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Abstract

Polymer light-emitting electrochemical cells (LECs) are solid-state polymer devices

that form light-emitting p-n junctions in situ from electrochemical doping, which oc-

curs under an applied voltage or current bias. LECs typically consist of a combination

of a luminescent polymer, an electrolyte polymer, and a salt. This creates a mixed

ionic/electronic conductor. When comparing the LECs to other polymer/organic

light-emitting devices, the LEC is advantageous as it is not dependent on the elec-

trode’s work functions. However, a key LEC limitation is the phase separation among

the luminescent polymer and the electrolyte-salt complex. One solution to the phase

separation issue is to separate the LEC into two layers: the luminescent polymer

layer and the electrolyte layer, creating a bilayer LEC. In my thesis, multiple studies

were conducted to explore whether the thickness of the luminescent polymer layer

changes the performance of the bilayer LEC, the development of a blue bilayer LEC,

and examining a different bilayer LEC configuration of a luminescent polymer layer

on top of a LEC layer. In the varying CP thickness study, the thinner CP layer

allowed the ions to penetrate the total depth of the CP layer and commence uniform

doping propagation. Meanwhile, in the thicker CP layer, the ions do not fully pene-

trate the CP layer which leads to a broadened light-emitting junction formation. The

bilayer LECs have faster turn-on times than the single-layer LECs. In addition, the
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current and doping propagations in bilayer LECs demonstrated a linear dependence

with varying operating voltages and an Arrhenius dependence with varying operating

temperatures. These faster doping speeds imply that the long-range ion transport in

the CP layer or crossing the CP/SPE interfacial energy barrier has a minimal effect

to doping speed; rather, the limiting factor to the doping speed is the SPE bulk-

resistance. These studies are important to understand the fundamental of bilayer

LECs and potentially be the gateway to high-performances LECs, and other organic

devices.
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Chapter 1

Introduction

The science of semiconducting and metallic polymers is inherently

interdisciplinary; it falls at the intersection of chemistry and

physics.

—Alan J. Heeger

This section describes the necessary background information and motivation for

this research. This includes background in lighting technologies, conjugated poly-

mers, operating mechanisms of light-emitting diodes (LEDs) and light-emitting elec-

trochemical cells (LECs), and an introduction to bilayer LECs.

1.1 Background

The invention of electric lighting has vastly revolutionized modern society, and over

time, electric lighting has been improved to be more efficient and miniaturized. In-

candescent light bulbs are the oldest type of light bulb; they supply current through a

tungsten filament to generate light. However, incandescent light bulbs are inefficient,

as most of the energy produced is converted into heat instead of light [1]. Halogen
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incandescent light bulbs are slightly better than incandescent bulbs as halogen gas

is used to improve the efficiency and lifespan of the incandescent light bulb; how-

ever, these bulbs operate at a higher temperature [2]. A different type of lighting

technology is the compact fluorescent lamp (CFL). CFLs are more efficient than in-

candescent lighting as they create light by producing an arc between two electrodes in

a mercury-argon gas mixture that is enclosed in a phosphor coated glass tube [3]. The

most efficient and best type of lighting technology is the light-emitting diode (LED);

these are typically made from doped semiconductor materials, and light is generated

by radiative recombination where electrons and holes recombine to emit photons [4].

When comparing these different lighting technologies, the 60 W incandescent light

bulb is the worst in terms of efficiency, lifespan, and overall cost. Assuming that the

total cost includes the initial and operating costs at 11 cents per kWh and an oper-

ating lifespan of 25 000 hrs, the efficiency of an incandescent light bulb is 14 lm
W

with

a lifespan of 1000 hrs, and a total cost of $ 177.50 [5, 6]. In contract, a 50 W halogen

incandescent light bulb is a slight improvement over the incandescent light bulb as

it has 24 lm
W

in efficiency, 2000 hrs of lifespan, and a total cost of $168.75 [5, 6]. The

CFL light bulb is a significant improvement compared to the incandescent lighting

technologies as its efficiency, lifespan, and total cost are 62 lm
W

, 8000 hrs, and $51.38,

respectively [5, 6]. The LED light bulb is the best as it has an efficiency of 84 lm
W

,

lifespan of 25 000 hrs, and cost of $36.16 [5, 6].

Lighting is not limited to lighting spaces, but also to lighting displays and screens

such as televisions, tablets, and phones. Current research and market trends are

focused on searching for thinner and more flexible displays. This can be seen in prod-

ucts from curved ultra-wide monitors and televisions to foldable cell phones. The
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display technology includes liquid crystal displays (LCDs), LEDs, and hybrids of the

two. LCDs require a backlight to illuminate the liquid crystals, which have polarizers

around the liquid crystals. The polarizers control the ability to turn pixels on or

off by filtering light [7]. Conventional LEDs are made from inorganic semiconductor

materials from the III-V groups. The organic LED (OLED) is an alternative to the

inorganic LED, which paves a pathway to flexible and ultra-thin displays. OLEDs

consist of evaporated small molecules in a multi-layered structure. OLEDs do not

require any backlight to function and light emission occurs by recombination of elec-

trons and holes. This allows pixels to operate independently from each other. A

device similar to an OLED is a light-emitting electrochemical cell (LEC), which is

comprised of either a luminescent conjugated polymer (CP) or ionic transition metal

complex (iTMC) that can be doped with ions. LECs are significantly cheaper to

fabricate than OLEDs as LECs are only comprised of one or two layers and have

solution processability. LECs can be used for lighting displays and screens, as well as

for lighting panels. However, LECs require further research to improve their stability

and performance. One method of improvement is to separate the ions from the con-

jugated polymer. Further investigation is required to fully understand the operating

mechanisms of a bilayer LEC. My thesis gives an in-depth analysis of red emitter

bilayer LECs with varying polymer thickness, temperature and voltage dependence

studies for a blue emitter bilayer LEC, and exploring CP/LEC bilayer LECs.

1.2 Luminescent Conjugated Polymers and Polymer Light-Emitting Diodes

A. Heeger, A. MacDiarmid, and H. Shirakawa were pioneers in discovering conduct-

ing polymers in the 70s and were awarded the Nobel Prize in Chemistry in 2000 [8].
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Their work led to the development of organic electronics, including diodes, transis-

tors, sensors, and solar cells. Two of their discoveries were organic light-emitting

diodes (OLEDs) and polymer light-emitting diodes (PLEDs). The difference between

OLEDs and PLEDs is that OLEDs consist of small molecules whereas PLEDs are

made from polymers.

1.2.1 Conjugated Polymers

Polymers are macromolecules that contain repeating sub-units arranged in long molec-

ular chains. Some polymers consist of hydrocarbons that can emit light. These

hydrocarbons can have either single, double, or triple bonding between the carbon

atoms. The polymers that only have single carbon-carbon bonding are known as

saturated polymers, and they have an orbital hybridization of sp3. This is the lowest

energy configuration for an electron configuration of 1s22s22p2, as shown in Figure

1.1 a). The sp3 orbitals are 109.5° apart from each other. The polymers that have

a combination of single and double bonding or double bonding between the carbons

are known as unsaturated polymers, and they have a sp2pz orbital hybridization as

shown in Figure 1.1 b). In this orbital configuration, the pz is not hybridized and

it represents a lone electron that is not involved with the bonding of other atoms.

The lone electron is also known as a π bond, and the electrons that are involved with

bonding with other atoms are referred to as σ bonds. These types of polymers are

also known as conjugated polymers (CPs) [9, 10].

The π bonds in a CP can interact and spatially-overlap with other π bonds in the

polymer chain or with other polymer chains. This π bond interaction creates energy

bands and the gap between energy bands determines the material type: insulator,
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Figure 1.1: The orbital hybridization of carbon. a) A sp3 in the tetrahedral view; the
red circles represent the s orbitals while the blue teardrops represent the
p orbitals. b) A sp2pz orbital hybridization of ethylene; the red circles
represent σ bonds and the blue circles represent π bonds.

metal, or semiconductor. In an inorganic semiconductor, the highest energy band

is known as the conduction band (CB) and the lowest energy band is known as

the valence band (VB); this is analogous to the lowest unoccupied molecular orbit

(LUMO) and the highest occupied molecular orbit (HOMO). All semiconductors are

insulators at 0K when the VB is completely filled and the CB is completely empty.

The energy gap, Eg, is the difference between the LUMO and HOMO energy bands.

Photons are generated when excited electrons in the LUMO energy band decay back

into the HOMO energy band. Similarly, absorption occurs if the photons have a

greater or equal to energy of the Eg of the CP. These luminescent CPs can create

LEDs and solar cells.
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1.2.2 Polymer LEDs

The most basic PLED structure consists of sandwiching the CP between two elec-

trodes. This creates a metal-insulator-metal system as the undoped CP acts as an

insulator. The electrode that acts as the anode has a high work function; typically,

the anode material is indium tin oxide (ITO), which has a work function of 5 eV.

ITO is a transparent material and is coated on a glass substrate. This is important

in order to be able to see electroluminescence from the PLED. The cathode electrode

has a lower work function of around 2 eV and the cathode material is typically either

lithium, barium, or calcium. The work function is the minimum required energy to

remove an electron from a material. The difference in work functions between the

anode and cathode creates an electric field in the CP known as the equilibrium con-

dition. This can be seen in Figure 1.2 a). The LUMO (shown in red) and HOMO

(shown in blue) energy levels slope downwards from the anode to the cathode. If

a sufficient amount of positive bias is applied across the PLED, then the cathode’s

fermi level shifts relative to the anode and reduces the energy barrier seen by the

electrons. This causes charge injection to occur as electrons from the cathode are

injected into the LUMO energy band. Similarly, holes from the anode are injected

into the HOMO energy band, which can be seen in Figure 1.2 b). These electrons and

holes radiatively recombine and produce photons. The wavelength of these emitted

photons are dependent on the Eg of the CP [9, 10].

One of the first successful OLEDs was created by C. Tang and S. Van Slyke in

1987. They used a double organic layer of diamine and 8-hydroxyquinoline aluminium

(Alq3) with a magnesium:silver alloy as the cathode and ITO as the anode [11]. The

first PLED made from CP was made in 1990 by J. Burroughes et al. They synthesized
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Figure 1.2: The energy diagram of a simple PLED. a) The equilibrium condition
where the LUMO (red) and HOMO (blue) energy levels are sloped down-
wards from the anode to the cathode due to a presence of an electric field.
b) The energy diagram of a simple PLED under forward bias where the
energy level shifts and charge injection occurs.

poly(p-phenylene vinylene) (PPV) and sandwiched it between ITO and aluminium

electrodes [12]. Since then, vast improvements have been made as additional organic

layers were added to improve the performance of OLEDs and PLEDs. For instance,

organic layers can be added to improve hole injection, hole transport, electron trans-

port, and electron injection. A hole injection layer (HIL) can be added between the

anode and hole transport layer. This can improve the stability and performance by

preventing holes from becoming trapped by dangling bonds and preventing unwanted

reactions from metal-organic interface. A common material for HILs is copper ph-

thalocynanine (CuPc). A hole transport layer (HTL) can be placed between the HIL

and the emission layer/CP layer to improve hole conductivity and prevent electrons

from leaving the emission layer. Some of the most common HTL materials come from

the triarylamine compound family (e.g. TPD and NPD). An electron transport layer
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(ETL) can be added between the emission layer and the electron injection layer (EIL).

The ETL facilitates electron conduction through intermolecular “electron hopping”

transport and prevents any holes from entering the ETL. The typical materials for an

ETL come from the oxadiazole or imine compound family. The EIL layer is placed

between the ETL layer and cathode. Sometimes, the EIL and the cathode are referred

to collectively as a bilayer electrode, since the EIL and cathode are both metals and

the EIL is usually 1 nm thick. The EIL is typically a low work function material such

as LiF, CsF, etc., while the cathode is an air-stable metal such as aluminium (Al)

or silver (Ag) [9]. The manufacturing processes of OLEDs and PLEDs are similar

as they both require multiple layers to operate. However, OLEDs utilize thermal

evaporation methods whereas PLEDs use polymer solution processability techniques

to create the layers. PLEDs underperform when compared to OLEDs due to low hole

and electron mobilities, but are advantageous due to their low fabrication costs [13].

1.3 Light-Emitting Electrochemical Cells

A conjugate polymer can be doped by an ionic species, which is the key basis for

light-emitting electrochemical cells. LECs rely on polymer doping to form a light-

emitting junction. LECs were first developed by Q. Pei and A. Heeger in 1995. They

combined a CP and an electrolyte, which was then sandwiched between ITO and

aluminium electrodes [14]. Since their initial discovery, extensive improvements and

further discoveries have been made about LECs.
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1.3.1 Conjugate Polymer Doping

Conjugated polymers can be doped with ions. These ions perform a redox reaction

with the CP, which changes the polymer. Under an applied voltage bias, the ions

redistribute within the polymer and serve as counter-ions to balance the electronic

charges of the CP. The positive ions along with the negatively charged CP undergo a

reduction reaction at the negative cathode, while the negative ions and the positively

charged CP undergo an oxidation reaction at the positive anode. The reduction re-

action with the insertion of counter-cations causes n-doping to occur, whereas the

oxidation reaction with counter-anions causes p-doping to occur. The n-doping and

p-doping reactions are given in Equations 1.1 and 1.2, respectively, where CP repre-

sents the conjugated polymer, A represents the anion, M represents the cation, and

CP+(A−) and CP−(M+) represent the oxidized/reduced CP with anions/cations, re-

spectively [15]. This redox reaction is known as electrochemical doping.

CP + M+ + e– CP–(M+) (1.1)

CP + A– − e– CP+(A–) (1.2)

In electrochemical doping, the n-type doping is known for creating additional electrons

as majority carriers while the p-type doping is known for creating additional holes

as majority carriers. These doped regions create a p-n junction where electrons and

holes radiatively recombine. Once the voltage bias is removed, polymer de-doping

occurs. This suggests that an applied voltage bias is required to maintain polymer

doping. Doped CPs have improved conductivity, which makes the injection barrier

thinner due to the introduction of ions. This shifts the relative LUMO and HOMO
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energy levels and adds new energy levels within the energy gap, which can lead to

new absorption bands.

