposition of EL spectra operated at 110 V and 400 Hz into three
emission lines for (a) forward blue, (b) reversed blue, (c) forward green, and (d) reversed
green.

ment rate is reduced with frequency. The 470 nm peak intensity meanwhile increases with

frequency and the increment rate gradually slows down. The forward and reversed devices

for both green and blue phosphors behaves in a similar fashion. This again eliminates

the possibility of the electrode relaxation process affecting the frequency dependent color

shifting behaviors.
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(a) (b)

(c) (d)

Figure 5.7: The peak luminance intensities of decomposed emission lines per cycle as a
function of frequency for (a) forward blue, (b) reversed blue, (c) forward green, and (d)
reversed green.

5.4 Previous models

The two dominant light emission theories of ACPEL devices have been reviewed in Sec-

tion 2.1.5. The Fischer’s bipolar field emission model assumes the presence of tiny Cu2S

needles, around which electric field is intensified and electrons and holes are field-emitted

[46]. The frequency dependent color shifting is proposed by Fischer to be due to the redis-

tribution of charges at various frequencies as shown in Figure 5.8. At frequencies as low

as 10 Hz, charges spread into bulk ZnS where green Cu emission centers are dominant. At

112



Figure 5.8: Redistribution of injected charge due to drift in an applied field in dependence
of frequency according to Fischer’s bipolar field emission model.

frequencies up to 10 kHz, charges are concentrated near the Cu2S needles where blue Cu

emission centers are dominant. However, no mathematical model or detailed mechanism

of the charge distribution along with frequency is proposed.

Another junction model proposed by Brovetto et al. is based on the pn junction along

defect sites, where electron-hole pairs are produced due to the tunneling of electrons from

the valence to conduction band [81]. The treatment of ZnS blue and green luminescent

centers is based on the Prener and Williams’s model [167]. As shown in Figure 5.9, the

center responsible for green emission is constituted by a pair of acceptor and donorlike ions

separated by a distance r. Blue emission is proposed to be due to the transition of electrons

from conduction band to blue emission centers. The probability (βg) for green emission

transition is governed by the following equation:

βg(r) = βg,maxexp[−r/RD] (5.2)

where RD is the half Bohr radius of the shallower hydrogenic state and βg,max the maxi-

mum transition probability. The exciton generation rate σ(ν) is defined in this case to be
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proportional with the operating frequency ν.

σ(ν) =
qr
eΩ

2ν (5.3)

where qr is the charge injected during each half cycle through the pn junction, Ω the volume

of the lattice regions where recombination take place. qr was found to follow the following

relationship with frequency:

qr =
1

π
(

√
V

c
)
1
2 I0exp[−

c√
V

]ν−1 − 1

4π2Vl0
I2

0exp[−
2c√
V

]ν−2 +O(ν−3) (5.4)

where V is the applied voltage amplitude, I0 the initial current, Vl0 the voltage drop during

charge accumulation, and c a constant. In the junction model treatment, at high enough

frequencies all the green bands are filled and the EL emission takes place only within the

blue band. As the frequency decreases, the electron and hole distributions are not at the

equilibrium levels due to the slower pair production. Through a complicated analytical

derivation, the brightness ratio of green and blue emissions Bg/Bb becomes

Bg

Bb

=
βg
βb

ng
nc

mg

mb

(5.5)

where βg and βb are the recombination coefficients of green and blue emissions, ng the

electron concentration bound to green emission centers, nc the electron concentration in

the conduction band, mg and mb concentration of holes bound to green and blue emission

centers.
ng
nc

=
αegN

2
g

σν +Ngseexp[−ED/kT ]
(5.6)

mg

mb

=
Ng

Nb

σ(ν) + [Nb + (αhg/αhb)Ng]shbexp[−EAb/kT ]

σ(ν) + [Ng + (αhb/αhg)Nb]shgexp[−EAg/kT ]
(5.7)

where Ng and Nb are the concentrations of the green and blue emission centers, αeg the
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Figure 5.9: Band diagram for the blue and green emission centers in ZnS:Cu phosphors.

probability factor of electrons trapped in green centers, αhg and αhb the probability factors

of holes trapped in green and blue centers, se, shg and shb frequency factors for thermal

ionization of electrons and holes in various centers. βg and βg are found to be only depen-

dent on temperature and are not affected by frequency. This model contributes the color

shift mainly to the frequency-dependent charge injection and space charge build-up. This

is hard to justify without the comparison of the simulated results with experimental results.

Moreover, theoretically, the time scale for charge injection is very small while the space

charge build-up may be within the range of time scales as operating frequencies.

5.5 Proposed model

From the above experimental results and previous models trying to elucidate the frequency

dependent color shift mechanisms, a charge transport and relaxation model is proposed in

our study to include the recent findings on the excitation mechanism, luminescent centers

and recombination mechanisms. The analytical expression of the proposed model will be

derived and compared with experimental results.
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Figure 5.10: Brightness waves of different comet segments at sine wave excitation. Each
curve represents the brightness wave of a thirteenth of the comet. The parameter refers to
the measured part of the comet: 1, comet head, 2 12, the subsequent parts, 13, comet tail
(see lower part of the figure). The curves are slightly smoothed copies of the originally
recorded curves, the amplitude being normalized to the maximum of each brightness wave
[168].

5.5.1 Excitation mechanism

In the 1960s, Fischer’s model was proposed mainly based on the observation of the double-

comet needles [45, 46]. Electrons/holes are filed-emitted from one comet at each half cycle.

At the next half cycle, emitted electrons will recombine with the trapped holes from the last

half cycle. Therefore, bipolar field reversal is necessary to the light emission mechanism.

However, a unipolar AC field also produces similar emission waveforms [97]. Moreover,

the comet tail sees a light emission during the voltage fall at each half cycle of the sinusoidal

excitation signal [168], as shown in Figure 5.10. If Fischer’s model stands, the comet tail

should have a minimal light output. Even with the assumption that there are tiny small

needles at the comet tail, the length of the tiny needle is very small. According to Equation

116



Figure 5.11: XRD spectra of ZnS:Cu,Cl with Cu addition in the range of 40 to 5000ppm
fired at 900 ◦C [78].

2.1, the field-emitted charges are limited in quantity and thus the light output is still small

at the comet tail. Therefore, the bipolar field emission of Fischer’s model may not be able

to explain these two observations.

Later, the junction model presumes the presence of pn junction at the defect sites [81].

However, the p-type semiconductor is proven not feasible in ZnS bulk materials. A valu-

able takeaway from this model is the possibility of exciton initiation at the Cu-doped defect

sites. A recent study over the electroluminescence of Cu-doped ZnS powders shows that

there is a phase shift from hexagonal to cubic with the increase of Cu concentration [78].

As shown in Figure 5.11, both cubic and hexagonal phases coexist within the ZnS:Cu,Cl

particles up to 400 ppm. From 800 ppm onwards, the hexagonal phase disappears and elec-

troluminescence emerges. Therefore, the powder electroluminescence of ZnS phosphors is

associated with the Cu-assisted phase transition.

TEM analysis of the cross section of ZnS powders reveals a narrow intergrowth struc-
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ture as shown in Figure 2.8(b) [80]. This structure is a twin grain boundary defect along

[111] direction. A SEM image of the hydrochloric acid etched ZnS:Cu particles in Fig.

2.8(a) shows a layered structure along the [111] direction and pyramids at one end [79].

Another quantitative element analysis of ZnS:Cu crystals indicates that the twin boundary

areas are rich in Cu [169]. ZnS powders are produced by quenching from the wurtzite

phase above 1030 ◦C, which leaves localized wurtzite phase embedded within cubic struc-

ture [34]. The added Cu dopants act as nuclei for the promotion of a 2H-3C conversion,

leading to the creation of twin boundaries along [111] twin axis.

In a further study of the cross section of etched ZnS phosphors in applied electric fields

[55], the EL lines aligning with the electric field have the highest luminance while those

perpendicular to the electric field are not electroluminescent. This suggests that the [111]

twin boundary is the direct source of th EL excitation. This excitation may be initiated

by field emission of electrons and holes from the surface traps at the twin boundaries.

Assuming that the time it takes for the field emission is very fast, the current of emitted

electrons is then dependent on the temperature (T), the electric field near the twin boundary

(E), and the energy depth of surface traps.

5.5.2 Luminescent centers and recombination mechanisms

A light emission mechanism typically involves three steps: charge carrier generation, trans-

fer and recombination. As discussed in the previous section, charges are generated at the

[111] grain boundaries and need to travel to luminescent centers to enable light emission.

Therefore, it is necessary to understand the nature and location of various luminescent cen-

ters in ZnS phosphor powders.

Many research works have been published to study the electroluminescence of ZnS

phosphors doped with different activators and co-activators [170, 171]. The luminescence

with different concentrations of activators and coactivators is summarized in Figure 5.12.

When only Cu is doped, only red emission is observed [172]. This luminescence is due to
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Figure 5.12: The relation between the kind of luminescence and the concentration of acti-
vator (X) and coactivator (Y). X=Cu, Ag, Au, Y=Al, Ga, In. ”G-Cu”: green luminescence
in the case of Cu; ”B-Cu”: blue luminescence in the case of Cu; SA: self-activated lumines-
cence (blue); ”R-Cu”: red luminescence in the case of Cu; ”R-Cu,In”: red luminescence in
the case of Cu and In(Ga) [77].

the transition from S vacancy to Cu luminescent centers [173]. No additional luminescence

is detected without doping coactivators. In both Rothschild et al. and Kröger et al.’s

study, no blue or green emissions are produced with the addition of Cl coactivators [170,

171]. With the equal amount of activator and coactivator, a green emission associated with

Cu (G-Cu) is produced. If the coactivator is higher in concentration than activator, the

ZnS exhibits blue electroluminescence, whose luminescent center is named self-activator

(SA). When the concentration of activator is higher than that of coactivator, blue EL is also

produced and the associated luminescence center with Cu is named B-Cu. The detailed

microstructure and composition of these three luminescence centers are discussed below.
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(a) (b)

Figure 5.13: (a) Configuration in the zinc sulphide lattice caused by incorporation of CuCl
green center [171]; (b) band diagram illustrating donor-acceptor recombination mechanism
[174].

G-Cu luminescent center

Based on the susceptibility measurements by Bowers and Melamed [41], all ZnS samples

are diamagnetic over a wide range of temperatures from 1.5-300 K. Moreover, Holton et al.

do not find any ESR signals in unexcited Cu-doped ZnS [175]. Therefore, copper is Cu+ in

all unexcited Cu-doped ZnS phosphors. Cu+ cannot take part in any light emission due to

its d10 state and without any empty d-state. However, when Cu+ is excited, a temporary d9

configuration (Cu2+) splits the d-state into t2 and e states [176]. The green emission is due

to the transition from coactivator defect level to the Cu2+ t2 state. In the case of Cl as the

coactivator, the excited Cu+ and Cl- form a ion pair as shown in Figure 5.13(a).

The donor-acceptor pairs of green luminescent centers were confirmed by Suzuki and

Shionoya through the polarization measurements [93, 177]. Thus the recombination mech-

anism of green emission is the donor-acceptor type as illustrated in Figure 5.13(b). Free

electrons generated during the excitation process travel through the lattice and are trapped

in the donor impurity level while free holes are trapped in the acceptor impurity level.

When excited donor and acceptors are close enough, recombination takes place and green
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(a) (b)

Figure 5.14: (a) Configuration of SA luminescent center in the zinc sulphide cubic cell
caused by C3V structure [178]; (b) band diagram illustrating Schö-Klasens recombination
mechanism [179].

light is emitted. The recombination probability follows the relationship:

βg = βg,maxexp(−r/RD) (5.8)

where RD is the half Bohr radius of the shallower hydrogenic state. From Equation 5.8, it

is noted that the recombination rate of green emission is determined by the distance r of

the CuCl ion pairs. This distance is not affected by the low operating frequency, which is

in kHz scale. However, r is subjected to lattice relaxation, which is temperature dependent.

SA luminescent center

As shown in Figure 5.12, with excess coactivators, blue emissions due to SA lumines-

cent centers are generated. Actually, even without Cu addition, SA luminescence was also

noticed in ZnS:Cl phosphors [178]. Prener and williams proposed that this SA lumines-

cent center consists of a zinc vacancy with an impurity such as Cl associated at a nearest

neighbour site, which is equivalent to a Cu luminescent center site [180]. This is further

confirmed by the polarization characteristics both in fluorescence and in thermolumines-
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cence in cubic ZnS:Cl single crystals [178, 181]. As illustrated in Figure 5.14(a), the SA

luminescent center has an axial C3v symmetry directed along the (111) axis. In the excited

state, one electron excited from the sulfur ions surrounding the Zn vacancy resides in the

4s orbital of the Cl ion and the hole left behind is supposed to be rotating among the three

equivalent sulfur ions around the pair axis. This exciton configuration is similar to self-

trapped exciton (STE), which is particularly common in metal halide and rare-gas crystals

[182]. STE is due to the strong coupling of electrons or holes to the crystal lattice. In

the lattice distortion field due to vacancies or impurities, a carrier may be self-trapped as a

small polaron [183, 184].

The SA STE configuration further acts as the basis for the proposed Schön-Klasens

Model of SA recombination mechanism as shown in Fig. 5.14(b). During electrolumines-

cence, free electrons and holes are generated at a distance away from luminescent centers

(step 1). Free holes may migrate toward the impurity center (step 2) and may be captured

to form SA luminescent center (step 3). Free electrons wander through the lattice until they

come close to the center (step 4) and are captured by the center with blue emissions (step

5). Thus the SA luminescence transition is a monomolecular process with a decay constant

of around 0.4 µs, compared with 500 - 800 µs for G-Cu luminescence at room temperature

[185].

B-Cu luminescent center

The B-Cu luminescent center was proposed by Blick et al. [186] to be formed by an adja-

cent substitutional and interstitial Cu+ pair. This hypothesis was later proven wrong from

the EXAFS study of ZnS:Cu nanocrystals, which evidently indicates that no more than 2%

of the Cu are in interstitial sites [66]. Later, Urabe et al. [94] confirmed that the B-Cu is

associated with a complex center more like a C3v symmetry. This finding agrees well with

the fact that isolated Cu at substitutional zinc sites do not give rise to a luminescent center

in ZnS as revealed from the radioative decay of Zn65 by Prener and Williams [174]. Car
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(a) (b) (c)

Figure 5.15: (a) The local environment about CuS in ZnS showing the Cu (red) displaced
away from a S vacancy (light blue) and towards the three remaining S neighbours (blue)
[66]; (b) local atomic arrangement of B-Cu luminescent center with S vacancy and Cu2Cl
substitutions [171]; (c) Lambe-Klick model for the B-Cu recombination mechanism [187].

et al. probed the local structure of ZnS:Cu nanocrystals and found that Cu has a nearest

neighbouring S vacancy with the number of S neighbours below 4 ( 3.2). The Cu-S distance

is also found to be around 0.07-0.08 Å shorter than the Zn-S distance, which arises from a

[111] displacement of Cu away from the vacancy and towards the three S2- as shown in Fig-

ure 5.15(a). As mentioned earlier, there is no Cu-blue emission in ZnS phosphors without

coactivators, which is different in micropowders from nanocrystals. Krger et al. found that

the amount of Cu in B-Cu ZnS phosphors is around two times than that of Cl and therefore

the B-Cu luminescent center was proposed to be a complex structure containing two Cu+,

one Cl- and a S vacancy as shown in Figure 5.15(b).

The recombination mechanism of B-Cu luminescence was proposed to follow the Lambe-

Klick model as concluded from the different decay characteristics of luminescence and pho-

toconductivity [187]. This was confirmed by several research works. Arbell and Halperin

found that the position of the glow current peak does not agree with the B-Cu glow peak

[188]. Moreover, the excitation spectrum for the B-Cu luminescence does not agree with

that for photoconductivity at low temperatures but becomes to agree with increase in tem-

perature [189]. From the temperature dependencies of the peak positions and half-widths

of the emission spectra, Shionoya et al. also suggests that the recombination of B-Cu
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luminescence follows the Lambe-Klick model [77]. The schematic band diagram of the

Lambe-Klick model is shown in Fig. 5.15(c). With free charged generated by electric

fields (step 1), free electrons and holes move in their respective bands (step 4 and 2). Holes

migrate near the impurity center and are captured by the complex center and B-Cu emis-

sion occurs (step 3). Electrons are then captured by the complex center (step 5). This

model explains the slower photoconductivity decay of B-Cu emission. However, Urabe et

al. concluded that B-Cu luminescence is not supported by Lambe-Klick model due to the

lower symmetry of B-Cu center than the host lattice [94]. Era et al. observed that there is

no spectrum shift during decay and with excitation intensity for B-Cu in ZnS:Cu,Cl (or I)

and suggested that the recombination mechanism is not donor-acceptor pair emission type

[190]. Instead, the B-Cu is proposed to be due to the transition of intra-center type tightly

associated center. Another infrared emission study by Matsuura and Tsurumi indicated the

presence of a hole trap very close to valence band for the B-Cu luminescence [191]. From

the above reviews, it is reasonable to propose that the B-Cu luminescence transition is still

a Lambe-Klick type but holes in step 2 fall into the deep traps much closer to valence band

within the B-Cu luminescent complex center. With the close distance between these traps

within the complex center, free electrons in the shallow traps recombine with trapped holes

with overcoming only minimal energy barrier.

5.5.3 Charge transport and relaxation model

As far, the luminescence centers and recombination mechanisms of G-Cu, SA, and B-Cu

have been reviewed and determined. However, the positions of these three centers are still

unknown. A HTEM investigation of the twin boundary in ZnS:Cu crystals by Guo et al.

indicates that the twin boundary area and crystal streaks have higher Cu concentrations

[169]. This high Cu content is necessary for B-Cu luminescent center formation. Another

degradation study conducted by Hirabayashi et al. [192] found similar lifetime trend be-

tween the concentration of S vacancy and (111) peak intensity. It is therefore postulated
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that the (111) twin boundary is also rich in S vacancy, which is part of the B-Cu lumi-

nescent center composition. A recent experiment on thermal doping found that the B-Cu

center is localized closer to the doping surface than G-Cu centers [193]. Therefore, in our

proposed model, the B-Cu and SA luminescent centers are located near the grain boundary

while G-Cu centers are located in the bulk ZnS grains.

Many research works have found that there are primary and secondary EL waves in

the emission waveform within one single half cycle of the operating voltage [48, 168,

194–201]. This is a strong indication of the separated process between excitation and

recombination. The primary emission may act as the excitation for the secondary emission

while the secondary emission excites the luminescent centers for the primary emission

for the next cycle. This involves the building up of space charges within the ZnS grains,

as suggested by Ptek [198]. The secondary waves are due to the reversed movement of

charges upon removal of electric field. The intensity of primary and secondary waves is

highly sample dependent. Moreover, both green and blue band emissions exist in primary

and secondary waves [202]. It has also been found that the blue PL decay is much faster

than the blue EL decay while the green PL decay is much slower than the green EL decay.

This suggests that the excitation site is closer to the G-Cu luminescent centers. Free carriers

need to overcome small barriers to reach B-Cu and SA centers [191, 203]. Therefore, the

charge transport and relaxation model for frequency dependent color shift is proposed as

follows.

A electron flux is generated during the voltage rise stage of the positive half cycle and

is near the donor-acceptor pairs of G-Cu luminescent centers as shown in Figure 5.16(a).

Within a certain time, free electrons hop to the donor-acceptor ion pair and are trapped in

Al impurity center. G-Cu luminescence centers are filled during the last emission cycle and

are subjected to charge relaxation. G-Cu luminescence occurs only when donor-acceptor

are close enough. Excess electrons fill the empty Al sites. Some free electrons then migrate

further toward SA centers and recombine with the unrelaxed holes with SA blue emissions.
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(a)

(b)

Figure 5.16: A charge transfer and relaxation model for the frequency dependent color shift
behaviours associated with G-Cu, SA and B-Cu luminescence centers during (a) voltage
rise and (b) voltage fall of the positive half cycle.

Extra free electrons will travel further into the grain boundary and meet B-Cu centers with

certain probability of being trapped. In Figure 5.16(b), upon removal of the electric field,

a hole flux is generated near the G-Cu luminescent centers. Some of the G-Cu impurity

centers are activated by free holes and recombine with electrons trapped in Al impurity

126



centers, which undergo a charge relaxation process. Emptied G-Cu luminescent centers

are further filled by excess free holes. Some free holes migrate near the SA luminescent

centers and are trapped there. Extra holes then hop over to the B-Cu complex center and

trapped instantly in the hole traps very close to the valence band (VB), leading to the B-Cu

luminescence. Due to the high detrapping rate, these shallow hole traps stay empty after

recombination. This light emission process goes on for the next cycle.