Doped CPs differ from doped inorganic semiconductor materials by not creating

substitutional deformations in the crystal lattice. However, doped CPs require an

applied bias to create the doped regions, whereas doped inorganic materials remain

doped as they undergo ion-implantation and annealing or diffusion. Another differ-

ence is in the electron transport. There are two methods for electrons to travel in

doped CPs: intramolecular transport and intermolecular transport. Intramolecular

transport occurs within the backbone of the polymer, as this region contains the delo-

calized π bond and electrons can travel fast in the delocalized region. Intermolecular

transport occurs between polymer chains where the electron essentially “hops” to the

adjacent polymer chain. Meanwhile, in doped inorganic semiconductors, electrons es-

sentially move freely as in a metal. Both doped materials are susceptible to material

impurities and defects that can trap electrons and holes. This essentially slows down

the transport time of charge carriers.

1.3.2 LECs

A device similar to PLEDs and that is created from electrochemical doping of con-

jugate polymer films is the light-emitting electrochemical cell (LEC). LECs are elec-

troluminescent devices whose operation involves both ionic and electronic charges

[15, 16]. The first known LEC was created in an aqueous solution of organic com-

pounds and inert electrolytes with two electrodes to generate chemiluminescence.

The first solid-state LECs were comprised of a semi-conducting luminescent CP, a
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solid polymer electrolyte (SPE), and a salt. The CP material was poly[2-methoxy-

5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV) which is a poly(p-phenylene

vinylene) (PPV) derivative. The SPE and salt that were used was polyethylene oxide

(PEO) and lithium triflouromethanesulfonate (LiOTf), respectively [14, 17]. The CP

and SPE are co-dissolved in a solvent to create a mixed ionic/electronic conductor

(MIEC) solution, then cast as an active layer sandwiched between two electrodes.

The MIEC layer is contacted by two electrodes to complete the device. Under an

applied voltage bias, the MIEC layer undergoes electrochemical doping until all of

the polymer film is either p- or n-doped, forming a p-n or p-i-n junction. Electrolumi-

nescence (EL) results when the injected electrons and holes recombine radiatively in

the depletion region. This is known as the “electrochemical doping model” and it was

first proposed by Q. Pei et al. This model is shown in Figure 1.3. Another LEC model

is the “electrodynamic model”, which was proposed by deMello et al. This model as-

sumes that upon applying a bias, the ions would be attracted to the electrodes and

would generate a large electric field from the MIEC/electrode interface. The MIEC

would eventually become neutral as all of the ions would flow towards the electrodes

and the double electric fields from the interfaces would inject charge carriers. These

charge carriers would then diffuse through the neutral MIEC and radiatively recom-

bine [18, 19]. These two LEC operating mechanism models are heavily disputed in

the academic community. Nevertheless, there is more support for the former model,

as dynamic doping can be observed if the LEC device is in the planar configuration.

The p-n junction of an LEC is a homojunction, which is analogous to an inorganic

silicon p-n junction where the silicon is p-doped with boron atoms and n-doped with

phosphorus atoms.
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Figure 1.3: The schematic diagram of the original LEC that was developed by Pei
et al. where the large open circles represent the oxidized molecule, the
large filled circles represent the reduced molecule, the small circles with
a minus represent anions, the small circles with a plus represent cations,
the small open or filled circles represent holes or electrons, respectively,
and the asterisks represent photons [17].

The function of the SPE is to facilitate ion mobility in the blended polymer film.

An example of a SPE is a PEO:salt complex. PEO belongs in the hydroxyl group

and is a polar compound. The fact that PEO is a polar compound makes it easier

for salt to dissociate into cations and anions, which significantly improves the ionic

conductivity of the polymer film. LEC devices that contain PEO electrolytes display a

direct improvement in turn-on time than LEC devices without PEO electrolytes [14].

The ionic conductivity is also highly temperature dependent. At higher temperatures,

there is a higher ion transport that occurs within an LEC device and vice versa.
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Figure 1.4: The two device configurations possible in an LEC. The left images (a) and
c)) depict a sandwich formation, while the right images (b) and d)) display
a planar formation. The top images illustrate the LEC schematics: the
dark grey layers represent the electrodes, the blue layer represents the
polymer layer, and the light grey layer represents the substrate. The
bottom images are time-lapsed images of a sandwich LEC and planar
LEC, respectively [20, 21].

Planar LECs

The device configuration that was discussed in the previous section is known as a

“sandwich” configuration. A sandwich or “lateral” configuration involves the stack-

ing of material layers, where the bottom and top layers are electrodes as shown in

Figure 1.4 a). An actual sandwich device is shown in Figure 1.4 c). An example
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of a sandwich configuration is an OLED, which is explained in Section 1.2.2. In a

sandwich configuration, the whole area of the device emits light [20]. A planar device

configuration occurs when the electrodes are on the top of the surface of the MIEC

layer, as shown in Figure 1.4 b). An actual planar device is shown in Figure 1.4 d).

The light emission from a planar device originates between the electrodes. In a planar

configuration, the electrochemical doping can be visualized by the direct imaging of

extremely large LECs, which validates the “electrochemical doping model”. When

a voltage bias is applied to a planar LEC, the p- and n-doping can be observed to

propagate with time. The photoluminescence (PL) of the film also changes as the

polymer doping makes the regions darker with the p-doped region being darker than

the n-doped region. The PL of the polymer film can be observed with UV light.

LECs are unique as they can operate in either configurations. However, in the planar

configuration, the operating mechanisms can be understood better than in the sand-

wich configuration. The doping propagation speed, the p-n junction position, and the

thickness of the p-n junction can all be easily determined by imaging a planar cell

once it is activated. This can assist in determining key factors in which LECs operate,

such as salt concentration, salt types, different electrolyte polymers, and operating

voltage and temperatures.

LECs versus PLEDs

There are many similarities and differences between LECs and PLEDs. The main

similarity between these devices is the fact that both use conjugated polymers as the

light emission layer. The main difference between these devices is that LECs involve

the use of ions, whereas PLEDs do not. LECs also utilize ionic species to dope the CP,
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while the CP in PLEDs is undoped. The use of ions improves the CP conductivity

as mentioned in Section 1.3.1. In contrast, PLEDs are solely reliant on electron-hole

injection and transport based on the relative energy difference.

Another key difference is in the manufacturing of these devices. The active layers

for an LEC are between one and two, whereas for a PLED this number can range from

one to three. In addition, the electrodes for a PLED require different metals with

different work functions in order for electron-hole injection and transport to occur.

However, this is not required for an LEC device, as the LEC operating mechanism is

not dependent on the metal’s work function. This implies that LECs can use air-stable

metals for electrodes, such as aluminum, gold, and silver, while the work function that

works for PLEDs are air sensitive. In other words, LECs are advantageous as they

consist of a simpler device architecture and are produced by a simpler fabrication

method [16].

Similarly, the internal quantum efficiency (IQE) and external quantum efficiency

(EQE) for these devices vary. The IQE is the ratio between the amount of photons

emitted from the active region to the number of injected electrons into the active

region [22]. The EQE is defined by the ratio between the amount of photons emitted

into free space to the number of injected electrons into the active region [22]. There are

two possible electron spin states: singlet state and triplet state. In the singlet state,

the maximum IQE is 25% due to quantum mechanics. When an excited singlet state

electron decays to the ground state, it emits photons, which is known as fluorescence.

Most PLED and LEC devices consist of fluorescent emitters. In the triplet state,

the IQE is 75% and the decay of electrons in the excited triplet state is known as

phosphorescence. The EQE is limited by several factors, such as electrical efficiency,
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radiative efficiency, the PL of the material, and the light outcoupling factor. Taking

these factors into account, the EQE is significantly lower than the IQE. The EQE

for a fluorescence system is around 5%. One method to improve EQE is to increase

IQE. LECs can potentially obtain 100% IQE with the use of a fluorescent emitter and

a phosphorescent emitter; this is known as thermally activated delayed fluorescence

(TADF) in a host:guest system [23, 24]. This would theoretically increase the EQE

to approximately 25% to 30% [25].

Limitations of LECs

LECs exhibit several benefits compared to other light-emitting devices; however, there

are some limitations with LECs in terms of device stability. The first LEC drawback

is that the MIEC consists of a non-polar CP and a polar polymer electrolyte blend.

This results in a bicontinuous network morphology that experiences phase separation

due to the incompatibility of the two polymers [26]. This phase separation affects

the performance of the LEC through impacting the ionic transport within the active

layer, ionic screening, and electronic injection from the electrode/polymer interface.

The ionic transport affects the ionic conductivity of the LEC device, and the ionic

transport is disrupted by the phase separation. Ionic screening implies that the

injected electronic charges would be more attractive to the ion’s electric field, which

would affect the electron/hole transport within the material. If this is the case, then

this would significantly impact the electron/hole mobilities in the active layer and

prevent radiative recombination. In addition, localized regions that are highly doped

conduct high currents, which leads to polymer degradation in those regions [15, 25].

The second drawback is external contaminants that undergo redox reaction within
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the LECs. LECs are extremely sensitive to oxygen and water, which can affect

performance of the device. The electrolyte is hydrophilic, meaning that it is attracted

to water. Water can undergo reduction, which can cause layer separation between

the cathode and the active layer in a stacked formation and cause the formation of

black spots in the film. However, there are methods to reduce external contaminants

by fabricating the LEC devices in inert environments, ensuring encapsulation of the

device, and testing LECs in an oxygen and water-free environment [25].

Another LEC limitation is that they is highly sensitive to solvent concentration

and temperature. Studies have shown that LEC devices with residual solvent had

poorer device stability than LEC devices without any residual solvent [27, 28]. The

drier LECs had higher resistance and lower ionic mobility, which resulted in higher

driving voltages than devices containing residual solvent amounts. Temperature is

another contributor to low LEC stability, as high temperatures lead to polymer degra-

dation. Low temperatures prolong the lifespan and stability of an LEC. During op-

eration, LECs also generate heat from the light emission and non-emissive processes,

which leads to photochemical degradation of the polymer film.

1.4 Bilayer Light-Emitting Electrochemical Cells

One method to improve the device stability of an LEC is to prevent phase separation

within the MIEC. This can be done by implementing a bilayer LEC device architec-

ture. This was first proposed by Sandström et al. in 2010 [29]. The bilayer LEC

device architecture essentially separates the non-polar CP and the polar electrolyte

by depositing separate layers, instead of using a blended MIEC as the active layer.

The CP and the electrolyte are dissolved in different solvents that are not compatible
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with each other. This ensures that the CP and the electrolyte remain separated.

In the construction of Sandström, the substrate had gold electrodes first deposited

in a planar formation, followed by the coating of the CP film, then the electrolyte

coating on top. Super Yellow © polymer was used as the CP, with PEO and potas-

sium triflate as the electrolyte. During device activation, the ions injected into the

CP film at the electrode/CP interface. Once the ions in the CP, the device acts like

a conventional LEC as it induces CP doping until all of the undoped CP becomes

doped. A p-n junction then forms in the CP polymer. Upon removing the voltage,

the CP undergoes de-doping. This bilayer LEC device structure has significant im-

provements compared to the conventional LEC, including a faster turn-on time and

a higher current at device turn [23, 29].

The bilayer LEC opened up new possibilities in terms of manufacturing techniques

and materials. For instance, bilayer LECs introduced a new method for fabricating

light-emitting patterns. One such method for developing light-emitting patterns is

by using inkjet printing techniques. The desired pattern is made by depositing the

electrolyte solution as an ink, followed by a coating of CP on top [30]. Similarly,

hand-drawn patterns can be applied to a bilayer LEC to create customizable light-

ing designs. Instead of printing the electrolyte solution, a stylus is used to create a

free-form pattern onto the surface of the electrolyte film [31]. Both patterned bilayer

LEC devices are in a sandwich/lateral formation and the light emission occurs where

the electrolyte was deposited or where the pattern was imprinted on top of the elec-

trolyte surface. The bilayer LEC is not limited only to CP materials; it also includes

material combinations such as ionic liquid/gel and single crystals. For instance, a

bulk inorganic single crystal such as GaN and an ionic liquid can be used to create a
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Figure 1.5: A schematic diagram of a bilayer LEC. a) The original bilayer LEC made
by Sandström. b) The “inverted” bilayer LEC structure used in my stud-
ies.

bilayer LEC [32]. When turned on, the ionic liquid induces the generation of electrons

and holes in the single crystal, since the ionic species cannot enter an inorganic single

crystal. However, the induced electrons and holes in the inorganic crystal dope the

crystal, creating a p-n junction and producing EL. This can be further applied to the

use of 2D materials, such as transition metal dichalcogenide (TMDC) instead of using

bulk materials to create bilayer LECs [33]. Similarly, bilayer LECs can be created with

organic single crystals such as α,ω-bis(biphenylyl)terthiophene (BP3T) and rubrene

with an ionic gel [34]. In addition, bilayer LECs can function as electrolyte-gated

organic light-emitting transistors (EGLETs) in the planar formation, as a traditional

bilayer LEC behaves like an EGLET in the floating case [35]. In the non-floating

case, the applied bias would control the position of the p-n junction formation.

1.5 Outline of Thesis

My research focuses on an intensive analysis of the bilayer LEC structure. Instead

of fabricating the bilayer LEC following the method proposed by Sandström et al.,

all of the fabricated devices studied here were “inverted” in the sense that electrolyte

layer was coated first, followed by the CP layer, then the planar electrodes, as shown
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in Figure 1.5. There are three main studies that were conducted. The first study de-

termined if the thickness of the CP layer affects the performance of the bilayer LEC

device. The second study highlighted the analysis of the temperature and voltage

effects with the blue emitter bilayer LEC. The third study tested if the bilayer struc-

ture can work with a CP layer on top of an LEC layer. This study posed the question

of whether the ions from the LEC layer would penetrate the CP layer on top or the

LEC would function normally. All of these studies include direct imaging of devices

as well as doping propagation analyses for the second and third studies. The dop-

ing propagation speeds of the bilayer LECs were also compared to the conventional

monolayer LECs.

Chapter 2 gives a detailed description of the methodology of how the bilayer

devices were fabricated and tested. This includes the materials used, the facilities

used, and the methodology for determining the doping propagation of the device.

Chapter 3 covers the CP thickness study with bilayer LECs. This study uses a

red emitter CP and the thickness is varied with CP concentration.

Chapter 4 highlights the temperature and voltage analyses of a blue emitter bilayer

LEC.

Chapter 5 provides detailed results regarding bilayer LECs with the CP layer on

top of an LEC.

Chapter 6 gives a detailed discussion of the results from the previous three studies.

This includes a discussion on the operating mechanisms of bilayer LECs.

Chapter 7 summarizes the key findings of these studies and gives future possible

directions for bilayer LEC studies.
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Chapter 2

Methodology

I have not failed, but found 1000 ways to not make a light bulb.