5.5.4 Analytical solutions

G-Cu EL intensity is the combination of that during voltage rise and voltage fall. During

voltage rise, electron flux (Jn) introduces a constant flux which is dependent on the voltage

and temperature. Assuming the electron amount is enough for all the impurity centers, the

amount of electrons migrate near G-Cu luminescent centers is:

nG = RG
tc
4

(5.9)

where RG is the amount of free electrons that reach G-Cu complex centers per unit time.

The traveling time for electrons is only tc
4

due to the fact that the voltage rise occupies

only one quarter of the operating cycle time (tc). Assuming no detrapping action from Al

impurity center, the amount of trapped electrons in Al impurity centers becomes:

nAl = αAlnGNAl (5.10)

where αAl is the electron trapping rate and NAl is the number of empty Al impurity sites. As-

suming the number of excited G-Cu luminescent centers from the last voltage fall cycle to

be pG, after charge relaxation the intensity of green emission during voltage rise becomes:

IGr = βGnAlpGe
− tc

2τG (5.11)
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During voltage fall, the amount of holes that migrate near G-Cu luminescent centers is

also time dependent.

pG = SG
tc
4

(5.12)

where SG is the amount of holes that are able to reach G-Cu luminescent centers per unit

time. With the consideration of charge relaxation of excited Al impurity centers, the G-Cu

luminescence intensity during voltage fall is:

IGf = βGpGnAle
− tc

4τAl (5.13)

By adding Equations 5.11 and 5.13, the total intensity of G-Cu luminescence is therefore:

IG = At2c [e
− tc

2τG + e
− tc

4τAl ] (5.14)

where

A =
1

16
βGαAlαGRGSGNAlNG (5.15)

With similar approach, the intensities of SA and B-Cu luminescence in a cycle are

calculated as follows.

IG = Bt2ce
− tc

2τSA (5.16)

IG = Ct2ce
− tc

4τB (5.17)

where

B =
1

16
βSAαSARSASSANSA (5.18)

C =
1

16
βBαBRBSBNB (5.19)

where βSA and βB are the recombination probability of SA and B-Cu luminescence, αSA and
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αB the electron/hole trapping rate in SA and B-Cu impurity centers, RSA and RB the amount

of electrons that reach near SA and B-Cu luminescent centers per unit time, SSA and SB the

amount of holes that reach near SA and B-Cu luminescent centers per unit time, NSA and

NB the amount of empty SA and B-Cu luminescent centers, τ SA and τB charge lifetime in

SA and B-Cu luminescent centers.

5.6 Discussion

To simulate the luminescence intensity in relation with different operating frequencies,

Equations 5.14, 5.16 and 5.17 are converted to the following expressions by taking tc=1/f.

IG = A(
1

f
)2[e

− 1
2fτG + e

− 1
4fτAl ] (5.20)

ISA = B(
1

f
)2e
− 1

2fτSA (5.21)

IB = C(
1

f
)2e
− 1

4fτB (5.22)

From Equations 5.20-5.22, A, B, and C are independent of frequency and are all taken

as 1. The G-Cu luminescence intensity is thus varied with the lifetime of G-Cu and Al im-

purity centers, which ranges from a few hundred microseconds to milliseconds. As shown

in Figure 5.17(a), the intensity of G-Cu luminescence is plotted against frequency with var-

ied Al impurity lifetime and fixed G-Cu lifetime at 1 ms. At 100 µs and 1 ms, there are

small peaks at low frequencies, which disappear with Al lifetime at 2 ms onwards. More-

over, the G-Cu luminescence intensity increases with Al lifetime. With longer lifetime,

charges do not have enough time to migrate near G-Cu impurity centers with increased fre-

quency and thus the luminescence intensity drops. At low frequency, the charge relaxation

dominates. With longer lifetime, more charges survive for the recombination provided the
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(a) (b)

Figure 5.17: G-Cu luminescence intensity as a function of frequency with different charge
lifetimes in (a) Al and (b) G-Cu impurity centers.

excited electron/hole flux is not changed, leading to higher luminescence intensity. With

the Al lifetime fixed at 1 ms, the change of intensity spectra as a function of frequency at

different G-Cu lifetimes in Figure 5.17(b) is similar to that in Figure 5.17(a). Due to the

factor of 4 associated with Al compared to a factor of 2 with G-Cu in Equation 5.20, the

effects of Al lifetime are larger than that of G-Cu lifetime on luminescence intensity. The

simulated results are well fitted with the experimental results for G-Cu emission in Section

5.3 for both green and blue ACPEL devices.

The luminescence intensity as a function of frequency for SA and B-Cu luminescence

is plotted in Figure 5.18. At short lifetime, the intensity spectrum is similar with the re-

sults shown in Section 5.3 for both green and blue devices. Namely, the intensity per cycle

increases first with frequency and slowly decreases thereafter for both SA and B-Cu lumi-

nescence. In the current simulation, this is the case only when SA and B-Cu luminescent

centers have short lifetime, which is observed experimentally [204]. At longer lifetime, the

luminescence peak is intensified and shift to lower frequency.

From this charge transport and relaxation model for the successful explanation of fre-

quency dependent color shift, it is possible to understand the low luminous efficacy of

ACPEL devices. Similarly with SA and B-Cu luminescence, G-Cu luminescence is sub-
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(a) (b)

Figure 5.18: (a) SA and (b) B-Cu luminescence intensity as a function of frequency with
different charge lifetimes in SA and B-Cu impurity centers.

jected to the various loss as shown in Equation 5.15. Even with the assumption of fully

utilization of excited charges, the efficiency is equal to:

η =
IG + ISA + IB

1/4Jntc + 1/4Jptc
(5.23)

From the point of ZnS phosphor level, the power efficiency is thus determined by the re-

combination rate, electron and hole trapping rate, and the lifetime of impurity centers. The

possible loss of charges are due to the insufficient recombination, insufficient utilization

of charges for trapping actions and the loss of charges during the relaxation of excited

impurity centers.

5.7 Conclusion

In this chapter, the frequency dependent color shift phenomenon is studied experimentally

and theoretically. The EL emissions of green and blue EL films are found to be composed

of three emission lines, corresponding to G-Cu, B-Cu and SA emissions. With the in-

depth study of the literature, the luminescent center of G-Cu is Cu-Cl ion pair while the

B-Cu and SA luminescence are associated with Cu2Cl-VS and VZn-Cl complex centers.
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The recombination mechanisms for these three emissions belong to DA, Schön-Klasens

and Lambe-Klick types. A charge transport and relaxation model is built and the simulated

results well fit the trend of G-Cu, B-Cu and SA emission peaks with frequency. A insight

explanation is thus provided for the low luminous efficacy of ACPEL devices.
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Chapter 6

TEMPERATURE-DEPENDENT IMPEDANCE SPECTROSCOPY

OF ACPEL DEVICES

6.1 Introduction

In the previous chapters, various low cost printing processes were employed to extend

the color selections of printed EL films. Large area white and warm white hybrid EL films

were achieved. The frequency-dependent color changing characteristics were observed and

investigated experimentally and theocratically. However, the luminous efficacy of these hy-

brid devices was very low compared to LEDs. It has been shown in Chapter 5 that one of

the attributions to the low luminous efficacy is the poor luminance conversion efficiency in

ZnS phosphor due to the charge relaxation of the excited impurity centers and the limited

trapping and recombination probabilities. The other aspect of such low luminous efficacy

may lies in the electrical loss within the capacitor like ACPEL structures. Therefore, it

is worthwhile to understand the electric/dielectric properties and the equivalent circuit of

ACPEL devices. ACPEL devices are generally assumed to be capacitive by nature, borne

out from a resistor (R) and capacitor (C) circuitry. Various simplified RC-based equivalent

circuit models have been proposed. Bredol and Dieckhoff demonstrated that ACPEL de-

vices could be represented by a capacitive load with series and shunt resistors [34]. The

shunt and series resistors represent the direct current (DC) conductivity of ACPEL devices

and resistivity of the contacts, respectively. Winscom et al. proposed an equivalent circuit

model with effective R and C components in a series configuration [205]. They suggested

that the effective capacitance was governed by the dielectric material and the phosphor

particles were accountable for the effective resistance in the single-layer ACPEL devices.

However, the equivalent circuit for ACPEL devices is more complex with the consideration
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of the microscopic features and interfaces [116].

An ACPEL device is a complex composite system with several stacked polymer com-

posite layers. A dielectric layer is typically printed over a light emitting layer, which typi-

cally contains ZnS phosphor microparticles to increase the electrical field surrounding the

ZnS microparticles during electrical excitation and, in turn, increase its light emission prop-

erties. The incorporation of micro- or nanofillers into a polymeric material will introduce

interfacial polarization or MWS effect at the particle/matrix interfaces and enhance the

dielectric performance of the polymer composite material [206, 207]. In this chapter, com-

plex impedance spectroscopy was employed to obtain the dielectric properties of ACPEL

devices. In order to segregate the types of relaxation processes in the device, the dielec-

tric properties of the composite films containing either a dielectric layer or a light emitting

layer and containing only binder were also measured and compared with those of ACPEL

devices. From the analysis of impedance data, equivalent circuit models were subsequently

proposed for different printed device structures.

6.2 Experimental methods

6.2.1 Fabrication of samples for impedance spectroscopy

Due to the complexity of the stacked composite layers in ACPEL devices, only the for-

ward devices were used so as to eliminate the effect of PEDOT:PSS layer. The fabrication

process for forward ACPEL devices with the structure in Figure 6.1(a) is listed in Chapter

3. To investigate the dielectric relaxation process in individual layers, a phosphor film and

a dielectric film containing only a layer of ZnS microcomposites or BaTiO3 nanocompos-

ites between Ag and ITO electrodes as shown in Figures 6.1(b) and 6.1(c) were fabricated

using the same method as the forward ACPEL devices in Section 3.2.1. To enable the un-

derstanding of the dielectric properties of the binder, a binder film (IBI) with the structure

of Figure 6.1(d) was made by sandwitching a binder layer between two ITO-coated PET

films. The binder layer was coated by drop casting sufficient amount of binder solution
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(a) (b) (c)

(d) (e)

Figure 6.1: Schematic structures of (a) ACPEL devices, (b) a phosphor film, (c) a dielectric
film, (d) a binder film with ITO electrodes, and (e) a binder film with one ITO and one Ag
electrode used in the temperature dependent impedance spectroscopy study.

over an ITO-coated PET film. With the other ITO-coated PET film placed on top, the de-

vice went through an annealing process at 130 ◦C for 30 min and the upper PET film was

attached to binder firmly by gravity force. To minimize the possibility of short circuiting,

the overlapped region between two PET substrates was filled by the drop-casted binder.