—Thomas A. Edison

In this chapter, we thoroughly discuss the fabrication procedure of a conventional

single-layer LEC and bilayer LEC. This discussion involves the solution processing of

the polymers used, as well as device fabrication. The device testing is also explained

in detail, as well as the image processing used to obtain the doping fronts and doping

speeds.

2.1 Solution Processing of Polymer Thin Films

The CPs used in the creation of the LECs and bilayer LECs were a red emitter polymer

known as poly[2-methoxy-5-(2-ethylhexyloxy) -1,4- phenylenevinylene] (MEH-PPV),

a blue emitter polymer known as poly[9,9-dioctylfluorenyl-2,7-diyl] (PFO), and a
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green emitter polymer known as poly[(9,9-dioctyl-2,7-divinylenefluorenylene)-alt-co-

{2-methoxy5-(2-ethylhexyloxy)-1,4-phenylene}] (PF-MEH-PPV). The PFO and PF-

MEH-PPV polymers were purchased from American Dye Source Inc. and the MEH-

PPV polymer was purchased from Canton OLEDKING Optoelectric Materials Co.,

Ltd., China.

The electrolyte polymer that was used in this research was poly(ethylene oxide)

(PEO) and the salt that was used was potassium trifluoromethanesulfonate (KOTf).

A combination of the PEO polymer and KOTf salt was used to create the SPE

solution with a ratio of 1.3:0.25, respectively. The molecular weight of PEO was

2× 106 g/mol. The glass vials that were used to contain the polymer solution were

cleaned in an ultrasonic bath of distilled water, isopropyl, and acetone, blown dry

using compressed nitrogen, and sterilized using a UV oven. All of the polymers and

salts were weighed out in glass vials using a SCIENTECH scale with a resolution of

0.0001 g. These glass vials were then transferred into an MBraun double glovebox

system that was filled with dry nitrogen, and which maintained water vapour and

oxygen levels below 1 ppm. Depending on the type of polymer solution, the polymer

fibres were dissolved in either toluene or cyclohexanone. The CPs that were dissolved

in toluene were used as the CP layer in the bilayer LEC. The PFO and PF-MEH-PPV

bilayer LECs used a concentration of 1 %(w/v), while the CP concentration for the

MEH-PPV bilayer LECs varied from 0.25 %(w/v) to 1 %(w/v). The cyclohexanone

solvent was used to dissolve the electrolyte polymer and salt mixture to form the

SPE layer in the bilayer LEC. This solvent was also used to create a conventional

single-layer LEC by creating a mixed electronic/ionic conductor (MIEC), which was

comprised of a CP and SPE blended together with a ratio of 1:1.3:0.25, respectively.
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Figure 2.1: The polymers and salt used in this study. The labels of each polymer and
salt are underneath the polymer/salt structure.

The PFO in toluene solution and CP:PEO:KOTf or PEO:KOTf in cyclohexanone

solutions were initially heated at 50 ◦C for an hour to ensure that the polymers were

fully dissolved in the solvent and then cooled to room temperature. The MEH-PPV

in toluene solution was dissolved at room temperature for at least 24 hours. The

molecular structure of the polymers and salt are shown in Figure 2.1.

2.2 Device Fabrication

Glass slides were used as substrates in the fabrication of all devices. The dimensions

of the glass slides were 15 mm× 15 mm× 1 mm. These glass slides were cleaned in a
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similar fashion as the glass vials with an ultrasonic bath of distilled water, isopropyl,

and acetone, blown dry using compressed nitrogen, and treated with UV-ozone to

remove organic residuals. Once these glass slides were cleaned, they were transferred

into the double MBraun glovebox system where devices were fabricated and stored.

To create a single layered LEC, the CP:SPE solution must be stirred on a hotplate

at room temperature for at least 24 hours before use. The substrate was loaded into

a Chemat Technology KW-4A spin coater, 200 µL of solution was deposited onto the

substrate to ensure the substrate was fully coated, and the substrate was spun at 2000

RPM for a minute to remove the excess solution. The substrate was then spun again

at 4000 RPM for two minutes to dry. Afterwards, the coated substrate was placed

on a hotplate at 50 ◦C for at least 4 hours to ensure that the film was completely dry

and the solvent was evaporated. To fabricate a bilayer LEC, the single-layer LEC

fabrication process was repeated. First, 200 µL of either the electrolyte solution or

the CP:SPE solution was deposited onto the glass substrate using the same rotation

speeds as mentioned above, and then the substrate was dried on a hotplate. Then,

200 µL of CP solution was applied on top of the coated glass substrate and spun at

the same rotation speeds and times, and dried on a hotplate.

All of the CP:SPE bilayer LECs and conventional single-layer LECs were ther-

mally annealed to improve the morphology of the SPE material, which enhances the

performance of the device. These devices were annealed directly on a hotplate set

at 130 ◦C for 10 minutes, followed by a rapid removal onto a copper block at room

temperature for 5 minutes to thermally quench the device. Some of the CP:LEC

bilayer LECs were not thermally annealed.

Physical vapour deposition (PVD) was used to deposit aluminium electrodes on
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top of the polymer film(s). The PVD system, BOC Edwards AUTO500, was installed

inside the glovebox system, which does not allow these devices to be exposed to oxygen

and water vapours, but only to dry nitrogen. Before placing the devices inside the

vacuum chamber of the PVD system, the edges of the device were removed by a

cotton swab to prevent any shorts that would affect the performance of the device

during testing. Once the film around the edges was removed, the devices were placed

onto a shadow mask with the desired electrode pattern. The shadow masks that

were used had three electrode cutouts, which created two LEC devices on the same

substrate. The electrode spacing varied from 0.6 mm to 2 mm. Some of the shadow

masks only had two electrode cutouts with an electrode gap of 11 mm, which yielded

one LEC device. For all the LEC devices, aluminium (Al) was used for the electrodes.

Al strands were loaded into a tungsten filament coil, since tungsten can withstand

the heat generated from the current going through the tungsten filament, while the

Al strands would be vaporized and deposited onto the exposed regions of the shadow

mask. The deposition occurred as the vacuum chamber maintained a pressure of

2× 10−6 Torr by using a vapour diffusion pump and a BOC Edwards RV12 Rotary

Vane Pump. For the vacuum chamber to reach high vacuum, liquid nitrogen was

added to the cold trap to prevent any oil from the diffusion pump from entering.

Once the optimal vacuum is obtained, the current was gradually increased across

the tungsten coil until a steady deposition rate was attained, at which point the

shutter opened and the device deposition commenced. All the LEC devices had an

Al electrode thickness of 100 nm. After the deposition was completed, the current

and the diffusion pump were turned off and the completed devices were removed.
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2.3 Device Testing

There were two main apparatuses used to test the LEC devices. The first setup

was the microscope, where some of the preliminary device tests were conducted, and

the second setup was the probe station, where most of the bilayer LEC tests were

conducted. A separate test was conducted to determine the polymer thicknesses.

Each of these tests are described in detail in their respective subsections.

2.3.1 Microscope Setup

The devices tested under the microscope setup were the CP/CP:SPE bilayer LECs.

These devices were tested in an RC 102-CFM Microscopy Cryostat from Cryo In-

dustries of America Inc. The cryostat was mounted on an x-y translational stage

on an optical table with a copper finger inside the cryostat to ensure proper ther-

mal contact. The cryostat was connected to a BOC Edwards XDD1 dry diaphragm

vacuum pump and a BOC Edwards EXT 70H Turbo Molecular high vacuum pump.

The diaphragm vacuum pump was first turned on to create a low vacuum of 2 Torr,

then the turbo molecular pump was turned on to reach a pressure of 10× 10−5 Torr.

A Keithley 237 supplied the applied voltage bias and measured the current across

the LEC device. The electrical probes were custom-made by using an aluminium

bracket to hold six gold-plated electrodes that were encased in teflon, with a spacing

of 2.6 mm between electrodes. The electrical probes also ensured that the LEC device

was held in place and made contact with the thermal paste. A UV ring light was

placed on top of the cryostat. A Nikon Fluorescent Microscope was used to capture

pictures of the LEC devices. The microscope has 5x, 10x, and 40x objective lenses,

which each focus on a localized region of the LEC device. The microscope captured
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Figure 2.2: The lab setup. a) The MBraun double glovebox system where the de-
vices were fabricated. b) The microscope setup that was used to test the
CP/CP:SPE bilayer LECs. c) The probe station setup that was used to
test the CP:SPE bilayer LECs.
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a picture once every three seconds with the exposure set to 600 ms. A Cryo Con 32B

Temperature Controller was used to control the temperature inside the cryostat. The

cryostat adjusted the temperature by using a proportional-integral-derivative (PID)

control with each of the values set to 8, 5, and 30, respectively. All devices were

tested once the target temperature was stable. A custom Labview GUI was used to

set the applied voltage/current bias. This Labview program also recorded the time

and current/voltage output of the device and plotted in real-time the current versus

time graph.

2.3.2 Probe Station Setup

The devices tested under the probe station were the monolayer LECs and CP/SPE

bilayer LECs. All devices were tested in a Janis ST-500 Microscopy Cryostat with

a top window from Janis Research Co. The cryostat was connected to a BOC Ed-

wards dry XDD1 diaphragm vacuum pump and a BOC Edwards EXT 70H Turbo

Molecular high vacuum pump. The pump down sequence of the cryostat began with

the diaphragm vacuum pump, followed by the turbo molecular pump. When the

cryostat reached a pressure of 2 Torr from the diaphragm vacuum pump, the turbo

molecular pump was turned on, which increased the vacuum to 10× 10−5 Torr. The

turbo molecular vacuum pump was also water-cooled to prevent overheating. Inside

the cryostat was a gold plated sample stage, which was cleaned using cotton swabs

coated in isopropyl alcohol to remove any existing thermal paste from previous de-

vice tests. Thermal paste was applied to the copper finger to ensure a proper thermal

contact with the LEC device. A Keithley 237 supplied the applied voltage bias and

measured the current across the LEC device. The electrical probes in the cryostat
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had indium balls at the ends to ensure a proper electrical contact was made with the

LEC electrodes. These probes were manually adjusted by using an x-y-z stage. A UV

ring light was placed on top of the cryostat, and a Nikon D300 digital camera with an

AF-S Micro Nikkon 105 mm 1:2.8 GED lens was placed on a stand over the cryostat.

This allowed for capturing of the doping propagation, p-n junction formation, and

electroluminescence of the LEC device. The UV ring lamp was occasionally turned

off to capture the electroluminescence of the LEC device without any UV light source.

The digital camera took a picture every three seconds during testing. A Cryo Con

32B Temperature Controller was used to control the temperature inside the cryostat,

which was PID controlled with values of 8, 5, and 30, respectively. All devices were

tested once the target temperature was stable. A custom Labview GUI was used to

set the applied voltage/current bias. This Labview program also recorded the time

and current/voltage output of the device and plotted in real-time the current versus

time graph.

2.3.3 Thickness Measurement Setup

The thickness measurements were conducted by using a Bruker DektakXT Stylus

Profilometer. The samples that were used to measure thickness were tested LEC

devices or polymer films coated on glass. These samples were scratched with an X-

Acto knife to create a film profile. The stylus probe of the profilometer travelled

perpendicularly across the scratch. The resultant profile would then be zeroed and

averaged to get an approximate film thickness. The resolution of the profilometer was

±1 nm.
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2.4 Image Processing to Determine Doping Front Position and Doping

Speed

The images obtained from the device tests were processed in Matlab to determine the

doping front position and doping speeds. These processed images depicted devices

from the start of the test until the formation of the junction. They were initially

rotated to straighten out the image, and then cropped to a size of 564 pixels by 1050

pixels to focus on the area between the electrodes in the middle of the device. The

ends of the device may have experienced a stronger doping due to a stronger electric

field than the middle of the device, which would affect the calculations of the doping

front position and speed. These images were then converted into greyscale for the

rest of the image processing stage, as greyscale assigns pixel values between 0 to 255,

where 0 represents black and 255 represents white. The Matlab command “edge”

identified similar grey tones in the greyscale image and drew edges around similar

grey tones. For instance, an edge would be drawn between a black region and a grey

region. This edge command also converted the greyscale image into a binary image

with black representing a 0 value and white representing a 1 value. The white areas

represented the edges in the image. The parameters of the edge command were the

filter type and threshold. The Canny filter type was used, as it applies a Gaussian

filter derivative onto the image and determines the local maxima from the resultant

gradient. The threshold parameter controls the sensitivity of grouping similar grey

tones and only draws edges that are higher than the threshold value. The threshold

values that were used ranged from 0.05 to 0.15; these values were manually adjusted

for each image, as the higher sensitivity was used for the first few images and the

lower sensitivity was used for the images closer to the junction formation. White
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lines were drawn horizontally on the top and bottom of the image to enclose the

doped regions in the image. This step is necessary to fill in the doped regions: the

Matlab command “imfill” with the “holes” parameter was used to fill in the enclosed

doped regions. If there were any breaks within the outline of the doped regions,

then the “imfill” command would fail and not fill in the doped regions. Therefore,

the white top and bottom borders must be drawn in, as otherwise there would not

be any identifiable region for the “edge” command to recognize. The pixel area of

the doped regions was obtained from the Matlab command “regionprops” with the

“Areas” parameter. Depending on the CP material type, the larger pixel area would

correspond to the dominant doping type. For instance, for the MEH-PPV devices, the

larger area corresponded to the p-doped region, while the PFO devices corresponded

to the n-doped region. If the doped regions had similar pixel areas, then the areas

would be calculated one at a time. This was done by breaking the enclosed area

of the region that was not in question. Typically, the calculated pixel area of each

doped region would be greater than 10000 pixels. Assuming that the doped regions

are rectangles, the doping fronts can be calculated from the doped areas. These

calculated pixel areas were divided by the length of the cropped image, 1050 pixels,

to obtain the approximate doping front in pixels. For a 2 mm LEC device, there were

391 pixels. This measurement was achieved by taking the difference between the two

electrodes by using the “Data Tips” tool. This ratio could then be used to convert

the doping front from pixels to mm. These calculated doped fronts were exported

into Excel to calculate the doping speed.

The data in the Excel file was organized by image number, time, n-doping front,

and p-doping front. The time was measured by knowing that each image taken
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corresponded to a period of 3 s. Therefore, the time would be measured in increments

of 3 s with each image. The doping fronts were plotted against time and a line of

best fit was placed through the dataset. The slope of the line of best fit provided the

doping speed of the tested device.
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Chapter 3

Red-Emitting MEH-PPV/SPE Bilayer LECs

Essentially, every technology you have ever heard of, where

electrons move from here to there, has the potential to be rev-

olutionized by the availability of molecular wires made up of

carbon. Organic chemists will start building devices. Molecular

electronics could become reality.

—Richard E. Smalley

In this chapter, we provided a detailed analysis of the effects of CP thickness in

a CP/SPE bilayer LEC configuration. This study focuses on planar bilayer LECs

consisting of a red-emitting MEH-PPV with varying thicknesses as the CP layer and

a PEO:KOTf as the SPE layer. The varied MEH-PPV thicknesses used in this study

were 21 ± 4 nm, 151 ± 8 nm, and 535 ± 60 nm. These varied MEH-PPV concentra-

tions would yield to various MEH-PPV thicknesses, with the higher concentrations

yielding to thicker MEH-PPV layers and vice versa. These bilayer LECs are com-

pared both to each other and to a single-layer MEH-PPV LEC, all of which were

tested under the same conditions. The results from these devices demonstrated dif-

ferent doping propagation speeds and p-n junction formations.
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3.1 Motivation

The original CP/SPE bilayer LEC potentially solves the material compatibility issues

with single-layer LECs, yet it poses more unanswered questions about the fundamen-

tal mechanics of LECs. For instance, would this CP/SPE bilayer architecture work

with various CPs? In the original bilayer LEC, the CP used was 1% Super Yellow ©

dissolved in acetonitrile for the CP layer. Depending on the success of the MEH-

PPV/PEO:KOTf bilayer LEC, I will conduct a CP thickness study to determine

if the CP thickness would affect the performance of the bilayer LEC. There is not

any reported CP thickness dependence in the CP/SPE bilayer LEC configuration.

Another question arises whether doping propagation would vary with different CP

thickness, as well as with the location of where the p-n junction forms. Would the

junction form close to the CP/SPE interface or would it form close to the surface?

These unanswered questions are salient for understanding the operating mechanisms

for a bilayer LEC. In addition to understanding the fundamentals, it can assist in

optimizing the performance of bilayer LECs.

3.2 Single-Layer MEH-PPV:PEO:KOTf LEC

The CP that was used in the thickness dependence study was poly[2-methoxy-5-

(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV). MEH-PPV is an orange-red

emitter polymer that is often utilized in conventional LECs and OLEDs, and the

performance of MEH-PPV is stable and predictable [12, 36, 37]. Prior to testing the

CP thickness effects in bilayer LECs, a control device must be fabricated. A single-

layer 2 mm MEH-PPV:PEO:KOTf LEC was fabricated with a ratio of 1:1.3:0.25,

respectively. This control device was tested at a constant voltage of 40V and at



3.2. SINGLE-LAYER MEH-PPV:PEO:KOTF LEC 35

Figure 3.1: The current versus time curve for the 2 mm MEH-PPV single-layer LEC
operating at a constant temperature of 335K and at a constant voltage
of 40V.
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a constant temperature of 335K. The time-lapse images of the MEH-PPV LEC are

shown in Figure 3.1. Prior to device activation, the single-layer MEH-PPV LEC under

UV illumination could be seen displaying the PL of the film. At 33 seconds, the p- and

n-doping are visible; the p-doping is shown in a darker orange, while the n-doping is

shown in a slightly dark orange. The p-doping was faster than the n-doping, as the p-

doping was approximately 1 mm into the device while the n-doping was still relatively

close to the cathode. At 63 seconds, the p-n junction was formed at approximately

1/3 of the device relative to the cathode, with the p-doping dominating the device.

Over the next 48 seconds, an orange EL could be seen from the p-n junction, which

intensified over the next 129 seconds to a bright orange. At 342 seconds, the EL

became dimmer and returned to an orange emission with some bright regions. The p-

and n-doped regions gradually darkened, and the p-n junction remained in the same

initial location. The inset image in Figure 3.1 displays the current versus time plot

of the device.

3.3 The Thickness Effect of MEH-PPV Layer

In conducting the CP bilayer study, there were three MEH-PPV concentrations used:

1%, 0.5%, and 0.25%. The thicknesses of the corresponding MEH-PPV concentra-

tions, along with the conventional single-layer LEC, were cast onto glass substrates

and measured by a stylus profilometer, whose data is represented in Table 3.1.

The first MEH-PPV bilayer device made was with a concentration of 1%. The

time-lapse images of the 2 mm 1% MEH-PPV/PEO:KOTf device operating at a con-

stant temperature of 335K and at a constant voltage of 40V are shown in Figure 3.2.

Prior to device activation, the PL of the device under UV illumination displayed a
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Figure 3.2: The time-lapse images for a 2 mm 1% MEH-PPV/PEO:KOTf bilayer de-
vice tested under a constant temperature of 335K and at a constant volt-
age of 40V. All of the images except for g) were taken under UV lighting
conditions, while g) was taken under no external light source.
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Table 3.1: The thickness measurements in nm of varying MEH-PPV concentrations
and a single-layer MEH-PPV LEC on glass substrates.

Thickness [nm]

1% MEH-PPV 535 ± 60

0.5% MEH-PPV 151 ± 8

0.25% MEH-PPV 21 ± 4

MEH-PPV:PEO:KOTf LEC 491 ± 14

bright orange. Over the next 9 seconds, localized p-doped regions appeared at 3/4 the

length of the device with no indication of any n-doping. In the extremities of some

p-doped regions, there appeared to be an extremely faint orange glow. At 30 seconds

into device activation, p-n junctions were formed at the extremities of the p-doped

regions. Most of the p-n junctions could be seen to be formed perpendicularly to

the electrodes, which is not common to conventional single-layer LECs or CP/SPE

bilayer LEC as reported by Sandström et al. Some of the p-doped regions increased in

size to the full width of the device and darkened. There was no evidence of n-doping,

as the PL of the non-p-doped regions matched the undoped PL. Over the next 50

seconds, the p-doped regions became darker with some lighter localized regions and

still no evidence of n-doping. The p-n junction now appeared to be continuous, with

parallel regions being observed extremely close to the electrodes and perpendicular

regions. The p-n junction also appeared to form in the p-doped region, which can be

seen at the top of the image. At 183 seconds, the p-doped region became significantly

darker and the p-n junction that was extremely close to the anode shifted towards the

cathode. After another 200 seconds, the p-n junction shifted away from the cathode

and into the p-doped region. Some regions of the p-n junction appeared to be broader
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than the previously-seen narrow junction. At 435 seconds, the UV illumination was

turned off and the pure orange light emission could be seen with some regions being

broader than other regions. At 594 seconds into device operation, more of the p-n

junction had broadened and could be clearly seen to be in the p-doped region. The

n-doped region was not observed during the device operation.

The second device fabricated was the 151 nm MEH-PPV thick (0.5%) bilayer LEC.

The time-lapse images of this device are shown in Figure 3.3, tested under the same

conditions as the 1% MEH-PPV/PEO:KOTf bilayer LEC. Before the voltage bias was

applied, the UV-illuminated 2 mm interelectrode gap exhibited a uniform PL from

the pristine MEH-PPV, which was not as bright as the 1% MEH-PPV device. At 3

seconds, there were some dark and isolated electrochemical p-doping regions visible

from the left positively-biased anode electrode. In the next 3 seconds, the originally p-

doped regions grew many times larger and additional isolated p-doping emerged from

the anode. The faint electrochemical n-doping originating from the right negative

cathode electrode also became visible. This suggests that the initial electrochemical

doping was highly irregular, as there were some regions with large doping fronts while

other regions barely had any doping propagation. At 9 seconds into device activation,

the extremities of the p- and n-doped regions made contact, which formed localized p-

n junctions that emitted EL. At 15 seconds, the p-n junction continued to form as the

doping propagations continued to make contact with each other, but there were still

some regions where the junction was not completely formed. In the regions where the

p-n junction had formed, a reddish-orange EL could be seen. With a highly irregular

doping front, the resulting p-n junction would also be jagged, as some regions would

experience the p-n junction formation earlier than other regions. This jaggedness was
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Figure 3.3: The time-lapse images for a 2 mm 0.5% MEH-PPV/PEO:KOTf bilayer
LEC device tested under a constant temperature of 335K and at a con-
stant voltage of 40V. Images i) and j) illustrate the p-n junction 32 min-
utes after the removal of the voltage bias and image j) shows the cell
under UV and room lighting. Images a) to i) were taken under UV and
no room lighting.
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not observed in the 1% MEH-PPV bilayer LEC despite the unusual perpendicular

junction formation. Over the next 153 seconds, the PL of the p- and n-doped regions

became progressively darker and the p-n junction became continuous and gradually

more smooth than in the initial junction formation. In addition, the p-n junction

began to shift towards the cathode and the EL gradually became more of a bright

orange than the initial reddish-orange. At 168 seconds, the light-emitting junction

was at its straightest and brightest. Figure 3.3 i) depicts the device 32 minutes after

the removal of the voltage bias. In that time period, there was some de-doping that

occurred in the device as a bright “intrinsic” (i-) region and a slightly lighter n-doped

region are revealed. When the device was viewed under both room light and UV

illumination, as shown in Figure 3.3 j), the polymer film displayed varying colours

in the p-, i-, and n-regions, where the greyish orange colour represented the p-doped

region, the light orange represented the intrinsic region, and the deep orange region

represented the n-doped region.

To further validate that the bilayer LEC device is CP thickness dependent, a

lower MEH-PPV concentration of 0.25% was tested. The time-lapse images of 0.25%

MEH-PPV/PEO:KOTf bilayer LEC test results are shown in Figure 3.4. Prior to

device activation, the PL of the device could be seen under UV illumination. The PL

was significantly dimmer than the 1% or 0.5% MEH-PPV/PEO:KOTf bilayer LECs.

At 9 seconds into device activation, the darker p-doped region originating from the

anode started to uniformly propagate towards the centre of the device. Similarly, the

slightly lighter n-doped region originating from the cathode also started to uniformly

propagate towards the center of the device. At an initial glance, the p- and n-

doped regions appeared to be propagating at a similar speed. A further analysis of
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Figure 3.4: A 2 mm 0.25% MEH-PPV and PEO:KOTf bilayer device tested under a
constant temperature of 335K and at a constant voltage of 40V. Images
a) to h) display the n-type and p-type doping progression over the oper-
ational duration of the device and were taken under UV lighting and no
ambient lighting.
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doping speed is discussed later. At 18 seconds, both the p-doped and n-doped regions

significantly grew, where the topmost region of the device formed a localized p-n

junction as there was a presence of EL, while the rest of the device lagged behind. At

27 seconds, the doping fronts of both the p- and n-doped regions made contact in the

center of the device, which formed a continuous and jagged reddish-orange emitting

EL junction. In the next 156 seconds, the EL became more bright and straighter,

and gradually shifted towards the anode side. In addition, the PL of the n-doped

region gradually became darker. The p-n junction throughout the device operation

remained narrow and did not broaden, as witnessed in the 1% MEH-PPV/PEO:KOTf

bilayer LEC.

In Figure 3.5, the current versus time plots among the varied MEH-PPV concen-

trations are compared to the single-layer MEH-PPV LEC. Overall, the bilayer LECs

had a faster turn-on time than the single-layer LEC, which is indicated by the slope

rapidly increasing. Among the bilayer LECs, the 1% and 0.5% MEH-PPV bilayer

LECs turned on at approximately the same time while the 0.25% MEH-PPV bilayer

LEC took longer to turn on. The performance between the 1% and 0.5% MEH-PPV

bilayer LECs was approximately the same, except that the 1% MEH-PPV bilayer

LEC had a higher maximum current than the 0.5% MEH-PPV bilayer LEC. The

0.25% MEH-PPV bilayer LEC had the lowest maximum current and lowest initial

current among the devices. The maximum current of the 0.5% MEH-PPV bilayer

LEC and the single-layer MEH-PPV LEC was approximately the same.

Further analysis was done to determine the doping propagation speeds between

the 0.25% MEH-PPV bilayer LEC device and the conventional single-layer MEH-PPV

LEC device. The 0.25% MEH-PPV/PEO:KOTf bilayer LEC was chosen instead of
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Figure 3.5: The current versus time plot comparing the varied MEH-PPV thicknesses
and the single-layer MEH-PPV LEC. The 1%, 0.5%, and 0.25% MEH-
PPV bilayer LECs are shown in green, blue, and red, respectively, while
the single-layer MEH-PPV LEC is shown in black.

the 1% MEH-PPV bilayer LEC or 0.5% MEH-PPV bilayer LEC due to the fact that

the doping propagations are either highly irregular in the case of the 0.5% MEH-

PPV bilayer LEC or non-existent in the case of the 1% MEH-PPV bilayer LEC, as

the n-doping is not distinct and invisible during the device operation. While the

0.25% MEH-PPV/PEO:KOTf bilayer LEC had a more uniform doping propagation,

a few more frames were captured during the doping process, which made it easier to

analyze. The doping propagation calculations were determined in Matlab by using
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Figure 3.6: A doping propagation versus time graph that compares the doping prop-
agation of the 0.25% MEH-PPV bilayer device and a conventional LEC
device. The bilayer LEC device is represented by the filled and opened
circle data points, and the conventional LEC device is represented by the
filled and opened square data points.

image processing techniques to determine the distance between the electrode and the

doping front position, as described in Chapter 2. These doping propagation calcu-

lations were done from the initial device activation to the p-n junction formation.

Figure 3.6 displays the calculated n- and p-type doping propagations for both the

0.25% MEH-PPV/PEO:KOTf bilayer LEC and the single-layer MEH-PPV LEC de-

vices. This analysis suggests that the bilayer LEC device is approximately three
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times faster in doping front speed and junction formation than the single-layer LEC.

The doping propagations for the bilayer LEC device are significantly more linear,

which indicates that the n- and p-type doping propagated at a constant speed. The

n-doping was initially faster than the p-doping, but the p-doping caught up with

the n-doping just before junction formation. This created a centered light-emitting

junction that formed around 18 seconds. The fast nature of the n-doping speed that

was observed in the bilayer structure could be attributed to the separation of SPE

from the electrodes, which would prevent any “side reactions” from occurring [38]. In

the single-layer LEC device, the p-doping was significantly faster than the n-doping,

and both doping propagations had accelerated. This led to a junction formation at

0.76 mm from the cathode. A conventional single-layer LEC could experience linear

doping propagation speeds if the device were tested at a low temperature and at a

high voltage [39].