Another binder-Ag film (IAgBI) with the structure of Figure 6.1(e) was also fabricated in

order to study the dielectric contributions of the Ag electrode. The Ag layer was screen-

printed on an ITO-coated PET film using the printing speed of 40 mm/s and annealed at

130 ◦C for 30 min. This Ag film was then placed over an ITO-coated PET film deposited

with a layer of drop-casted binder and annealed also at 130 ◦C for 30 min. Two copper

stripes were attached to all the fabricated samples to enable the electrical connection and

dielectric spectroscopy measurements.

6.2.2 Setup for temperature controlled impedance spectroscopy

The experiment setup for studying the impedances at elevated temperatures is illustrated

in Figure 6.2. The device under test (DUT) was placed in a oven with temperatures con-

trolled from 50 to 150 ◦C with electromagnetic interference (EMI) shielded. A Autolab
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Figure 6.2: Schematics of the experiment setup for the temperature dependent impedance
spectroscopy study of ACPEL devices.

PGSTAT302N was electrically connected to the DUT for impedance measurement which

is equipped with a frequency response analyzer (FRA) FRA2 module having a current

range from 10 nA to 10 mA with resolution of 0.0003% and a potential resolution of 3 V.

The FRA was computationally controlled by Nova software, where the dielectric data was

acquired and the corresponding equivalent circuit was simulated. A voltage signal with

the peak value of 0.5 V and frequency ranging from 10-2 to 105 Hz with a resolution of

0.0003% was supplied by the FRA and the corresponding current was measured. 50 data

points were acquired over the frequency range. From the measured data, Z’, Z” and δ were

acquired and computed automatically by the software. Other parameters like ε’, ε”, M’,

M” and σ’ were calculated according to Equations 2.42-2.47.

6.3 Results and discussion

6.3.1 Temperature dependent relative Permittivity

The relative permittivity ε* contains real and imaginary parts (ε’ and ε’). ε’ is also known

as dielectric constant, which represents a material’s ability to store energy in an electric

field. ε” is the dielectric loss, which stands for the energy loss in the material. The di-

electric properties at different frequencies are called dielectric dispersion. Therefore, The

change of permittivity as a function of frequency is called permittivity dispersion. The

permittivity dispersion of ACPEL devices is shown in Figure 6.3. In Figure 6.3(a), ε’ in-

creases with the decrease of frequency. The ε’ dispersion can be divided into three regions,
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corresponding to three time constants with three different polarization mechanisms. At low

frequency, the near linear increase of ε’ with the decrease of frequency corresponds to the

electrode polarization (EP). If no EP is at the electrodes, electric neutrality shall be main-

tained and thus there should be a flat dispersion at low frequency. Therefore, a space charge

layer is formed at the electrode with charges accumulated at the electrode/binder interfaces,

leading to the increased ε’ at low frequency. In fact, the dielectric and phosphor film to-

gether with IBI all exhibit similar trend as shown in Figures 6.4-6.6. This suggests that

the ITO electrode is one of the charge accumulation sites and the permittivity dispersion is

primarily the behavior of polymeric binders. As temperature increases, ε’ increases in all

cases, which suggests the increased polarizability of materials within binder, phosphor or

dielectric materials.

In Figure 6.3(b), the ε” dispersion also increases with the decrease of frequency at

low frequency, similar to the ε’ dispersion as shown in Figure 6.3(a). At low frequency,

the inversely proportional relationship between ε” and frequency indicates the existence

of DC conductivity [208]. The similar ε” dispersions in dielectric film, phosphor film and

IBI show that this DC conductivity is mainly caused by the nature of binder. It has been

demonstrated that in polyamide ionic carriers the internal defects introduced in the fab-

ricating process are responsible for this DC conductivity [209]. ε” also sees a increase

with temperature indicating the increased energy loss. In Figure 6.4(b), there are clearly

three regions with three different time constants corresponding to three different polariza-

tion processes. For IBI, there are only two regions corresponding to the two polarization

mechanisms, one in binder and the other at the electrodes. Similarly, there are only two

clear regions for ACPEL devices and phosphor film as shown in Figure 6.3(b) and 6.5(b).

However, there is a small shoulder in ACPEL devices, which is probably due to another

polarization process.

In Figure 6.7, ε’ or ε” for ACPEL devices, dielectric film, phosphor film and IBI is

plotted into a single graph for better comparison. In Figure 6.7(a), ε’ of IBI is smaller than
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(a) (b)

Figure 6.3: (a) ε’ and (b) ε” as a function of frequency at different temperatures for ACPEL
devices.

(a) (b)

Figure 6.4: (a) ε’ and (b) ε” as a function of frequency at different temperatures for the
dielectric film.

any of the other three samples. As in these three samples, micro- or nano-fillers are added

into binder to form composites, leading to the increased ε’ by introducing a commonly

known MWS effect. However, the added fillers also cause more energy loss as shown in

Figure 6.7(b), where ε” of the composite devices is much higher than that of IBI. Moreover,

the ε’ or ε” dispersion of ACPEL devices falls between that of the dielectric film and the

phosphor film, which is more obvious at intermediate to high frequencies. This suggests

that the dielectric properties of ACPEL devices may be the superposition of that of the
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(a) (b)

Figure 6.5: (a) ε’ and (b) ε” as a function of frequency at different temperatures for the
phosphor film.

(a) (b)

Figure 6.6: (a) ε’ and (b) ε” as a function of frequency at different temperatures for IBI.

dielectric film and phosphor film.

6.3.2 Temperature dependent electric modulus

Electric modulus M* is used to better represent the true relaxation processes in ACPEL

devices, as it corresponds to the relaxation of electric field when the electric displacement

remains constant [208]. The near zero values of M’ in Figures 6.8-6.12 demonstrate the

well removal of EP from ACPEL devices, dielectric film, phosphor film, IBI and IAgBI.

In Figure 6.8(a), M’ dispersion can be divided into two regions, one with bigger slope at
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(a) (b)

Figure 6.7: (a) ε’ and (b) ε” as a function frequency at 90 ◦C for ACPEL devices, dielectric
film, phosphor film and IBI.

intermediate frequency and the other with smaller slope at high frequency. This suggests

at least one time constant existing within ACPEL devices which are associated with one

relaxation process. The similar M’ dispersion trends in dielectric film, phosphor film, IBI

and IAgBI are observed. This suggests that the relaxation process is originated within the

binder. It has been shown that the high temperature relaxation process is attributed to the

translational movement of polymer main chains [145], also known as α relaxation. When

placed in one graph, the magnitude of M’ in IBI in Figure 6.13(a) has been scaled down

by a factor of 0.002. The M’ values for the ACPEL devices, dielectric film and phosphor

film are much smaller than that of IBI. This indicates the addition of micro- or nano-fillers

affects the dielectric properties of binder. With the M’ values of ACPEL devices lying

between that of the dielectric film and phosphor film, this further demonstrates that the

dielectric property of ACPEL devices is the superposition of the two films.

The loss peaks of M” in Figures 6.8-6.12 further prove the existence of a α relaxation

process in polymeric binders. It is also noticed that M” has the trend to further increase at

high frequency for ACPEL devices, dielectric film and phosphor film. This tendency is not

observed in IBI as shown in Figure 6.11(b). However, there is a small arc for IBI at high

frequency. This arc may be due to the α relaxation of alternative polymeric phase in binder
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(a) (b)

Figure 6.8: (a) M’ and (b) M” as a function frequency at different temperatures for the
ACPEL devices.

(a) (b)

Figure 6.9: (a) M’ and (b) M” as a function frequency at different temperatures for the
dielectric film.

or the relaxation of side chains with absorbed moisture [209], which we call B relaxation

in this context. On the contrary, M” of IAgBI experiences a tendency to increase similarly

with the ACPEL devices, dielectric film and phosphor film as illustrated in Figure 6.12(b).

This tells us that the upward tendency at high frequency is due to the relaxation within Ag

layer, which we call ”A relaxation”. This A relaxation at the nanoparticle electrode is due

to the dipolar reorientation of the binder in electrode as proposed by Cha et al. [151].

In Figure 6.9(b), it is observed that there is a small shoulder at low frequency. With EP
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(a) (b)

Figure 6.10: (a) M’ and (b) M” as a function frequency at different temperatures for the
phosphor film.

(a) (b)

Figure 6.11: (a) M’ and (b) M” as a function frequency at different temperatures for IBI.

suppressed, this shoulder is due to the MWS effect at the BaTiO3/binder interface [210].

Because of the large permittivity for both binder and BaTiO3 nanoparticles, no obvious

peak can be formed due to the MWS effect. At the BaTiO3/binder interfaces, charges

accumulate and large dipoles are formed with time constants larger than the α relaxation in

binder. On the contrary, no shoulder is observed in the phosphor film as shown in Figure

6.10(b). As the size of ZnS phosphor microparticles is much higher than that of BaTiO3

nanoparticles, the surface to volume ratio of BaTiO3 nanoparticles in the dielectric film is

much higher, leading to a stronger MWS effect. As shown in Figure 6.13(b), the peak M”
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(a) (b)

Figure 6.12: (a) M’ and (b) M” as a function frequency at different temperatures for IAgBI.

(a) (b)

Figure 6.13: (a) M’ and (b) M” as a function frequency at different temperatures for ACPEL
devices, dielectric film, phosphor film and IBI. Note: the magnitudes of M’ and M” for IBI
are scaled by a factor of 0.002 and 0.01.

value due to the α relaxation in the phosphor film is smaller than that of IBI, which indicates

that there is a certain degree of interaction between ZnS and binder at the ZnS/binder

interfaces. Therefore, the MWS effect may exist at the ZnS/binder interfaces.

In Figures 6.8-6.11, as temperature increases, the M’ or M” dispersion shifts to higher

frequency. This corresponds to a higher motion of polymer chains at higher temperatures

and thus it requires less time to response to the alternating frequency. Similarly, in Fig-

ure 6.9(b), the peak frequency related to the MWS effect also shifts to a higher value at
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(a) (b)

(c) (d)

Figure 6.14: The decomposition of M” dispersion for (a) ACPEL devices, (b) dielectric
film, (c) phosphor film, and (d) IBI at 90 ◦C.

higher temperatures. This is also attributed to the increased mobility of charges at the

BaTiO3/binder interfaces at higher temperatures. As shown in Figure 6.8(b), the M” dis-

persion in the ACPEL devices lies between that of the dielectric film and phosphor film,

which again proves the superposition theory of ACPEL devices.