3.4 Summary of Results

In this CP thickness bilayer study, it is evident that there is a CP thickness de-

pendence factor in the performance of CP/SPE bilayer LECs. The 1% (535 nm)

MEH-PPV/PEO:KOTf bilayer LEC displayed no visible n-doped regions as the PL

of the film remained the same as the undoped film. It is possible that the n-doping

occurred closer to the CP/SPE interface and the n-doping PL was less quenched than

p-doping. Furthermore, the p-n junction was initially shown to be perpendicular to

the electrodes and, over time, became continuous and parallel to the electrodes. As the

light-emitting junction became parallel to the electrodes, an interesting phenomenon

was discovered when the junction broadened. The junction broadening effect was
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not seen in the thinner MEH-PPV bilayer LECs, but only in the thickest MEH-PPV

bilayer LEC. The 0.5% (151 mm) MEH-PPV/PEO:KOTf bilayer LEC portrayed a

more traditional planar doping propagation as seen in single-layer LECs, as both the

n- and p-doping were visible. The formed p-n junction was initially more jagged than

the 1% MEH-PPV bilayer LEC, but eventually became straighter than the thickest

MEH-PPV bilayer device. Also, the 0.5% MEH-PPV/PEO:KOTf bilayer LEC did not

create light-emitting junctions that were perpendicular to the electrodes. Similarly,

the 0.25% (21 nm) MEH-PPV/PEO:KOTf bilayer LEC had a similar performance to

the 0.5% MEH-PPV bilayer LEC in terms of both visible doping regions and parallel

junction formation, but the initial doping propagations were very uniform. Both the

0.5% and the 0.25% MEH-PPV bilayer LECs formed light-emitting junctions in the

center of the device. However, the 0.5% MEH-PPV bilayer LEC had a higher variance

in the formed location relative to the center than the 0.25% MEH-PPV bilayer LEC,

which appeared much more centered than the 0.5% MEH-PPV bilayer LEC. The EL

of the thinnest MEH-PPV/PEO:KOTf bilayer LEC was very dim when compared

to the other thicker MEH-PPV/PEO:KOTf bilayer devices based on the brightness

captured by the images.

All of the MEH-PPV bilayer LECs significantly outperformed the conventional

single-layer MEH-PPV LEC. All of the MEH-PPV/PEO:KOTf bilayer LECs had a

faster turn-on time than the single-layer LEC. The 1% MEH-PPV/PEO:KOTf bilayer

LEC had a higher maximum current than the single-layer LEC, while the 0.5% MEH-

PPV MEH-PPV/PEO:KOTf bilayer LEC had a similar maximum current and the

0.25% MEH-PPV/PEO:KOTf bilayer LEC had a lower maximum current. Further

analysis of doping propagations was done between the 0.25% MEH-PPV/PEO:KOTf
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bilayer LEC and the single-layer LEC. This analysis uncovered that the bilayer doping

progapations in both the n- and p-doped regions were significantly faster than the

single-layer LEC. In addition, the bilayer LEC doping propagations were significantly

more linear in both the n- and p-doped regions, which indicates that both doping

fronts propagated at a similar rate compared to the doping fronts in the single-layer

LEC.

From these MEH-PPV bilayer LEC tests, it seems that the optimum MEH-PPV

concentration/thickness is 0.5%/151 nm. The 0.5% MEH-PPV/PEO:KOTf bilayer

LEC turned on at the same rate as the thicker MEH-PPV bilayer LEC, which

is seven times faster than the single-layer MEH-PPV LEC. In addition, the 0.5%

MEH-PPV bilayer LEC and the single-layer MEH-PPV LEC had a similar maximum

current, which makes it an ideal replacement. Furthermore, the 0.5% MEH-PPV

bilayer LEC did not experience any light-emitting junction broadening or unpre-

dictable junction formation as seen in the 1% MEH-PPV bilayer LEC. The 0.25%

MEH-PPV/PEO:KOTf bilayer LEC did have a better initial doping propagation than

the 0.5% MEH-PPV/PEO:KOTf bilayer LEC; however, in the 0.5% MEH-PPV bi-

layer LEC the p-n junction eventually became straight, while in the 0.25% MEH-PPV

bilayer LEC the light-emitting junction remained in the same shape when formed.

Furthermore, the EL of the 0.5% MEH-PPV bilayer LEC was brighter than the 0.25%

MEH-PPV bilayer LEC.
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Chapter 4

Blue-Emitting PFO/SPE Bilayer LECs

In the late 1960s, red and the low green LEDs and the infrared

semiconductor lasers had already been developed, but there was

no prospect of practical blue light emitters, even in the ’70s.

—Isamu Akasaki

In this chapter, we investigate the effects of operating voltage and operating tem-

perature on blue-emitting planar bilayer LECs. These bilayer LECs have PFO as

the CP layer and PEO:KOTf as the SPE layer. The concentration of PFO used in

this study was 1%, which gives a thickness of 63 ±1 nm for the spin cast film. In

the operating voltage tests, a constant temperature of 335K was used with varying

operating voltages of 15V, 20V, 35V, and 70V. In the operating temperature tests, a

constant voltage of 20V was used with varying operating temperatures of 320K, 325K,

330K, 335K, and 350K. The tests conducted in each group were compared against

each other in the form of current versus time, initial current versus either voltage or

inverse temperature, and doping propagation speed versus voltage or inverse temper-

ature.
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4.1 Motivation

Blue LECs are essential for the development of white LECs that can be fabricated

by combining different light-emitting polymers. Current research for blue LECs uses

ionic transition metal complexes (iTMCs). The typical blue iTMC LECs are cationic

iridium (II) complexes or copper (I) complexes [40, 41, 42, 43, 44]. Other methods

for producing blue LECs use a host:guest system with a thermally activated delayed

fluorescence (TADF), which involves a combination of fluorescent and phosphores-

cent emitters [45, 46]. An issue with iTMC-based LECs is that the blue emitter

materials are not stable in the long term and require rare iridium material to create

iridium complexes. In addition, the iTMC LECs require a higher turn-on voltage

in order to obtain high luminance values, and they consist of unbalanced carrier in-

jection/transport and off-centered recombination zones [46, 47, 48]. One possible

solution is to add ionic additives that would assist in stabilizing the iTMC blue emit-

ter and improving its performance [47]. CP-based blue emitters also experience a

similar instability issue when fabricated as a single-layer LEC. The instability issue

could potentially be prevented in a bilayer architecture LEC, but this has not been

well-explored. The first goal is to determine if a single-layer PFO:PEO:KOTf LEC

can function in the planar configuration, which has not yet been demonstrated. This

is due to the fact that blue-emitting CP has a large energy gap and poor solubility

in cyclohexanone. A large energy gap makes it difficult for electrons and holes to

recombine and emit photons. The second goal is to fabricate PFO/PEO:KOTf bi-

layer LECs that avoid the need for PFO to be dissolved in cyclohexanone, instead

being dissolved in a more soluble solvent such as toluene. These bilayer PFO devices

would be tested at different operating voltages and temperatures. This would provide
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operating range parameters for the PFO/PEO:KOTf bilayer LEC and would allow

us to compare to the single-layer PFO:PEO:KOTf LEC if successful.

4.2 The Operating Voltage Effect

A PFO:PEO:KOTf single-layer LEC with a composition of 1:1.3:0.25 was fabricated

and tested as a control device. An attempt was made to turn on a 2 mm PFO single-

layer LEC tested under a constant temperature of 335K and at a constant voltage of

20V. This device did not turn on, despite it being operational for over 450 seconds.

A second attempt was made to turn on a single-layer PFO:PEO:KOTf LEC tested

under a constant temperature of 335K and at a constant voltage of 35V. This device

did turn on, as shown in the lower part of Figure 4.1. Prior to applying any bias,

the PL of the device could be seen under UV illumination. At 12 seconds into device

activation, dark p-doped regions and light n-doped regions could be seen propagating

from the anode and the cathode, respectively. The doping fronts of each region were

extremely jagged. At 33 seconds, some of the doping fronts met to form isolated

light-emitting junctions. The p-n junction became continuous as more of the light-

emitting junction formed at 111 seconds. The EL from the p-n junction was a bright

cyan and the junction remained jagged. In the next 90 seconds, the light-emitting

junction remained jagged and the doped regions got significantly darker as well.

A PFO/PEO:KOTf bilayer LEC device was tested at the same conditions as the

single-layer LEC, as shown in the upper part of Figure 4.1. At 6 seconds into device

activation, a significant amount of p- and n-doping had occurred and the doping fronts

were smoother than the single-layer LEC. Three seconds later, the doping fronts met

at approximately two-thirds of the device relative to the cathode, and then at 12
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Figure 4.1: The comparison of a 2 mm PFO/PEO:KOTf bilayer LEC shown on the
top and a 2 mm single-layer PFO:PEO:KOTf LEC shown on the bot-
tom. Both devices operated under the same test conditions at a constant
temperature of 335K and at a constant voltage of 35V.

seconds, the p-n junction started to emit a faint blue light. At 15 seconds, the EL

became brighter, and 15 seconds later it grew to be continuous. In addition, the

PL of the doped regions became darker. At 39 seconds, the p-n junction appeared to

shift into the p-doped region, as p-doping was shown to the right of the light-emitting

junction. At 48 seconds, the light-emitting junction appeared to be straighter and still

in the p-doped region. Also, the p-doping appeared to be stationary, as it remained
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in the same position after 15 seconds.

There are significant differences between the single-layer PFO:PEO:KOTf LEC

and the PFO/PEO:KOTf bilayer LEC. The bilayer LEC was significantly faster, as

the initial p-n junction formed around 12 seconds whereas the single-layer LEC formed

an initial p-n junction around 33 seconds, which confirms the bilayer configuration

benefits previously mentioned. Additionally, the doping front in the bilayer LEC

was much more uniform than the single-layer LEC, which was extremely jagged. A

uniform doping front would create a straighter light-emitting junction. An unexpected

observation with the PFO bilayer LEC device was that the observed EL appeared in

the p-doped region, whereas the EL observed in a single-layer LEC formed in between

the p-doped and n-doped regions.

Additional PFO/PEO:KOTf bilayer LEC devices were tested at 15V, 20V, and

70V with the same operating temperature of 335K. The time-lapse images of an

identical 2 mm bilayer LEC tested with a 15V applied bias are shown in Figure 4.2.

Figure 4.2 a) displays the PL of the CP, which contained some light blue spots that

can be attributed to undissolved PFO particles. At 15 seconds, p- and n-doping could

be seen to propagate from the anode and cathode, respectively. The doped regions

differed drastically in size, shade, and evenness. At 78 seconds, the two doping fronts

met and formed a p-n junction that was off-center and closer to the anode. After

another 30 seconds, the p-n junction became more continuous but was still jagged.

Once again, the observed EL from the PFO bilayer LEC originated in the p-doped

region of the device. Figure 4.2 e) – g) display the gradual PL darkening of the n-

type and p-type doping regions, as well as the gradual junction smoothening and shift

towards the anode. At 171 seconds, the junction was at its brightest and straightest,
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Figure 4.2: The time lapse images of a 2 mm PFO/PEO:KOTf bilayer LEC tested
under a constant temperature of 335K and at a constant voltage of 15V.

as this was when the device was at its maximum current. At 207 seconds, the junction

was slightly less bright and less straight than it was 30 seconds prior. This could be

due to the decrease in current within the device. The voltage bias was removed and,

30 seconds later, a significant amount of de-doping occurred as the n-doped region

became lighter from where the junction was. In addition, a faint white line appeared

in the p-doped region, which indicates the intrinsic region of what used to be the
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junction shown in Figure 4.2 h). An enhanced image shown in Figure 4.2 i) clearly

displays the polymer de-doping and the position of the intrinsic region.

The tests conducted at 20V and 70V had similar results to the tests conducted

at 15V and 35V. The test conducted at 70V formed the p-n junction very rapidly

compared to the other test trials. Figure 4.3 displays the test trials at 15V, 20V,

35V, and 70V represented as a graph displaying current versus time, initial current

versus voltage, and doping speed versus voltage. In the current versus time plot,

the 70V trial, represented by a black curve, had the highest initial current, highest

maximum current, and turned on the quickest out of all the voltage trials. Similarly,

the 15V trial, represented by the green curve, had the lowest initial current, lowest

maximum current, and took longer to turn on. The initial current among the voltage

trials were plotted against the applied voltage to determine whether there was a

relationship between initial current and voltage. In the initial current versus applied

bias plot, shown in the bottom left graph, the relationship between the initial current

and voltage seems to be linear, as indicated by the red dashed line. Further analyses

were conducted to determine whether the doping speed had any dependence on the

applied voltage. This was done by calculating both the relative distance between the

doping front and the electrode in each frame prior to the p-n junction forming and the

average doping propagation speed. This process is thoroughly explained in Chapter

2. The doping speed versus voltage plot is given at bottom-right in Figure 4.3. The

relationship between the doping speed and applied voltage also seems to be linearly

dependent on voltage, as the applied voltage of 15V had the slowest doping speed

while the applied voltage of 70V had the fastest doping speed.
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Figure 4.3: The current versus time graph tested under a constant temperature of
335K with varying voltages shown at top, the initial current versus voltage
graph shown at bottom-left, and the doping speed versus voltage shown
at bottom-right.
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4.3 The Operating Temperature Effect

The temperature effects on the 2 mm PFO/PEO:KOTf bilayer LECs were also tested.

A constant voltage of 20V was used throughout the temperature dependence study.

The range of temperatures used in this study were 320K, 325K, 330K, 335K, and

350K. All of the temperature tests displayed similar results to those shown in Fig-

ure 4.2, with the light-emitting junction being uniform and straight. In addition to

the previous results, the EL emitted from the device was observed from the p-doped

region. The operating temperature trials can be seen in Figure 4.4 in the form of a cur-

rent versus time graph (top), current versus inverse temperature graph (bottom-left),

and doping speed versus inverse temperature graph (bottom-right). In the current

versus time plot, the 320K temperature trial, represented in green, had the lowest

initial current, lowest maximum current, and a slower turn-on time. Meanwhile, the

highest temperature trial of 350K had the highest initial current, highest maximum

current, and the quickest turn-on time. The initial current and inverse temperature

were plotted to determine whether a relationship existed among them, and this is

represented by blue circles. An Arrhenius relationship was observed, represented by

red dashes for the 320K, 325K, 330K, and 335K temperature trials. The 350K tem-

perature trial is an outlier with the Arrhenius fit. Further analyses were conducted

to determine if the doping propagation speed was dependent on the operating tem-

perature. In the plot of doping propagation speed versus inverse temperature, the

temperature trials of 320K, 325K, 330K, and 335K also exhibited an Arrhenius fit,

with the 350K temperature trial as an outlier.
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Figure 4.4: The current versus time graph tested under a constant voltage of 20V with
varying temperatures shown at top, the initial current versus temperature
graph shown at bottom-left, and the doping speed versus temperature
shown at bottom-right.
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Figure 4.5: The time-lapse images of an 11 mm PFO/PEO:KOTf bilayer LEC tested
under a constant temperature of 335K and at a constant voltage of 200V.
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4.4 Summary of Results

There are many differences between the single-layer PFO:PEO:KOTf LEC and the

PFO/PEO:KOTf bilayer LEC. The main difference is the location of the p-n junc-

tion formation. In the single-layer PFO:PEO:KOTf LEC, the p-n junction forms

as expected, in between the p-doped and n-doped regions. However, in the bilayer

PFO/PEO:KOTf LEC, the EL of the p-n junction is seen in the p-doped region which

will be further discussed in Chapter 6. Other differences among the LEC configura-

tions are in the doping propagation speed and the smoothness of the doping front.