In order to analyze the contribution of each relaxation process in various samples, the

M” dispersions are fitted using a multi-peak fitting procedure. One of the fittings at 90

◦C is shown in Figure 6.14. The M”-f curve of ACPEL devices, dielectric film and phos-

phor film are well described by the superposition of three Debye-type relaxation processes
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(a) (b)

Figure 6.15: The dependency of (a) α relaxation and (b) MWS effect for ACPEL devices,
dielectric film, phosphor film and IBI at elevated temperatures. Solid lines are simulated
results.

corresponding to the MWS effect, α relaxation and A/B relaxation from low to high fre-

quencies.

The temperature dependent peak frequency due to α relaxation for ACPEL devices,

dielectric film, phosphor film and IBI is shown in Figure 6.15(a). It can be described by the

Vogel-Tamann-Fulcher (VTF) equation for all samples according to the following equation

[211]:

fmax = f 0 exp(−
B

T − T 0
) (6.1)

where f0 is a pre-exponential factor, B a measure of the activation energy, T0 the Vogel

temperature or ideal glass transition temperature, and T the temperature in K. The solid

lines in Figure 6.15(a) are the well fitted results. The fitted B and T0 values for all samples

are shown in Table 6.1. B, quantifying the activation energy, is the lowest at 115.28 K

in IBI, which means the main chains of binder within IBI are the easiest to experience

translational movement. This is straightforward as no fillers are added in the IBI binder and

no hinderance is introduced. As the particle size of BaTiO3 is the smallest, the activation

energy for the α relaxation in dielectric film is thus the highest. The value of B in phosphor

film is 251.10 K, which is larger than that of IBI by a factor of more than 2. This further
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Table 6.1: Activation energy and VTF parameters for ACPEL devivces, dielectric film,
phosphor film and IBI.

EA (eV) B (K) T0 (K)

ACPEL 0.46 272.02 308.59

Dielectric film 1.53 479.79 306.06

Phosphor film 0.28 251.10 311.02

IBI 115.28 287.29

proves the existence of interaction between ZnS microparticles and binder at the ZnS/binder

interfaces. With the stacking of both BaTiO3 and ZnS composite layers, ACPEL devices

have a B value of 272.02 K, which is between that of the dielectric film and phosphor

film. This further proves the superposition theory of ACPEL devices as staking layers of

composite films. Moreover, B value of α relaxation in ACPEL is just 20.08 K higher than

that of the phosphor film. This indicates the dominant contribution from the phosphor layer

in ACPEL devices. This is due to the lower concentration of ZnS phosphors and thus higher

proportion of binder in the phosphor layer.

The temperature dependency of peak frequency position due to the MWS effect is plot-

ted in Figure 6.15(b), which exhibit an Arrhenius type behaviour in ACPEL devices, di-

electric film and phosphor film according to the following equation [113]:

fmax = f 0 exp(−
EA

kBT
) (6.2)

where f0 is a pre-exponential factor, EA the activation energy, and kB the Boltzmann con-

stant. The activation energies of the MWS effect in dielectric and phosphor films are 0.28

and 1.53 eV respectively. This is consistent with the findings by Patsidis and Psarras [145].

With the increase of BaTiO3 concentration, the activation energy of the MWS effect in-

creases. As the concentration of dielectric layer is higher and the size of BaTiO3 nanopar-
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ticles is smaller, there is a higher restriction to the charge movement in response to the

alternating electric field. The activation energy of the MWS effect in ACPEL devices is

0.46 eV which is bigger than that of the phosphor film and smaller than that of the dielec-

tric film. This again proves the superposition theory of the MWS effect in ACPEL devices,

which includes the contribution from both the BaTiO3/binder and ZnS/binder interfaces.

Moreover, similar to that of the α relaxation, EA of the ACPEL devices is closer to the

phosphor film. This is also due to the larger thickness of the phosphor layer.

6.3.3 Temperature dependent conductivity

Every material has its conductivity. For materials with high dielectric constant without

any DC conductivity, the AC conductivity is caused by the local hopping events of charges

within dipoles or at interfaces. The real conductivity (σ’) dispersions of ACPEL devices,

dielectric film, phosphor film and IBI at elevated temperatures are shown in Figure 6.16.

The σ’ dispersion is generally divided into two regions: high frequency non-linear region

and low frequency near flat region. The former region is due to the AC conductivity (σAC)

while the latter one is the DC conductivity (σDC). Comparing the σAC dispersion of IBI

in Figure 6.16(d), there are irregularities in the form of several humps in other composite

devices especially in dielectric film as shown in Figure 6.16(b). This irregularities are in-

troduced by the interfaces and fillers, which is difficult to be fitted quantitatively. However,

the σDC due to the charge movement within devices follows the VTF equation:

σDC = σ0 exp(−
B

T − T 0
) (6.3)

where σ0 is a pre-exponential factor, B a measure of the activation energy, and T0 the Vogel

temperature.

The temperature dependency of σDC in ACPEL devices, dielectric film, phosphor film

and IBI is shown in Figure 6.17. The results are all fitted with the VTF equation as indicated
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(a) (b)

(c) (d)

Figure 6.16: Real conductivity dispersion for (a) ACPEL devices, (b) dielectric film, (c)
phosphor film, and (d) IBI at elevated temperatures.

by the solid lines. The fitted B and T0 are shown in Table 6.2. IBI has the highest B

value of 3546.25 K, which exhibits the strongest resistance to the DC conduction. With

BaTiO3 or ZnS particles added, the activation energy reduces due to the alternate pathway

provided by particle/binder interfaces. With the stacking of dielectric and phosphor layers,

the activation energy in ACPEL devices is even smaller with the B value of 87.26 K. This

shows that alternative pathways may be formed at the interface of dielectric and phosphor

layers.
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Figure 6.17: The dependency of DC conductivities on temperature in ACPEL devices,
dielectric film, phosphor film and IBI . Solid lines are simulated results.

6.3.4 Equivalent circuit

From the above analyses, three main relaxation processes caused by different polarization

mechanisms are found: EP due to ion accumulation at the electrodes, dipolar reorienta-

tion of polymer chains in binder, and the MWS effect at the filler/binder interfaces. The

EP takes places in both electrodes with the Ag electrode contributing also to the high fre-

quency ”A relaxation”. As a result, the dipolar relaxation in binder at intermediate to high

frequencies in all the samples may include both the bulk matrix and the Ag electrode. The

MWS effect occurs at their respective ZnS/binder and BaTiO3/binder interfaces. To better

illustrate these relaxation processes, equivalent circuits are constructed for ACPEL devices,

dielectric film and phosphor film with the consideration of the superposition effect. Using

these equivalent circuits, Nyquist plots are simulated and compared with its experimental

impedance data. In Figure 6.18, the fittings between simulated and experimental results are

quantified by goodness of fit - chi square values χ2. χ2 for ACPEL devices, dielectric and

phosphor films are 0.001, 0.000685, and 0.006 respectively, which is comparable with the
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Table 6.2: VTF parameters for conductivities in ACPEL devivces, dielectric film, phosphor
film and IBI.

ACPEL Dielectric
film

Phosphor
film

IBI

B
(K)

87.26 510.21 348.31 3546.25

T0

(K)
323.10 271.32 291.49 52.66

good fittings by Nurk et al. [212]. Therefore, the proposed equivalent circuits is able to

well represent the experimental observations.

In Figure 6.18(b), the equivalent circuit for the dielectric film models the relaxation

processes contributed by the binder matrix, BaTiO3 nanofillers and electrodes. Rs is the

series resistance of the external electrical connections. Polarization due to the dipolar re-

orientation of binder matrix is represented by a resistor (Rm) and capacitor (Cm) in parallel,

which describes the conductivity and the dipolar polarization of the binder polymer chains.

Another parallel resistor (Rbto) and capacitor (Cbto) component is used to model the MWS

effect at the BaTiO3/binder interfaces and also depicts the conductivity and charge accu-

mulation level at the interfaces. The last portion of the equivalent circuit model for the

dielectric film describes the double layer nature of the electrode/binder interface. Re is as-

sociated with the resistance due to charge transport across the binder matrix close to the

electrodes, as suggested by Cha et al.’s physics-based model of polymer-metal composites

[151]. Zw, the Warburg element, represents the diffusional properties of the mobile ions in

the binder matrix towards the electrodes and is quantified by the Warburg admittance Y0w

[213]. CPEe is the constant phase element (CPE) at the electrode/binder interface, which is

generally used to represent the imperfect capacitive nature of the space charge layers [214].

This imperfect capacitive phenomenon represents the distribution of time constants at the

electrode/binder interfaces. In Figure 6.18(c), the equivalent circuit for the phosphor film
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(a) (b)

(c)

Figure 6.18: Experimental and simulated Nyquist plots for (a) ACPEL devices, (b) dielec-
tric film, and (c) phosphor film at 90 ◦. Insets: respective equivalent circuits.

is identical to the dielectric film with the exception that the parallel RC (RZnS and CZnS)

component stands for the MWS effect at the ZnS/binder interface instead. The equivalent

circuit for ACPEL devices is the superposition of the equivalent circuits of the dielectric

and phosphor films as shown in Figure 6.18(a).

6.4 Conclusion

In conclusion, the relaxation processes of ACPEL devices together with the dielectric film

and phosphor film were analyzed by complex impedance spectroscopy from 10-2 Hz to 105

Hz at elevated temperatures. Three types of polarization mechanisms were identified in
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these three samples: electrode polarization due to ion accumulation at the electrode/binder

interfaces, the MWS effect at the ZnS/binder and BaTiO3/binder interfaces and polarization

due to the dipolar reorientation of polymer chains in the binder matrix. The MWS effect

at the BaTiO3/binder interface is much more significant than the ZnS/binder interface due

to the higher surface-volume ratio by smaller BaTiO3 nanoparticles. On the other hand,

dipolar polarization of binder in the phosphor film is more significant than the dielectric

film due to the larger volume fraction of binder in the phosphor layer. The dipolar po-

larization of binder includes the contribution from both the bulk and Ag electrode. The

DC conductivity of these devices follows VTF equation. Finally, these polarization mech-

anisms are modeled using electrical circuit components and equivalent circuit models for

these devices were derived. The simulated circuit model, which shows good fitting with

its experimental results, provides a better understanding of the ACPEL device architecture

and enabled an effective non-destructive diagnosis of ACPEL devices and other printed

electronics applications.
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Chapter 7

OPTO-IMPEDANCE SPECTROSCOPY OF ACPEL DEVICES

7.1 Introduction

As presented in Chapter 6, the impedance spectroscopy study of ACPEL devices revealed

the existence of three main relaxation processes: EP, α relaxation, and the MWS effect at

filler/binder interfaces. Corresponded equivalent circuit model was also proposed to rep-

resent these relaxation processes. However, this equivalent circuit model of the unexcited

ACPEL device may not apply to the excited ones under high electric field. This is due to

the involvement of hot electrons and their interaction with dielectrics and metal contacts

[215]. The conventional impedance spectroscopy methodology only utilizes a low strength

signal. Alternatively, ZnS phosphor can be photo-excited and it has been proven that photo-

excited ACPEL devices exhibit similar dielectric response to the equivalent electrically ex-

cited ones [49]. Roberts found that ZnS0.8Se0.2:Cu phosphors were sensitive to high energy

photons (365 nm to 436 nm) and the dielectric constant of their EL films increased with

illumination intensity [49]. The illumination intensity caused a shift of the dielectric con-

stant in the same fashion as the change in the excitation voltage. On the other hand, Soudek

observed that the resistance of ZnCdS:Ag phosphors was reduced under short-wavelength

illuminations and attributed it to the quenching of luminescence and conductivity [216].

Kronenberg and Accardo studied the impedance changes of ZnS/CdS phosphor particles

under different illumination intensities and found that the resistance decreased while the

capacitance increased with intensity [217]. ACPEL devices, comprising of stacked layers

of polymer composites containing both micro- and nanofillers, are susceptible to dielec-

tric dispersions due to the dielectric relaxation of polymer matrix, fillers and filler/matrix

interfaces [218]. The impedance changes on these photo-sensitive phosphor particles can
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cause dielectric dispersion within the ACPEL structure and requires a different excitation

voltage/frequency condition to compensate for the required luminescence output. Existing

simplified equivalent circuit models find it difficult to derive the equivalent circuit accord-

ing to the device architecture due to its high impedance at room temperature. Furthermore,

complexity is added if the photo-sensitivity of phosphors is taken into account [34, 205].

In this chapter, the effects of illumination wavelengths and intensities on the dielec-

tric dispersion of ACPEL devices were studied, which is also known as opto-impedance

spectroscopy. To identify the material sensitive to high-energy photons and study the opto-

impedance response in ACPEL devices, the dielectric properties of phosphor (ZnS mi-

croparticles) and dielectric (BaTiO3 nanoparticles) films were also analyzed. Equivalent

circuit models for the ACPEL devices and phosphor films were then constructed and com-

pared.

7.2 Experimental methods

7.2.1 Experiment setup

Three types of samples were fabricated using screen printing process: ACPEL devices, a

dielectric film and a phosphor film. The device structure and fabricating process for these

three samples can be referred to Chapter 6. The study of opto-impedance of ACPEL device

was conducted with a customized setup according to Figure 7.1. It consisted of an enclosure

with a RGB LED panel and a Peltier-based heater inside, a DC power supply, a temperature

controller and a frequency impedance analyzer. The enclosure shielded the DUT from EMI

and external illumination from other sources. The DC power supply Keithley 2636A was

used to adjust the light intensity level of the LED panel, whose optical properties were mea-

sured using a halfmoon integrating sphere from Labsphere. The peak wavelengths from the

measurements showed 399 nm (FWHM∼ 12 nm), 520 nm (FWHM∼ 30 nm) and 625 nm

(FWHM∼ 11 nm) accordingly. To ensure a uniform illumination on the test specimen, the

LED panel was placed 20 cm above the DUT. The spatial illumination resolution on the
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Figure 7.1: Experiment setup for opto-impedance measurement and analysis of the ACPEL
devices, phosphor and dielectric films.

DUT was less than 5% as revealed by luminance measurements by the PR655 spectrora-

diometer from Photo Research. The DUT was adhered onto the Peltier-based heater plate

via a thermal pad and was controlled by a Accuthermo ATEC302 temperature controller.

Its spatial temperature resolution was +/- 0.2 ◦C. The opto-impedance data was obtained

using Autolab PGSTAT302N with samples heated to 90 ◦C. The impedance data was ob-

tained using Autolab PGSTAT302N equipped with a frequency response analyser FRA2

module, which has a current range from 10 nA to 10 mA with resolution of 0.0003% and

a potential resolution of 3 V. The dielectric data was measured by supplying an unbiased

voltage signal with a peak voltage of 0.5 V and a frequency range of 10-2 to 105 Hz with

a resolution of 0.0003%. The ε’, ε”, M” and σ’ were calculated according to Equations

2.42-2.47. The equivalent circuits were simulated by both Nova and Zview software. The

PL emission, excitation and phosphorescence lifetime were measured by Fluorolog-3 PL

system.

7.2.2 Experiment procedure

All the measurements were taken at 90 ◦C, which is a representative temperature as pro-

posed in Chapter 6. All the three types of samples went through the same measurements.

Firstly, the DUT was loaded onto the heater. With temperature stabilized at 90 ◦C, the

impedance data was measured from 10-2 to 105 Hz. The measurement took about 15 min.
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After the measure was finished, a 625 nm illumination with the exciting current of 40 mA

was applied over the DUT by the LED panel. When the temperature was stabilized at 90

◦C, the impedance measurement was carried out. This repeats for exciting currents of 40,

100, 400 and 800 mA. A similar procedure was followed for the 520 nm and 399 nm illu-

minations. The equivalent radiative power intensities of the illumination excited by these

currents were measured using the halfmoon integrating sphere.

7.3 Results and discussion

7.3.1 Wavelength effects

Relative permittivity

The relative permittivity ε* dispersions of ACPEL devices, dielectric film and phosphor

film are shown in Figures 7.2-7.4. It is seen that the 520 nm and 625 nm photons do not

cause any significant changes to both ε’ and ε” for all three devices. This shows no opto-

impedance behavior by these two wavelengths. On the contrary, the 399 nm illumination

affects both ACPEL devices and the phosphor film but not the dielectric film, either for ε’

or ε”. This suggests that the opto-impedance behvavior does not take place in the dielectric

layer but rather in the ZnS phosphor layer. In Figures 7.2(a) and 7.4(a), the ε’ dispersions

of ACPEL devices and phosphor film are shifted upward due to the 399 nm illumination.

This shows that the polarization of these two devices is increased when photo-excited by

the 399 nm photons. In Figures 7.2(b) and 7.4(b), ε” dispersions of the ACPEL devices and

phosphor film are also shifted upward to higher values indicating that higher energy loss is

induced by the 399 nm illumination.

Electric modulus

As discussed in Chapter 6, electric modulus M* plots effectively suppress the DC conduc-

tion within ACPEL devices. Thus it gives the true relaxation process in the bulk material.
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(a) (b)

Figure 7.2: (a) ε’ and (b) ε” as a function of frequency without illumination and with 399
nm, 520 nm and 625 nm illuminations for ACPEL devices.

(a) (b)

Figure 7.3: (a) (a) ε’ and (b) ε” as a function of frequency without illumination and with
399 nm, 520 nm and 625 nm illuminations for the dielectric film.

In Figures 7.5-7.7, the 520 nm and 625 nm illuminations do not bring any change to the

M’ and M” dispersions in any of these three devices. Moreover, the electric modulus of the

dielectric film is not affected by any of these three illumination wavelengths. This further

indicates that the relaxation processes in the BaTiO3 nanocomposites are not affected by

illumination directly. The 399 nm illumination causes both M’ and M” to decrease in both

ACPEL devices and phosphor film, indicating that the relaxation processes within the phos-

phor layer are directly affected by the high energy photons. As studied in Chapter 6, the
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(a) (b)

Figure 7.4: (a) ε’ and (b) ε” as a function of frequency without illumination and with 399
nm, 520 nm and 625 nm illuminations for the phosphor film.

relaxation processes existing in the phosphor layer are the MWS effect at the ZnS/binder

interfaces and the α relaxation. As labelled in Figures 7.5(b) and 7.7(b), the M” peak due

to the overall effect of the MWS effect and α relaxation is also shifted to higher frequency.

This corresponds to the smaller time constants and faster response caused by the 399 nm

illumination.

Conductivity

The σ’ dispersions in ACPEL devices, dielectric film and phosphor film without illumina-

tion and with 399 nm, 520 nm and 625 nm illuminations are shown in Figure 7.8. Similar

to the results of relative permittivity and electric modulus in previous two sections, the

520 nm and 625 nm illuminations do not affect the σ’ at all frequencies. Only the 399

nm illumination shifts the σ’ dispersions of ACPEL devices and phosphor film upward.

The conductivity of the dielectric film is not affected by any of the three illuminations. As

shown in Figures 7.8(a) and 7.8(c), the opto-impedance effect introduced by the 399 nm

illumination increases the conductivity at high frequency but not low frequency. As the low

frequency conductivity is the DC conductivity, thus the mobility of the ionic carrier con-

tributing to DC conduction is not altered by the illumination. Only those charge carriers
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(a) (b)

Figure 7.5: (a) M’ and (b) M” as a function of frequency without illumination and with 399
nm, 520 nm and 625 nm illuminations for ACPEL devices.

(a) (b)

Figure 7.6: (a) (a) M’ and (b) M” as a function of frequency without illumination and with
399 nm, 520 nm and 625 nm illuminations for the dielectric film.

associated with the interfaces and bulk matrix are directly or indirectly influenced by the

high energy photons.

Mechanism for the wavelength effects

This aforementioned wavelength-dependent opto-impedance behavior is ascribed to the ex-

citation of ZnS phosphors by PL which is further affirmed by PL emission, excitation and

absorbance measurements. BaTiO3 nanoparticles used in this study have a large bandgap
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(a) (b)

Figure 7.7: (a) M’ and (b) M” as a function of frequency without illumination and with 399
nm, 520 nm and 625 nm illuminations for the phosphor film.

and do not absorb photons from 300 nm to 900 nm through the absorbance measurement

by UV-Vis. As shown in Figure 7.9, ZnS:Cu,Al phosphors with the peak wavelength of 500

nm can be excited by incident photons with wavelengths below 420 nm. The wavelength

spectra of the 520 nm and 625 nm illuminating sources do not overlap with the excitation

spectrum of ZnS phosphors and only the 399 nm illumination has sufficient energy to ex-

cite ZnS phosphors in the ACPEL devices and phosphor films. Based on the PL lifetime

measurement as shown in the inset of Figure 7.9, these ZnS phosphors exhibit phosphores-

cence with the lifetime of tens of microseconds which matches the results shown by Chen

et al. [219]. This long afterglow is believed to be due to the detrapping of trapped electrons

in sulphur vacancies [220]. The emission centres of ZnS phosphor particles were found

to be located both in the bulk [79] as well as on its surface [55]. Thus, when ZnS phos-

phors are excited by high-energy photons, photo-induced charges may be trapped not only

in the sulphur vacancies but also in interfaces or other defect sites, leading to the change of

dielectric dispersion.
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(a) (b)

(c)

Figure 7.8: σ’ as a function of frequency without illumination and with 399 nm, 520 nm
and 625 nm illuminations for (a) ACPEL devices, (b) dielectric film and (c) phosphor film.