The PFO bilayer LEC displayed a more uniform doping front and a faster doping

speed than the single-layer PFO LEC. The light-emitting junction that formed in the

p-doped region could be seen in all 2 mm PFO/PEO:KOTf bilayer LECs. An 11 mm

PFO/PEO:KOTf bilayer LEC was also tested at a constant temperature of 335K and

at a constant voltage of 200V, which can be seen in Figure 4.5. The 11 mm PFO

bilayer LEC displayed the same p-n junction formation and doping properties as in

the 2 mm bilayer LECs. This implies that electrode gap size is not a factor in the p-n

junction formation, as the p-n junction again formed in the p-doped region.

There were two main studies conducted on the 2 mm PFO/PEO:KOTf bilayer

LECs: a voltage dependence study and a temperature dependence study. In the volt-

age dependence study, a constant temperature of 335K was chosen for all of the voltage

trials: 15V, 20V, 35V, and 70V. In the temperature dependence study, a constant

voltage of 20V was chosen for all of the temperature dependent trials: 320K, 325K,

330K, 335K, and 350K. Each voltage/temperature trials were compared against each

other in the form of either a current versus time plot, an initial current versus applied

voltage/inverse temperature plot, and a doping speed versus applied voltage/inverse
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temperature plot. For the voltage dependent study, the highest voltage trial had the

highest initial current and maximum current, while the lowest trial had the lowest

current and maximum current. In addition, the initial current versus voltage and

doping speed versus voltage plots, a linear relationship was observed between initial

current/doping speed and applied voltage. For the temperature dependent study,

the highest temperature trial had the highest initial current and maximum current,

while the lowest temperature trial had lowest initial current and maximum current.

Both the initial current versus inverse temperature and doping speed versus inverse

temperature plots displayed an Arrhenius relationship between initial current/doping

speed and inverse temperature, with the 350K temperature trial being an outlier to

the Arrhenius fit in both cases.

This study successfully demonstrated that a blue single-layer and bilayer LEC can

be made and operated at various temperatures and voltages. A CP based blue emitter

bilayer LEC is an alternative to blue iTMC LECs and TADF LECs. The bilayer LEC

can be the basis for white LECs by combining various CP emitters. Further studies

should determine the long term stability of the blue bilayer LEC and compared to

other blue LEC technologies.
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Chapter 5

CP/CP:SPE Bilayer LECs

I just think white light generation is just one of these remarkable

things to see, and actually, you know, one colour of light goes in

to just water or any clear anything and out comes all the colours

of the rainbow when the pulses are short and intense enough.

—Donna T. Strickland

In this chapter, we explore the effects of a CP/CP:SPE bilayer LEC structure

in a planar configuration. There were two types of devices that were fabricated

and tested in this study. The first device investigated was a MEH-PPV/PF-MEH-

PPV:PEO:KOTf bilayer LEC, and the other device was a PF-MEH-PPV/MEH-

PPV:PEO:KOTf bilayer LEC. For the MEH-PPV/PF-MEH-PPV:PEO:KOTf device,

there were two MEH-PPV concentrations fabricated as the CP layer, while for the

PF-MEH-PPV/MEH-PPV:PEO:KOTf only one concentration was fabricated. The

results from all three devices displayed a difference in doping propagations, p-n junc-

tion formation, and EL.
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5.1 Motivation

Ever since the creation of the first bilayer LECs, the operating mechanisms have

not been well-understood. In the original bilayer LEC created by Sandström et al.,

the ions from the SPE layer were injected into the CP layer upon activation. The

question arises whether ion injection in the CP would still occur if the SPE layer were

replaced with a CP:SPE layer; that is essentially an LEC layer. Would the CP:SPE

layer operate as a normal LEC or would light emission occur in both the CP layer

and the LEC layer, as doping would occur in both the CP and CP:SPE layers? If

the latter were the case, then this can create a new method for creating white LECs

as well as a novel method for generating multi-coloured lighting patterns, instead

of the monochromatic lighting pattern demonstrated by Edman’s group [30]. If the

CP/CP:SPE operates as a normal LEC, then it might indicate that the interfacial

energy barrier between the CP and CP:SPE is too high for the ions to penetrate

the CP layer. Similarly, if the ions enter the CP layer then it may indicate that the

interfacial energy barrier is low. These questions are explored by testing CP/CP:SPE

bilayer LEC devices.

5.2 Single-Layer PF-MEH-PPV LEC

Single-layer planar LEC devices were created and tested as control devices. One of

the conventional LECs used as a control device was a green-emitter PF-MEH-PPV

LEC, with a PEO and KOTf ratio of 1.3:0.25 as the SPE. This control device had

a 0.6 mm electrode spacing and was tested at a constant temperature of 335K and

a constant applied voltage of 15V. The time-lapse images of the control images are

shown in Figure 5.1. Control devices are essential to study the differences between
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Figure 5.1: The time-lapse images of a 0.6 mm PF-MEH-PPV single-layer LEC op-
erated at a constant temperature of 335K and at a constant voltage of
15V.
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Figure 5.2: The current versus time curve for the 0.6 mm PF-MEH-PPV single-layer
LEC.

conventional LECs and CP/CP:SPE bilayer LECs. The doping propagation front,

doping front speed, PL of the doped regions, and EL emitted from the junction can

each be observed and analysed in both the control LEC and the CP/CP:SPE bilayer

LEC.

Once the PF-MEH-PPV control device was activated, the initial doping propaga-

tion could be seen at 3 seconds, as shown in Figure 5.1 b). The p-doping occurred

from the anode and was larger than the n-doped region, which occurred near the

top of the device near the cathode. The initial formation of a p-n junction could

be seen at 6 seconds, as EL was observed on the left side of Figure 5.1 c). The p-n
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junction continued to develop as the n-doped region met with the p-doped region.

Figures 5.1 d) - h) display the slight junction shift towards the cathode, as well as

the darkening of the n-doped and p-doped regions over the next 20 seconds. The

overall p-n junction profile remained the same over time, with slight shifts towards

the cathode. The current versus time graph shown in Figure 5.2 depicts the general

activation behaviour of the LEC.

5.3 CP/CP:SPE Bilayer LECs

The first CP/CP:SPE bilayer LEC planar device fabricated and tested was a MEH-

PPV/PF-MEH-PPV:PEO:KOTf bilayer LEC. In this device, the thickness of MEH-

PPV was 535 ± 60 nm, while the PF-MEH-PPV:PEO:KOTf consisted of a ratio of

1:1.3:0.25. The time-lapse images are shown in Figure 5.3. The images presented

were captured near the edges of the device. A pristine device, prior to device activa-

tion, is shown in Figure 5.3 a). At 57 seconds into device activation, a dark p-doped

region appeared from the corner and edge of the frame along with the instantaneous

formation of a bright orange light-emitting junction. This implies that the n-doping

had occurred across the electrode gap within the 57 seconds, but was invisible under

UV illumination. Six seconds later, the propagation of p-doping continued, which

shifted the position of the p-n junction. The p-doping gradually darkened over time;

however, the n-doped region continued to remain invisible. At 162 seconds, the light-

emitting junction appeared to have shifted upwards, while the darkened p-doped

region remained in the exact spot it was at 105 seconds. As time progressed, the

light-emitting junction continued to shift upwards to a point where the junction was

in the p-doped region, and the light emission became a dim orange instead of a bright
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Figure 5.3: A 0.6 mm 1% MEH-PPV/PF-MEH-PPV:PEO:KOTf bilayer LEC oper-
ated at a constant temperature of 335K and at a constant voltage of 15V.
These images were taken under UV illumination. Figures a) - h) display
the doping propagation and light emission at a certain location.
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orange as seen previously. At 324 seconds, the leftmost part of the light-emitting

junction shifted downwards and the light emission became slightly brighter. Another

MEH-PPV/PF-MEH-PPV:PEO:KOTf bilayer LEC with 1% MEH-PPV concentra-

tion was tested with the same test parameters, which yielded similar doping propaga-

tion results. However, the p-n junction in the second device formed extremely close

to the cathode in the center of the device, and near the edges of the device the p-n

junction formed perpendicular to the electrodes.

Another planar MEH-PPV/PF-MEH-PPV:PEO:KOTf bilayer LEC was tested

at a constant temperature of 335K and at a constant voltage of 15V; however, the

MEH-PPV concentration was changed to 0.5% from 1% to determine whether the CP

concentration changed the performance of this architecture. The time-lapse images

of the 0.5% MEH-PPV/PF-MEH-PPV:PEO:KOTf bilayer LEC are shown in Figure

5.4. From the initial condition, the PL of the film was noticeably different from the

previous 1% MEH-PPV/PF-MEH-PPV:PEO:KOTf device, as the 0.5% device was

dimmer and less orange in appearance. At 3 seconds into device activation, the p-n

junction was already formed with EL emission in certain regions. The initial p-n

junction formation occurred between the center of the device and the cathode, as the

p-doped region spanned over 2/3 of the device. The initial EL of this device appeared

to be an orangish-yellow colour. In the next 3 seconds, a different portion of the p-n

junction began to emit light. The PL of the film also gradually became quenched.

At 9 seconds, there appeared to be a “split junction” that formed; however, it could

be simply due to the fact that the p-n junction was shifting faster than the exposure

of the microscope. This is because the “split junction” only appeared in that frame

while the overall p-n junction was smoothening out, which was apparent in the next
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Figure 5.4: A 0.6 mm 0.5% MEH-PPV/PF-MEH-PPV:PEO:KOTf bilayer LEC op-
erated at a constant temperature of 335K and at a constant voltage of
15V.
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few frames. At 12 seconds, the EL emitted from the p-n junction became continuous

while the previous emission was discontinuous. In Figure 5.1 g), the EL appears to

be discontinuous again in certain regions, and at 30 seconds the EL appears to be

continuous with brighter yellow regions and dimmer orange regions.

The 0.5% MEH-PPV/PF-MEH-PPV:PEO:KOTf device displayed a vast improve-

ment compared to the 1% MEH-PPV/PF-MEH-PPV:PEO:KOTf device, as it more

closely resembled a conventional single-layer LEC in terms of both doping propaga-

tion and general p-n junction formation. In the thicker MEH-PPV bilayer device, the

doping front was highly unpredictable; certain regions were extremely close to the

cathode while, in other regions, the p-n junction formation occurred perpendicular

to the electrodes, which is never seen in conventional single-layer LECs. The cur-

rent versus time graph comparing the thicker MEH-PPV bilayer device, the thinner

MEH-PPV bilayer LEC, and the single-layer green LEC are shown in Figure 5.5.

This illustrates that the thicker MEH-PPV bilayer device took longer to turn on than

both the thinner MEH-PPV bilayer device and the conventional green LEC. The

lower concentration MEH-PPV device displayed a higher maximum current than the

green LEC, despite the p-n junction being discontinuous in some regions. In addition,

the device with lower MEH-PPV concentration turned on faster than the green LEC.

The question arises whether a PF-MEH-PPV/MEH-PPV:PEO:KOTf bilayer LEC

(i.e., a switch among the CPs) would perform in a similar manner to either the 1%

or 0.5% MEH-PPV/PF-MEH-PPV:PEO:KOTf bilayer LECs. The concentration of

the PF-MEH-PPV used for this experiment was 1%, and the MEH-PPV:PEO:KOTf

consisted of a ratio of 1:1.3:0.25. The time-lapse images of the device during operation
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Figure 5.5: The current versus time graphs of the green LEC, the 1% MEH-PPV/PF-
MEH-PPV:PEO:KOTf bilayer LEC, and the 0.5% MEH-PPV/PF-MEH-
PPV:PEO:KOTf bilayer LEC.

are displayed in Figure 5.6. Prior to device activation, the PL of the PF-MEH-

PPV/MEH-PPV:PEO:KOTf bilayer LEC under UV lighting displayed a bright yellow

with some spots. These spots arose from the accumulation of PF-MEH-PPV in

certain regions. To avoid this issue in the future, the PF-MEH-PPV solution should

be filtered with a glass fibre mesh. Upon device activation, dark green regions could

be seen propagating, where the deeper green regions represented p-doping while the

lighter green regions represented n-doping. At 6 seconds, the first instance of p-n

junction formation occurred as certain regions displayed EL. At this moment, the

p-n junction appeared to be discontinuous, as the EL was not present throughout the
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Figure 5.6: A 0.6 mm PF-MEH-PPV/MEH-PPV:PEO:KOTf bilayer LEC operated
at a constant temperature of 335K and at a constant voltage of 15V. All
of the images are taken under UV lighting, except for e).
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device. Over the next three seconds, the p-n junction appeared more uniform and

continuous; however, the general p-n junction shape was drastically different from the

previous three seconds. In this frame, it is much clearer to distinguish between the

p-doped region and the n-doped region. At 18 seconds into device activation, the UV

light was turned off, which captured the EL of the junction. The EL of the junction

appeared to be an orangish-yellow. At 48 seconds, the PL of the doped regions

became darker and the p-n junction shape was different from the initial p-n junction

formation, as a local maxima was observed near the anode which was not previously

observed. At 168 seconds, the peaks in the p-n junction appeared to flatten. The

PL of the doped regions also remained consistent with the previous frame. At 285

seconds, the device was turned off and observable de-doping could be seen as an

orange colour throughout the device. The overall p-n junction remained in the center

of the device, but was highly dynamic as the p-n junction shape changed within

seconds. This is uncommon for a conventional LEC, as the overall p-n junction shape

remained the same but flattened over time with a slight shift towards the cathode.