7.3.2 Intensity effects

Relative permittivity

In order to study the intensity effects, 0.5, 1.3, 4.9 and 9.0 mWatts/cm2 of the 399 nm

illumination were applied over ACPEL devices and the phosphor film. The relative permit-

tivity dispersions of these two devices are shown in Figures 7.10 and 7.11. At intermediate

to high frequencies, both ε’ and ε” increases with illumination intensity and tend to reach

a steady state for ACPEL devices and phosphor film. This indicates that the free charges

within ZnS phosphors are also increased by the increased illumination intensity and thus
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Figure 7.9: Normalized PL emission and excitation spectra of green ZnS:Cu,Al phosphors
together with the EL spectra of 399 nm, 520 nm and 625 nm illuminations. Inset: PL
intensity as a function of time after the excitation source is switched off.

the polarization and dielectric loss are increased due to the increased interactions of free

charges with the surrounding materials. However, at low frequencies, The linear portions

of both ε’ and ε” stay unchanged with intensity, which are related to the EP process and

DC conductivity.

Electric modulus

As shown in Figures 7.12 and 7.13, as the 399 nm illumination is intensified, both M’ and

M” dispersions shift downwards in ACPEL devices and phosphor film. No additional peaks

or humps are observed with the increase of intensity in Figures 7.12(b) and 7.13(b). This

means that with the increase of the illumination intensity, no additional relaxation process

is introduced. The phosphor film only has a α relaxation process in binder and another

MWS effect at the ZnS/binder interfaces. As for the ACPEL devices, there are α relaxation

and MWS effect at the BaTiO3/binder and ZnS/binder interfaces at all intensities. The peak

position of M” in both devices shifts toward higher frequency with the increased intensity,
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(a) (b)

Figure 7.10: (a) ε’ and (b) ε” as a function of frequency with the 399 nm illumination at
different intensities for ACPEL devices.

(a) (b)

Figure 7.11: (a) (a) ε’ and (b) ε” as a function of frequency with the 399 nm illumination
at different intensities for the phosphor film.

which indicates the shorter time constant of relaxation processes. This further suggest

that the increased free charges assist dipoles/charges to response to the applied alternating

voltage.

Conductivity

As shown in Figure 7.14, the illumination intensity also affects the σ’ dispersions of both

ACPEL devices and phosphor film. The increased intensity shifts the dispersions upwards
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(a) (b)

Figure 7.12: (a) M’ and (b) M” as a function of frequency with the 399 nm illumination at
different intensities for ACPEL devices.

(a) (b)

Figure 7.13: (a) (a) M’ and (b) M” as a function of frequency with the 399 nm illumination
at different intensities for the phosphor film.

at intermediate and high frequencies. The σ’ values also tend to reach a steady state at

high intensities. This effect may be due to the increased amount of free charges with the

increased PL at higher illumination intensities. However, at low frequencies, the dispersion

stay unaffected by the intensity. This region is the DC conductivity, which agrees well with

the conclusion drawn in the previous section. Comparing Figures 7.14(a) and 7.14(b), it is

observed that the phosphor film experiences higher conductivity jump with the applying of

the 0.5 mWatts/cm2 illumination. This tells us that the conductivity of the phosphor film is
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(a) (b)

Figure 7.14: σ’ as a function of frequency with the 399 nm illumination at different inten-
sities for (a) ACPEL devices and (c) phosphor film.

(a) (b)

Figure 7.15: Experimental and simulated Nyquist plots of (a) ACPEL and (b) phosphor
films without illumination and with 4.9 mW/cm2 illumination together with the corre-
sponding equivalent circuit models. High-energy photons excite the ZnS phosphor par-
ticles. Rs: series resistance of the electrodes; Rm and Cm: resistance and capacitance of
the binder matrix; RZnS and CZnS: resistance and capacitance of the ZnS/binder interface;
RBTO and CBTO: resistance and capacitance of the BaTiO3/binder interface; Re and CPEe:
resistance and constant phase element representing EP; Zw: Warburg element.

more influenced by the intensity than the ACPEL devices.
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7.3.3 Equivalent circuit analysis

From the above analyses, it can be concluded that the equivalent circuits of both the ACPEL

devices and phosphor films before and after the applying of a 399 illumination are identical

and the increase of illumination intensity does not change the equivalent circuit formula-

tion. Therefore, similar to the equivalent circuit proposed in Chapter 6 there are also three

types of main polarization processes in photo-excited ACPEL devices, namely the EP of

the electrodes, the α relaxation of polymer chains in the binder matrix and the MWS effect

at the filler/binder interfaces. These relaxation processes are then represented in the form

of equivalent circuits as shown in Figure 7.15. It is seen that the simulated Nyquist plots

according to the proposed equivalent circuits for both ACPEL devices and the phosphor

film fit well with the experimental data with and without applying of the 399 nm illumina-

tion. In the equivalent circuit model, Rm and Cm are the resistance and capacitance of the

binder matrix representing the dipolar polarization of binder polymer chains. The MWS

effect at the ZnS/binder and BaTiO3/binder interfaces are modelled by two pairs of parallel

resistance and capacitance: RZnS-CZnS and RBTO-CBTO. EP is represented by a resistance

(Re), a Warburg element (Zw) and a CPE. The impedance of CPE is depicted as:

ZCPE =
1

Y 0e(j2π f)Ne
(7.1)

where Y0e is the admittance of CPE and Ne is the degree of deviation with respect to a pure

capacitor. The effective capacitance of CPE can be calculated using the following equation

[221]:

Ce = Y 0e
1/NeRe

(1−Ne)/Ne (7.2)

In Tables 7.1 and 7.2, RZnS in the phosphor film is about two times higher than that in

the EL film while the CZnS values are close. This is due to the fact that the phosphor film

is printed with two layers of ZnS particles while a ACPEL device consists of one BaTiO3
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Table 7.1: Simulated values of the equivalent circuit components of the ACPEL devices
under the 399 nm illumination of different intensities.

Intensity Rs Rm Cm RZnS CZnS RBTO CBTO Re Y0w Y0e Ne Ce

(mW/cm2) (Ω) (kΩ) (nF) (kΩ) (nF) (kΩ) (nF) (kΩ) (µMho) (µMho) (nF)

0 5.29 3.08 241 30.1 110 32.9 381 119 60.5 2.12 0.738 1300.16

0.5 7.16 4.61 250 17.5 294 28.7 975 174 58.5 1.7 0.781 1208.12

1.3 7.54 4.55 247 14.8 347 29.7 1010 164 59.1 1.73 0.788 1232.69

4.9 7.54 3.85 268 12.2 407 30.3 976 153 58.3 1.79 0.79 1268.64

9.0 7.49 3.22 290 10.5 418 27.4 940 144 57.1 1.77 0.791 1233.43

Table 7.2: Simulated values of the equivalent circuit components of the phosphor film
under the 399 nm illumination of different intensities.

Intensity Rs Rm Cm RZnS CZnS Re Y0w Y0e Ne Ce

(mW/cm2) (Ω) (kΩ) (nF) (kΩ) (nF) (kΩ) (µMho) (µMho) (nF)

0 1.56 11.1 198 70.6 128 248 34.5 189 0.866 117.71

0.5 2.17 10.3 210 34.9 321 307 34.1 667 0.824 475.35

1.3 3.03 8.17 225 27.8 357 309 34.1 643 0.842 474.80

4.9 3.34 6.05 271 23.1 421 309 34.4 626 0.851 469.52

9.0 3.39 5.16 300 21.3 436 305 36 621 0.853 466.19

layer and one ZnS layer. The doubled thickness of the ZnS layer in the phosphor film causes

the RZnS value to double compare to that of the ACPEL devices. However, the surface area

between ZnS particles and binder is also doubled, leading to similar CZnS values in ACPEL

devices and phosphor films with C=εε0A/d. As shown in Tables 7.1 and 7.2, the changes of

RZnS and CZnS with illumination intensity exhibit similar responses with earlier studies [49,

216, 217]. When high energy photons are applied over the ACPEL devices and phosphor

films, the excited ZnS phosphor particles lower RZnS and increase CZnS. This is due to the
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increased photo-current at the ZnS/binder interfaces. These photo-excited ZnS phosphor

particles may, in turn, affect the adjacent material represented by circuit components.

Without any illumination, Rm in the ACPEL devices is 3.08 kΩ while that in the phos-

phor film is 11 kΩ. With less interface ratio and higher binder content, the ZnS layer

has a higher Rm than the BaTiO3 layer. Thus, Rm in the phosphor film is more than two

times higher than that in the EL film. Cm is affected by both binder volume and interac-

tion between fillers and binder. These two factors may compensate each other, leading to

a consistent Cm value for both ACPEL devices and phosphor films. It is also observed that

the resistance (Rm) of the resin matrix decreases and the capacitance (Cm) increases grad-

ually with higher illumination intensity for both the ACPEL devices and phosphor films.

This is attributed to the trapped charges at the ZnS phosphor surfaces accumulating at the

ZnS/binder interfaces. It is possible that these charges have sufficient mobility to travel

to the binder matrix and form dipoles. A higher illumination intensity will enable more

trapped charges in the polymer chains and enhances the dipolar polarization.

Although it is shown that the dielectric and electrode layers are not directly affected by

external illumination, both CBTO in Table 7.1 and Ce in Table 7.2 are observed to increase

with intensity. As the dielectric layer is in direct contact with the ZnS phosphor layer in the

ACPEL devices, the accumulation of charges injected from the excited ZnS phosphors can

enhance the MWS effect at the BaTiO3/binder interface. This causes the CBTO to increase

with illumination intensity. The Ce in the ACPEL devices is not affected by the photo-

excited charges due to the dielectric layer sandwiched between the phosphor layer and the

Ag electrode. In the phosphor film, the ZnS phosphor layer are in close contact with the

Ag electrode, charges generated during PL are able to reach the Ag electrode and cause

more charges accumulated at the Ag/binder interfaces, leading to the increase of Ce. The

saturated Ce values at high intensities suggest that the number of trapped charges reaches its

maximum, possibly due to the limited trapping sites or mean free path of excited charges.

The admittance Y0w representing the Warburg element is shown in Tables 7.1 and 7.2
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Figure 7.16: Proposed mechanism for the opto-impedance behaviors of ACPEL devices.
(1) Incident photons with energy of higher than 2.95 eV penetrate through ITO/PET and
are absorbed by ZnS phosphor particles; (2) electrons are excited from valence band (VB)
to conduction band (CB); (a) some electrons trapped in donor sites combine with holes
trapped in acceptor sites and emit green phosphorescent lights; (b) some trapped charges
drift and are accumulated at the BaTiO3/binder interfaces; (c) minority charges move to the
resin matrix to form dipoles; (d) other charges are trapped at the ZnS/resin interfaces.

for the ACPEL devices and phosphor films and does not change with illumination intensity,

which indicates that the diffusional properties of ionic carriers are not affected by the photo-

excited ZnS phosphors. It is also noted that Y0w of the ACPEL devices is larger than that

of the phosphor film. In the ACPEL devices, the Ag electrode is in contact with BaTiO3

layer while it is directly stacked over the ZnS phosphor layer in the phosphor film. Due to

the larger surface-to-volume ratio in the dielectric layer, more ionic pathways lead to larger

Y0w.

7.3.4 Opto-impedance mechanism

From the above analyses on the illuminated ACPEL devices and phosphor films, a mecha-

nism for the opto-impedance behaviors in ACPEL is proposed as illustrated in Figure 7.16.

When green ZnS:Cu,Al ACPEL devices are illuminated by photons with energy higher
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than 2.95 eV, electrons in the deep trap level close to the valence band (VB) gain enough

energy and are excited to the conduction band (CB) with free charges generated. Some of

the free electrons trapped in donor sites have the possibility to combine with the free holes

trapped in the acceptor sites to emit green phosphorescent lights. Some of the free charges

generated at the surfaces of ZnS phosphor particles are accumulated at the ZnS/binder in-

terfaces leading to the enhancement of the MWS effect in the phosphor layer. For the ZnS

particles which are in close contact or at the vicinity of BaTiO3 nanoparticles, some of the

free charges at the ZnS surface have the possibility of hopping over and accumulated at

the BaTiO3/binder interfaces and thus enhance the corresponding MWS effect. Some other

free charges that propagate to the binder matrix are trapped in the potential wells of the

polymer chains and generate dipoles. This increases polarization due to the dipolar reori-

entation in the binder matrix. Due to the larger distance for the charges to reach binder

matrix, the charging effects over the binder dipoles are small compared to the MWS effect

at the BaTiO3/binder and ZnS/binder interfaces.

From this opto-impedance mechanism, we can have a better idea of the charge distri-

bution over the device level of ACPEL devices. Moreover, the low luminous efficacy is not

just due to the charge loss within ZnS phosphors but also the charges escaping from the ZnS

powders to the surrounding environment. From this model, a big portion of charges escape

to the ZnS/binder and BaTiO3/binder interfaces and small amount of charges are trapped in

the binder polymer potential wells. These charge losses lead to fewer charges participating

in the radiative recombination process and thus less luminous flux and luminous efficacy.

7.4 Conclusion

Opto-impedance spectroscopy was adopted to study the dielectric dispersion of the ACPEL

devices, phosphor and dielectric films at different illumination wavelengths and intensities.

High-energy photons affect the dielectric properties of the ACPEL devices and phosphor

films by enhancing the MWS effect at the filler/binder interfaces and increasing the dipo-
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lar polarization of the binder matrix. This opto-impedance behavior is caused by the PL

excitation of green ZnS phosphors during which high-energy photons (hf > 2.95 eV) have

sufficient energy to excite the emission centres and generate charges. When the illumi-

nation intensity increases, the MWS effect and dipolar polarization are found to increase.

Equivalent circuit models of the ACPEL devices and phosphor films are constructed based

on the three relaxation processes, namely EP, MWS effect at the filler/binder interfaces

and dipolar polarization in the binder matrix. Through the analyses of dielectric properties

and simulated equivalent circuit, a mechanism is proposed to explain the opto-impedance

phenomenon in ACPEL devices. Under high energy photon illumination, electrons are first

excited to the conduction bands of the ZnS phosphor particles, followed by being trapped

in defect sites. Thereafter, these electrons have two paths: radiative and non-radiative. The

radiative path enables the emission of the green phosphorescent lights. Non-radiative path

consists of three possible outcomes: charge accumulation at the ZnS/binder interfaces and

at the BaTiO3/binder interfaces and dipole generation in the binder matrix. This model

provides another perspective to understand the cause of low luminous efficacy in ACPEL

devices.
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Chapter 8

CONCLUSIONS AND FUTURE WORKS

8.1 Conclusions

In this study, three low cost processes were developed in conjunction with screen printing

process to fabricate a hybrid warm white light source, namely drop casting, wet stamping

and bar coating methods. With the use of the drop casting process, F8BT was capable

of downshifting blue/green lights from ZnS phosphors to green-yellow emissions when

coated either on forward or reversed EL films. However, only those DCJTB dyes coated

on reversed EL films produced downshifted red emissions due to the formation of porous

structures of DCJTB nanorods stacking on the PET of forward EL films. The increase of

F8BT-DCJTB mass ratio enhanced the blue and green emission peaks but reduced the red

peak intensity. Diluting the F8BT and DCJTB mixed solution suppressed the yellow and

red emission peaks and enhanced the blue peak intensity. White color with CIE of (0.313,

0.312) was achieved by drop casting a 1.6 mg/mL F8BT-DCJTB mixed solution with the

mass ratio of 3:1 over reversed blue EL films with the operating voltage of 110 V and 100

Hz. The luminescence, however, was only 13.13 cd/m2 with CCT of 6632 K.

The second low cost process used in this study was a modified wet stamping method

coupled with dip coating and temperature control. Through the modification of mass ratio

and concentration of DCJTB-fluorescein solution, a white square hybrid EL film was fab-

ricated with CIE of (0.304, 0.294) and CCT of 7162 K when operated at 200 V and 400

Hz. This hybrid film had the DCJTB-fluorescein mass ratio of 1:1 and the concentration of

the mixed solution was 5 mg/mL. Under this operating condition, the luminance was 93.9

cd/m2 and luminance and CCT uniformities were 95.07% and 88.56%. When five layers

of 4 mg/mL DCJTB-fluorescein solution with the mass ratio of 1:1 were wet stamped on
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reversed green EL films, a warm white hybrid film in square shape was obtained with CCT

of 2864 K and luminance and CCT uniformities of 93% and 93.03% when operated at 200

V and 400 Hz. The luminance under this operating condition was 89.29 cd/m2. To obtain

a large area warm white EL film, a bar coating process was used to coat a layer of 15.0

mg/mL DCJTB-fluorescein solution with the mass ratio of 9:1 on 100 mm × 100 mm re-

versed green EL films. A warm white color with CCT of 2820 K was obtained at 200 V

and 400 Hz. The luminance in this condition was 72.28 cd/m2 and luminance and CCT

uniformities were 93.5% and 92.1%.

Despite of the achievement of warm white large area EL films, its luminous efficacy

was only 0.5 lm/W. Besides the luminous loss during downshifting processes, the conven-

tional reversed green EL films had only a luminous efficacy of 3.6 lm/W. Two approaches

were presented to understand this aspect of ACPEL devices. The first approach was to

study the frequency dependent color shift. Green and blue EL emission spectra were each

decomposed to three emission lines. The EL intensity per cycle of green emission lines de-

creased with frequency and tended to reach a steady level while that of blue emission lines

increased with frequency first and dropped slowly at high frequencies. From literature, the

luminescence centers for G-Cu, B-Cu and SA were Cu-Cl, Cu2Cl-VS and VZnS-Cl com-

plex centers respectively. These three emissions followed recombination mechanisms of

DA, Schön-Klasens and Lambe-Klick type respectively. A charge transport and relaxation

model was built by considering the transport time of charge carriers and lifetime of excited

impurity centers. With well fitted with the experimental results, this model attributed the

low luminous efficacy to the charge relaxation and insufficient charge trapping and recom-

bination during charge transport and recombination processes.

The second approach implemented the impedance spectroscopy methodology to assess

the dielectric relaxation processes within ACPEL devices. With the analysis of frequency

dependent dielectric properties at elevated temperatures in ACPEL devices, phosphor, di-

electric and binder films, EP, MWS effect and dipolar polarization were found to exist
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in ACPEL devices. These relaxation processes were represented by equivalent circuit el-

ements. Through the comparison of simulated equivalent circuit values under different

illumination wavelengths and intensities, a device level charge transport and accumulation

model was proposed. Apart from phosphorescence, the excited charges might accumulate

at ZnS/binder and BaTiO3/binder interfaces or might be trapped within binder molecules.

The low luminous efficacy was thus attributed to the escaping of charges from ZnS phos-

phors to the surrounding environment.

8.2 Future works

In regards to the major findings of this study, several future works are recommended for

the further improvement of this research work.

First, with the full understanding of the drop casting, wet stamping and bar coating

processes, the downshifting material is critical in realizing a warm white hybrid EL films.

Future project may focus on the development of novel red dyes or nanoparticles that are

high in brightness and are stable over long period. Alternative solvents can be used to

improve the printing uniformity and CRI of bar coated hybrid warm white films. A larger

scale printing technique such as roll-to-roll can be implemented for the fabrication of larger

warm white hybrid films.

Second, a density functional theory simulation can be conducted to verify the charge

transport and relaxation model by studying the stability of G-Cu, B-Cu and SA luminescent

centers. A TEM study may be carried out to investigate the material composition at the

twin boundary. Space charge effects may be included in the future for the completion of

this model. This model can also be extended to study the voltage-luminance relationship,

waveform effect, temperature effect, degradation behaviors and decay characteristics.

Furthermore, in view of the significance of the opto-impedance methodology, it is

worthwhile to investigate the change of opto-impedances during EL or light aging of the

EL film. The aging study can be conducted at various temperatures, by different waveform
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or by altering operating voltage and frequency. Humidity may be another important factor.

Besides, this opto-impedance methodology may be extended to study the reversed ACPEL

devices, which will include the effects of the PEDOT:PSS electrode. Further performance

improvement may be possible if a proper charge trapping layer is coated around the ZnS

phosphors to prevent charge escaping.
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