The CP:CP/SPE bilayer LEC appears more complex than the CP/SPE bilayer

LEC and the single-layer LECs. In the 1% MEH-PPV/PF-MEH-PPV:PEO:KOTf

bilayer LEC, only the p-doping was observable; it was difficult to distinguish the n-

doping regions as it was invisible and had the p-n junction forming instantaneously

with p-doping propagation, which had not been observed in a planar LEC configura-

tion. In contrast, in the 0.5% MEH-PPV/PF-MEH-PPV:PEO:KOTf bilayer LEC the

doping propagation appeared more consistent with a conventional single-layer LEC

and the CP/SPE bilayer LEC by having clearly distinguished doped regions as well

as both the p-n junction shift towards the cathode and flattening. Meanwhile, the
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doping propagation of the PF-MEH-PPV/MEH-PPV:PEO:KOTf bilayer LEC per-

formed similarly to the 0.5% MEH-PPV/PF-MEH-PPV:PEO:KOTf bilayer LEC in

terms of both the defined doping regions and the p-n junction formation close to the

middle of the device; however, the p-n junction was pretty dynamic and inconsistent

with conventional single-layer LECs or CP/SPE bilayer LECs. A typical p-n junction

that forms in an LEC tends to remain in the general initial formation shape with a

gradual flattening as well as a shift towards the cathode. However, in the PF-MEH-

PPV/MEH-PPV:PEO:KOTf bilayer LEC, the p-n junction shape kept changing and

did not shift towards the cathode.

The EL of the tested devices were all reddish-yellow in colour. This can provide

insight into where the p-n junction was formed as well as the operation of CP/CP:SPE

bilayer LECs. In the MEH-PPV/PF-MEH-PPV:PEO:KOTf bilayer LEC devices, the

reddish-orange light emission can occur either when the ions from the green LEC layer

enter into the MEH-PPV layer and create a p-n junction in situ, or when the ions

remain in the green LEC layer and generate a p-n junction in situ. The former is

consistent with the CP/SPE bilayer configuration as the ions from the SPE layer enter

the CP layer, which then dopes the CP polymer [29]. The latter is possible if a p-n

junction formed in the green LEC layer and the emitted green light got absorbed and

re-emitted as reddish-orange light. This is only possible if the absorption spectrum

of MEH-PPV overlaps with the fluorescence spectrum of PF-MEH-PPV. Figure 5.7

displays the absorption and fluorescence spectra of both MEH-PPV and PF-MEH-

PPV polymers in thin film samples [49, 50]. The absorption spectrum for MEH-PPV

dissolved in toluene ranges from 400 nm to 600 nm, and has a fluorescence spectrum

of 550 nm to 700 nm. For PF-MEH-PPV, the absorption spectrum, denoted by II in
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Figure 5.7: The MEH-PPV (a) absorption spectrum and (b) PL spectrum from thin
films [49]. c) The absorption and PL spectra of PF-MEH-PPV thin film,
denoted by II in the graph [50].

Figure 5.7 c), ranges from 350 nm to 500 nm. The fluorescence spectrum ranges from

500 nm to 650 nm. This suggests that it is possible that the EL could arise from a

p-n junction in the green LEC layer.

For the PF-MEH-PPV/MEH-PPV:PEO:KOTf bilayer LEC device, when the UV

light illuminated the device, it made the light emission appear more yellow, which

could imply that there was light emission from both PF-MEH-PPV and MEH-PPV
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since their combined light emissions would result in a yellowish coloured light emis-

sion. This would be possible if p-n junctions formed in both the CP layer and the

CP:SPE layer and aligned to appear as one single junction, which was observed in

Figure 5.6. This scenario is unlikely due to the fact that the observed p-n junc-

tion was highly dynamic, which makes it unlikely that both p-n junctions would be

aligned throughout the whole lifetime of the device in addition to moving in a sim-

ilar manner. When the UV light was turned off, it became evident that the light

emission was actually an orangish-red colour instead of a yellow colour. This implies

that the light emission was generated in the MEH-PPV:PEO:KOTf layer instead of

in the PF-MEH-PPV layer, as the light emission resembled the light emission of a

single-layer MEH-PPV LEC. In other words, the ions were not injected into the CP

layer, but instead remained in the MEH-PPV:PEO:KOTf layer. The light emission

from the MEH-PPV polymer would not be absorbed by the PF-MEH-PPV polymer

as the light emission from the MEH-PPV is out of the PF-MEH-PPV absorption

range, as seen in Figure 5.7. The MEH-PPV’s p- and n-doping propagations could

be seen throughout the PF-MEH-PPV layer for the same reason as the MEH-PPV’s

EL was visible. The PF-MEH-PPV/MEH-PPV:PEO:KOTf bilayer LEC performed

similarly to a single-layer LEC with one exception: the p-n junction did not remain in

the same initial junction formation shape throughout the lifespan of the device. One

probable explanation is that the ions in the MEH-PPV:PEO:KOTf layer migrated

differently than in conventional single-layer LECs during device activation. For in-

stance, in the bilayer configuration, there is a CP layer in between the electrodes and

the CP:SPE layer, which would affect the electric field within the LEC layer and the

migration of ions within that layer. The strongest electric field presence would be
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at the CP/CP:SPE interface and at the electrode/CP interface. This implies that

the initial doping and p-n junction formation should be close to the CP/CP:SPE

interface. The dynamic p-n junction could be the result from vertical CP:SPE dop-

ing, which would affect the p-n junction position. Meanwhile, for a single-layer LEC,

the electric field distribution is more uniform throughout the LEC layer and doping

can occur at the entire thickness of the CP:SPE layer, which creates a more static

junction.

5.4 Summary of Results

In fabricating and testing CP/CP:SPE bilayer LECs, we tested two CP combina-

tions: MEH-PPV as the top CP layer and PF-MEH-PPV combined with PEO:KOTf

as the bottom CP:SPE layer, and PF-MEH-PPV as the top CP layer with MEH-

PPV:PEO:KOTf as the bottom CP:SPE layer. For the MEH-PPV/PF-MEH-PPV:

PEO:KOTf bilayer LECs, there were two MEH-PPV thicknesses tested: 151 ± 8 nm

and 535 ± 60 nm. In the thicker MEH-PPV/PF-MEH-PPV:PEO:KOTf bilayer LEC,

only p-doping was observable and the p-n junction formed as soon as doping propaga-

tion occurred for p-doping. The p-n junction that formed resembled the p-n junction

that formed in the MEH-PPV/PEO:KOTf bilayer LEC, as the junction shifted into

the p-doped region. In the thinner MEH-PPV/PF-MEH-PPV:PEO:KOTf bilayer

LEC, the p- and n-doping propagation regions were distinct and the p-n junction

performed in a similar manner to a conventional single-layer LEC. This thinner MEH-

PPV device had a faster turn-on time than both the thicker MEH-PPV device and

the single-layer PF-MEH-PPV LEC. For the PF-MEH-PPV/MEH-PPV:PEO:KOTf

bilayer LEC, there were distinct doping propagation regions and the p-n junction
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Figure 5.8: The three possible CP/CP:SPE models where a) the ions remain in the
CP:SPE layer, indicated by the yellow layer, while the blue layer repre-
sents the CP layer. b) The second model displays ion injection into the
CP layer. c) The final model illustrates some ion injection into the CP
layer and some ions remaining in the CP:SPE layer.

formed relatively close to the center of the device. Typical LEC p-n junctions, once

formed, retain their general shape and flatten over time; however, in this bilayer

LEC device, the p-n junction did not keep its initial p-n junction shape; instead, it

constantly changed its shape over time, displaying a dynamic p-n junction.

In the CP/CP:SPE bilayer LEC configuration, there are three possible scenarios

that can occur. The first scenario is where the CP/CP:SPE acts in the manner of a

conventional single-layer LEC. This suggests that the ions remain in the CP:SPE layer

and dope the CP in the CP:SPE layer, which generates a light-emitting junction. This

is seen in the MEH-PPV/PF-MEH-PPV:PEO:KOTf device as the light emission has a

reddish-orange colour, which corresponds to MEH-PPV light emission. This scenario

can be seen in Figure 5.8 a), where the black arrows indicate the ion migration, the

blue layer represents the CP layer, and the yellow layer represents the CP:SPE layer.

The second scenario is where the ions migrate into the CP layer, dope the CP, and

subsequently create a p-n junction in this layer. This scenario can be seen in the PF-

MEH-PPV/MEH-PPV:PEO:KOTf devices as reddish-orange light emission occurs.
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Figure 5.8 b) illustrates the scenario where ions are injected into the CP layer. The

third case is an unlikely scenario where some of the ions are injected into the CP

layer and some of the ions remain in the CP:SPE layer. The third scenario is unlikely

because it relies on CP material properties. If the CP material properties are similar

among the CPs in the layers, then this scenario is possible and multiple p-n junctions

of different EL should be visible. If the junctions align, then this should result in a

combined light emission.

Despite the work done in this chapter, the CP/CP:SPE bilayer LEC configura-

tion is still poorly understood. It is known to be highly dependent on CP and the

interfacial energy between the CP and CP:SPE layers. From the results, it appears

that the CP/CP:SPE bilayer LEC architecture can function either as a conventional

single-layer LEC or as a CP/SPE bilayer LEC, depending on whether the ions remain

in the CP:SPE layer or are injected into the CP layer. The CP/CP:SPE bilayer LEC

is not a substitute device for either the single-layer LEC or the CP/SPE bilayer LEC,

as it does not display any significant improvements or advantages over the existing

LEC configurations. This configuration, with the material combinations attempted,

cannot create multi-colour lighting patterns or create white light.



80

Chapter 6

Discussion

Scientific discoveries matter much more when they’re communi-

cated simply and well - if you can’t explain your work to the man

in the pub, what’s the point?

—Sir Harold W. Kroto

In this chapter, we discuss the results from the studies on thickness dependence

of CP/SPE bilayer LECs, the operating voltage and temperature effects for the

PFO/PEO:KOTf bilayer LEC, and the CP/CP:SPE bilayer LEC configuration. We

explore the types of device models that can explain the results as well as highlight sig-

nificant findings from the studies. In addition, we pose unanswered questions about

the operating mechanisms of the bilayer LEC structure.

6.1 Device Model

The results from the CP/SPE and CP/CP:SPE bilayer LEC configurations show that

these devices perform as effectively as a single-layer LEC. From the CP/SPE bilayer

configuration LEC studies, the results allude to ion migration from the SPE layer into
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the CP layer under an applied bias. Figure 6.1 illustrates a cross-sectional schematic

of a CP/SPE bilayer LEC under different conditions, where the bright orange block

represents the CP layer, the pale blue block represents the electrolyte layer, the grey

blocks represent the electrodes, the purple circles represent the anions, and the green

circles represent the cations. The CP/SPE bilayer LEC under no bias is shown in

Figure 6.1 a), where the ions remain in the SPE layer. Under an applied bias, ions will

migrate into the CP layer; however, the vertical ion migration is highly dependent on

the CP properties and the CP thickness. If the CP layer is thin enough, then the ions

can uniformly penetrate the entire depth of the CP layer and cause uniform lateral

doping in the CP. The uniform doping in the vertical direction is displayed in Figure

6.1 b), where the p-doping is shown in the brown region, the n-doping is shown in the

tan region, the holes are represented by red circles with plus signs, the electrons are

represented by yellow circles with minus signs, and the glowing red region in between

the p- and n-doped regions denotes the light-emitting junction. This is the case for

both the 151 nm and 21 nm thick MEH-PPV/PEO:KOTf bilayer LECs, shown in

Figures 3.3 and 3.4, respectively, as both devices exhibit EL generation when the

extremities of the p- and n-doped regions meet and the p-n junction is in between

the distinctly defined p- and n-doped regions. This is similar to what is seen in

single-layer LECs.

Figure 6.1 c) depicts the case where the CP layer is too thick or the CP properties

are not advantageous, which causes non-uniform vertical ion migration and causes the

light-emitting junction to form in a localized region. The non-uniform doped regions

and the undoped region are represented by triangles, where the p-doped region is

brown, the n-doped region is tan, and the undoped region is orange. The glowing
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red circle indicates the region where the p-n junction has been formed. The uneven

vertical doping is evident in both the 535 nm thick MEH-PPV/PEO:KOTf and the

63 nm thick PFO/PEO:KOTf bilayer LECs. A key evidence for this is that the

PL of the p-doped region in the thick MEH-PPV bilayer LEC appeared to be very

faint when compared to the thinner bilayer or single-layer LECs during initial p-n

junction formation. This indicates that there was a region of undoped CP on top

of the p-doped region. Similarly, the p-doped region in the PFO bilayer LEC was

also fainter than in the single-layer PFO LEC. Another key evidence that supports

Figure 6.1 c) is the fact that, in both the thick MEH-PPV and PFO bilayer LECs,

the light-emitting junction formed in the p-doped region, which indicates that the n-

doped region surpassed the p-doped region to create this phenomenon. The diagram

displays the light-emitting junction as a single point region, which is true for the

PFO bilayer LEC. However, the light-emitting junction can extend along the slope

between the p-doped and n-doped region instead of being a single-point region. This

“broadened” light-emitting junction is observed in the thick MEH-PPV bilayer LEC.

The light-emitting junction is either fixed at a certain depth or varied along the p-

doped and n-doped interface. This is dependent on the local doping level, the local

slope of the junction, the local current density, the CP properties, and the CP layer

thickness. For instance, the MEH-PPV is significantly thicker than the PFO bilayer

LEC, which causes the “broadening junction effect”. Perhaps if a thicker PFO layer

were deposited, this phenomenon might also appear in the thicker PFO bilayer LEC.

In addition, the model depicts the doping regions beginning at the electrode edges,

which implies that the doping cannot be underneath the electrode. This is evident in

the thick MEH-PPV bilayer LEC, as the EL was seen to be adjacent to the electrode
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Figure 6.1: The cross-section schematic diagrams of a bilayer LEC. a) The bilayer
LEC schematic without any applied bias. The CP layer is on top of the
electrolyte layer with cations and anions. b) A light-emitting junction
formed in between the p- and n-doped regions uniformly throughout the
depth of the CP layer. c) A light-emitting junction formed in a particular
region where the p- and n-doped regions meet and the doping profiles do
not dope the entire CP layer, leaving an undoped region at the top.
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edge and did not migrate under the electrode. This indicates that the n-doping is not

visible under UV illumination due to the CP thickness, but it still exists in order for

the doping current to flow and generate EL.

In the CP/CP:SPE bilayer configuration, there are three possible ion motions

that can occur, which are shown in Figure 5.8 and briefly mentioned in Chapter

5. The first possible ionic motion is that the ions remain in the CP:SPE layer and

generate a light-emitting junction in situ. The second possible ionic motion is that

the ions migrate into the CP layer and form a p-n junction in the CP layer, which

is what occurs in CP/SPE bilayer LECs. The third possible ionic motion is that

the ions both migrate into the CP layer and remain in the CP:SPE layer. The

third scenario is unlikely to occur as it was not observed in the tested CP/CP:SPE

bilayer LECs. The first two scenarios are more likely: the PF-MEH-PPV/MEH-

PPV:PEO:KOTf bilayer LEC displayed the first scenario, while the MEH-PPV/PF-

MEH-PPV:PEO:KOTf bilayer LEC displayed both scenarios. The ion motion in the

MEH-PPV/PF-MEH-PPV:PEO:KOTf bilayer LEC could have either migrated into

the CP layer and formed a p-n junction in situ, as red light emission was observed.

Alternatively, the ions could have remained in the PF-MEH-PPV:PEO:KOTf layer

and generated a green light-emitting junction, where the green light was absorbed by

the MEH-PPV layer and re-emitted as red light. This is known as the Stokes Shift,

where the emission of an excited material has a lower energy than the energy of the

incoming light source [51, 52].
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6.2 CP Layer Thickness

The CP thickness caused differences in bilayer LEC performance, as it changed the

device model. The CP thickness affects the vertical ion migration, which affects

the doping fronts and the p-n junction formation. The CP thickness also affects

the doping fronts, with a thinner CP layer leading to a straighter doping front than

with a thicker CP layer. This difference can be seen in the 535 nm thick MEH-

PPV/PEO:KOTf bilayer LEC and the 151 nm and 21 nm MEH-PPV bilayer LECs.

The CP thickness effect is also evident in the CP/CP:SPE bilayer LECs, as the thicker

MEH-PPV/PF-MEH-PPV:PEO:KOTf bilayer LEC formed a p-n junction extremely

close to the electrode and perpendicular junction formation. Meanwhile, the thinner

MEH-PPV/PF-MEH-PPV:PEO:KOTf bilayer LEC had more of a uniform doping

profile and acted similarly to a single-layer LEC.

6.3 The Operating Voltage and Operating Temperature Effects

The operating voltage and operating temperature results from the PFO/PEO:KOTf

bilayer LEC conveyed a vast amount of information. In the operating voltage study,

the initial current versus voltage linear relationship indicates a resistor behaviour.

This linear relationship is seen in Ohm’s Law for bulk resistances. This resistor be-

haviour demonstrates the doped CP resistance, which is caused by the counter-ions

and electronic charges generated by the injection ions. Figure 6.2 illustrates the resis-

tance model for a bilayer LEC. The top image displays an 11 mm PFO/PEO:KOTf

bilayer LEC undergoing device activation prior to p-n junction formation, where the

darker region represents the p-doped region and the lighter region represents the n-

doped region. The bottom image displays the equivalent resistor circuit of a bilayer
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Figure 6.2: The resistance model of a bilayer LEC. a) An 11 mm PFO/PEO:KOTf
bilayer LEC during device activation before p-n junction formation, dis-
playing both the p- and n-doping fronts. b) The equivalent resistance
circuit of a bilayer LEC overlaid on a bilayer LEC device model.

LEC represented as rectangles connected with lines, which is overlaid on a cross-

sectional device model with a thick CP layer.

This equivalent resistor circuit model can be used for bilayer LECs with a thin

CP layer, as the resistor components do not change among the device models. The

resistor components in the equivalent circuit are the contact resistances between the

electrode and doped CP, denoted by Rcon1 and Rcon2, respectively; the ionic resistance

from anion migration, denoted by Ra; the ionic resistance from cationic migration,

denoted by Rca; the interfacial resistance from the CP/SPE interface, denoted by Ri1

and Ri2 for anions and cations, respectively; the resistance from the undoped CP,
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denoted by Rundoped CP; and the resistance from the SPE, denoted by RSPE. The

electrodes make contact with the doped regions that are connected to the undoped

CP and SPE, which forms a parallel circuit among the layers. The contact resistances,

Rcon1 and Rcon2, are assumed to have an Ohmic contact between the electrode and

doped CP, which implies a low resistance between them. The contact resistances exist

in all LEC devices and do not have a significant impact on the overall resistance of

the device. The Rundoped CP value is considered to have infinite resistance as it has

negligible conductivity, which makes the current flow through the second branch in

the parallel circuit. This eliminates the possibility that the Rundoped CP is the limiting

resistance in the bilayer LEC. The Ra and Rca resistances should have been greater

in the single-layer LEC, since the ions have a greater travel distance. However, this is

not the case as, the bilayer LEC has a significantly faster doping propagation speed

and light-emitting junction formation than in the single-layer LEC configuration.

Similarly, the interfacial resistances, Ri1 and Ri2, would in theory be greater in single-

layer LECs; however, the results from the bilayer LECs suggest that the interfacial

resistances have minimum effect on the junction formation rate. This indicates that

the limiting resistance does not come from the ionic resistances, but rather from RSPE,

as pure SPE is not affected by the undoped CP. The RSPE value can explain the linear

relationship between the initial current and voltage.

In the operating temperature study, both the initial current versus inverse tem-

perature and doping speed versus inverse temperature graphs displayed an Arrhenius

relationship. This Arrhenius relationship describes the temperature dependence of

reaction rates and is defined by σ = σoe
Ea/kBT , where Ea represents the activation

energy, kB represents the Boltzmann constant, and T represents the temperature. In
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this case, the reaction rates refer to the doping speed which is limited by the SPE

conductivity. From the four data points, the Arrhenius equation was fitted and the

activation energies were calculated to be 1.4 eV and 1.6 eV for the doping speed and

initial current, respectively. The 350K data point is an outlier from the rest of the

temperature trials. This is probably due to the fact that 350K is above the melting

point of high-molecular-weight PEO, which has a melting point of 338K [53]. The

high operating temperature can cause a phase change in the SPE, which can affect the

performance of the bilayer LEC as shown in the initial current/doping speed versus

inverse temperature. Another model that describes the relationship between tem-

perature and conductivity is the Vogel-Tammann-Fulcher (VTF) equation given by,

σ = σoe
−B/T−To , where B represents the pseudo-activation energy and To represents

the reference temperature, which is in this case the glass transition temperature of the

SPE [54]. By applying the VTF equation onto the initial current and doping speed

data sets, the To parameter can be fitted, which resulted in temperatures of 235K

and 271K, respectively. These To values are higher than reported for high-molecular-

weight PEO, which can range from 208K to 213K [53]. However, it is known that the

To of PEO can increase with the addition of salt [55, 56, 57, 58].

6.4 Outstanding Questions

The research into CP/SPE bilayer LECs by determining the CP thickness effects and

determining the limiting resistance of a bilayer LEC provided insight into how the

CP/SPE bilayer works. In addition, the CP/CP:SPE bilayer LEC configuration study

demonstrated its functionality. However, there are several unanswered questions in

terms of the operating mechanisms of both bilayer architectures. For the CP/SPE
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bilayer LEC configuration, the question arises whether a different salt would change

the performance of a bilayer LEC. Similarly, what would be the optimal ratio between

the PEO and the salt? Would it be similar to a single-layer LEC, which is 1.3:0.25,

or would it change? In addition, how would other SPEs that are not PEO work in a

bilayer LEC configuration? Furthermore, the depth at which the initial p-n junction

was formed is uncertain. It is hypothesized that the initial contact would be close to

the CP/SPE interface, but this cannot be confirmed without further testing.

For the CP/CP:SPE bilayer configuration, in some cases, it is uncertain where the

p-n junction is formed. For instance, in the MEH-PPV/PF-MEH-PPV:PEO:KOTf bi-

layer LEC, it is unknown whether the ions remain in the CP/SPE layer or are injected

into the CP layer. The CP/CP:SPE bilayer LECs tested in this study were in the

planar configuration. It would be interesting to observe the results of a CP/CP:SPE

bilayer LEC in a sandwich configuration. Would the CP/CP:SPE bilayer LEC ar-

chitecture in a sandwich configuration be dependent on the order of layer deposition

(i.e., ITO electrode followed by CP:SPE layer, then a CP layer, and Al electrode)?

Another question that arises is whether the CP/CP:SPE bilayer LEC in the sandwich

configuration would emit uniformly across the region or whether there would exist

localized regions of different light emissions? This would provide insight into whether

the ions migrate to the CP layer or remain in the CP:SPE layer.
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Chapter 7

Summary and Conclusions

The principal applications of any sufficiently new and innovative

technology always have been—and will continue to be—applications

created by that technology.

—Herbert Kroemer

This chapter highlights the key results and findings from the study on how CP

thickness affects the performance of the bilayer LEC, the study of operating voltage

and temperature effects on PFO/PEO:KOTf bilayer LECs, and the demonstration of

a new bilayer configuration CP/CP:SPE. These findings have answered some ques-

tions but pose a lot of unanswered questions, which can be potentially solved with

further studies.

7.1 Summary

There were three primary studies conducted in this thesis: CP thickness depen-

dence in CP/SPE bilayer LECs, the operating voltage and temperature effects on a
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PFO/PEO:KOTf bilayer LEC, and the development of another bilayer LEC config-

uration that is CP/CP:SPE. In the CP thickness dependence study, MEH-PPV was

used as the CP and various MEH-PPV thicknesses were used to determine whether

there were any visible CP thickness effects on the p-n junction formation and doping

propagation speeds. There were three MEH-PPV thicknesses used: 535 nm, 151 nm,

and 21 nm; and each was compared to a single-layer MEH-PPV:PEO:KOTf LEC. The

thickest MEH-PPV bilayer LEC performed differently than the thinner MEH-PPV

bilayer LECs. The thinner MEH-PPV bilayer LECs performed similarly to a single-

layer MEH-PPV bilayer LEC in terms of p-n junction formation, but the doping

propagation speed was significantly faster in the bilayer configuration. The thickest

MEH-PPV bilayer LEC had uneven initial p-doping propagation and the n-doping

was invisible under UV illumination; as well the p-n junction appeared thicker than in

the thinner MEH-PPV bilayer LECs. This suggested that the vertical doping propa-

gation is dependent on the thickness of the CP layer, which can cause a “broadened

junction effect” where the p-n junction extends over the overlapped region of the

doped regions.

In the operating voltage and temperature study conducted on PFO/PEO:KOTf

bilayer LECs, all of the PFO bilayer LECs had p-n junctions form in the p-doped

region. This indicated that the PFO bilayer LECs also experience uneven vertical

doping, as the light-emitting junction was formed in the p-doped region instead of in

between the p- and n-doped regions. The varying operating voltages were tested under

a constant temperature, which resulted in a linear relationship between initial doping

current/doping speed and operating voltage. This demonstrated that the resistance

is limited by the SPE, since the resistances from ion migration and from CP/SPE
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interfaces are insignificant as the bilayer LECs operate faster than a single-layer LEC.

Varying the operating temperatures with a constant applied voltage resulted in an

Arrhenius relationship between the initial doping current/doping propagation speed

and inverse temperature. The 350K temperature trial was an outlier in the Arrhenius

fit, as 350K is beyond the melting point of PEO and the physical change affected the

performance of the bilayer LEC.

In the final study, a CP/CP:SPE bilayer LEC was developed to determine the

utility of such a bilayer LEC configuration. There were two CP tested in this config-

uration: MEH-PPV and PF-MEH-PPV. The MEH-PPV/PF-MEH-PPV:PEO:KOTf

bilayer LECs were tested at 0.5% and 1% concentrations of MEH-PPV, while the

PF-MEH-PPV/MEH-PPV:PEO:KOTf bilayer LECs used 1% concentration of PF-

MEH-PPV. In both CP/CP:SPE bilayer LEC devices, the EL generated from the

p-n junctions were an orangish-red colour and had faster doping speeds than a single-

layer PF-MEH-PPV:PEO:KOTf LEC. In a CP/CP:SPE bilayer configuration, there

are three possible ways for the ion to migrate. The first method is that the ions

remain in the CP:SPE layer and form a p-n junction in situ. The second method is

that the ions migrate into the CP layer to dope the CP and create a p-n junction.

The third method is when the ion migration is split between the CP and the CP:SPE

layers, which creates a double p-n junction in both layers. However, based on the

results, it does not appear that the ions are splitting amongst the layers as there

was no evidence of it. The first two ion migrations are possible, as evidenced by the

orangish-red emission from both bilayer LEC devices.
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7.2 Future Work

The research conducted in this thesis is a major step forward in bilayer LEC research.

However, there are many unanswered questions about the operating mechanisms of a

bilayer LEC. One major area that can be studied is to determine whether the different

salts (such as lithium triflate, sodium triflate, silver triflate, etc.) would perform in a

similar manner to potassium triflate. To expand on the salt research, different PEO

and salt concentrations could also be tested to determine the optimal PEO and salt

ratio for a bilayer LEC. The varying salts and ratios can be applied to both CP/SPE

and CP/CP:SPE configurations to determine whether all ions can migrate into the

CP layer and if PEO plays a significant role in the bilayer LEC performance. In

addition, other types of SPE can be used and compared against PEO to determine

the best SPE material for a bilayer LEC.

Another goal for bilayer LECs is to create a white LEC. This can be achieved by

combining MEH-PPV and PFO, which can be done in either CP/SPE or CP/CP:SPE

configuration. In a CP/SPE configuration, MEH-PPV and PFO could be combined in

toluene and cast onto a PEO:KOTf layer. The EL emitted from MEH-PPV and PFO

would generate a whitish light with the right MEH-PPV and PFO ratio. Another

method to generate a white LEC is by using a CP/CP:SPE configuration with the

PFO in the CP:SPE layer and the MEH-PPV in the CP layer. If the ions remain in

the PFO:PEO:KOTf layer, then the light generated would be filtered by the MEH-

PPV and the device would emit a whitish light. If the ions migrate into the CP layer

and emit reddish light, then this can confirm that the ion migration in a CP/CP:SPE

configuration occurs from the CP:SPE layer to the CP layer.

Another area of focus for bilayer LEC research is using COMSOL simulations to
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determine the electric field generated within a bilayer LEC. COMSOL simulations

can provide insight into whether the ions migrate into the CP layer or remain in

the CP:SPE layer in the CP/CP:SPE configuration. Another way of determining

the ion migration in a CP/CP:SPE bilayer LEC is to use time-of-flight secondary

ion mass spectrometry (ToF-SIMS) after activating the device [59]. ToF-SIMS can

provide an ion depth profile of a bilayer LEC, which would indicate the location of

the ions in a bilayer LEC after activation. Other bilayer LEC tests could include

testing incompatible CP materials, testing a CP/CP:SPE bilayer LEC in a sandwich

configuration, and lifetime testing.
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