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Abstract 

Polymer light-emitting electrochemical cells (PLECs) are organic solid-state devices that operate 

on in situ electrochemical doping and the formation of a light-emitting p-n junction. Bilayer 

LECs consist of a solid polymer electrolyte (SPE) underlayer and a conjugated polymer (CP) top 

layer. Aluminium electrodes with 2mm gap size were deposited on top of the CP layer and 

formed a planar configuration. Planar bilayer LECs with large gap sizes brought unique 

opportunities to visualize the in situ doping propagations with imaging techniques. Separating 

the CP from the SPE provided the potential to study the SPE layer itself and lead to a better 

performing light emitting device. In this thesis, four different studies were conducted to explore 

ionic transportation in the CP, the SPE, and the CP/SPE interface. In the study of salt 

concentrations in the SPE, the increase in ionic concentrations improved the performance of 

LECs in terms of doping propagation speed, junction formation time, and cell current. However, 

a current leveling off was observed at high salt concentrations, while light emitting p-n junction 

overlaps with the cathode which is undesirable. In the second study, by increasing SPE layer 

thickness, a significant improvement in device performance was observed, however, no further 

improvement was observed as the thickness went beyond 500nm. In the study of cationic effects, 

devices with smaller cation sizes had a higher current and faster doping propagation, whereas 

devices with large cations require a higher bias voltage and temperature to turn on. The improved 

performance of bilayer LECs compared to single-layer LECs suggested that interlayer ionic 

transportation was not the major factor that limited the performance of LECs. In the final 

chapter, LECs with salt concentrations as low as 0.005 were successfully turned on. For devices 

with lower salt concentrations, however, no light-emitting p-n junction was formed. These 
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studies demonstrate the importance of ion transport in LEC operation and point to new directions 

for improving the device performance.  
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Chapter 1 

Introduction 

1.1 Background 

Electroluminescence (EL) is the generation of light by the electrical excitation of light-

emitting phosphors. The phenomenon was first reported by Henry Round in 1907 when 

current passed through a silicon carbide crystal. [1][2] In 1936, George Destriau observed 

the emission of light from zinc sulfide (ZnS) under applied voltage. [3] EL produced in 

organic fluorescent compounds was first reported by A. Bernanose in 1953, when high 

alternating voltages were applied to acridine derivatives such as gonacrin (I) and acridine 

orange E (II). [4] 

The significant breakthrough of organic EL devices occurred in 1987. Tang and 

VanSlyke reported the first organic light-emitting diode (OLED) with an organic 

heterojunction structure. Light emission was observed with a forward bias as low as 

about 2.5V, whereas the diode has high electroluminescent emission efficiency and fast 

response. [5] In 1990, J. H. Burroughes introduced the first light-emitting diodes based 

on conjugated polymers. The structural, mechanical, and processing properties of 

polymers brought unique advantages to thin film fabrication and provided the potential 

for the development of large-area light-emitting displays. [6] 

An alternative approach to achieving organic electroluminescence was discovered by 

Qibing Pei in 1995 in what is known as the light-emitting electrochemical cells (LECs). 

[7] The introduction of mobile ions in LECs leads to the electrochemical p-doping and n-

doping of the light emitters and the formation of a p-n junction where 
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electroluminescence can be observed. By introducing mobile ions into the organic 

semiconductor, the device can have a simpler structure with a single organic layer 

consisting of a conjugated polymer and a polymer electrolyte. The thickness of the 

polymer layer is less critical which makes it possible to use a variety of substrates such as 

clothing, paper, or complicated shapes like kitchen forks. [8][9][10] However, the LECs 

still lag in operational lifetime, efficiency, and stability. Therefore, it is critical to 

investigate and understand the many factors that affect the LEC operation and 

performance. 
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1.2 Light-Emitting Electrochemical Cells 

Light-emitting electrochemical cells (LECs) are solid-state electroluminescent devices 

that operate on redox doping reactions involving the transport of both ionic and electronic 

charges. [7][11] The structure of LECs can be similar to organic light-emitting diodes 

(OLEDs), where the light emitters can be luminescent conjugate polymers (CPs). 

[12][13] The introduction of mobile ions in LECs leads to electrochemical p-doping and 

n-doping of the light emitters and the formation of a p-n junction where 

electroluminescence can be observed. Typically, there are two different configurations of 

LEC as shown in Figure 1.1. 

 

Figure 1.1 Schematic for different LEC configurations. (a) Sandwich LEC (b) 

Planar LEC 

 

Figure 1.1(a) shows the sandwich configuration of LEC. The active layer which consists 

of conjugated polymer and solid polymer electrolyte is sandwiched between two 

electrodes. One of the electrodes could be metal such as aluminum, while the other 
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electrode is made of a transparent ITO material. Once sufficient current pass through the 

active layer, EL could be observed through the ITO electrode.  

The planar configuration, as shown in Figure 1.1(b), has both electrodes deposited on top 

of the polymer active layer. As p-doped and n-doped regions propagated from anode and 

cathode, respectively, the doping fronts eventually meet to form a p-n junction, where EL 

can be observed in a narrow region. This planar bilayer LEC configuration has been 

widely used to study the dynamic doping process on single-layer devices because it 

allows for the visualization of the doping process and junction location. [14][15][16] 
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1.3 Bilayer Light-Emitting Electrochemical Cells 

Mixing light-emitting CPs and solid polymer electrolyte (SPE) can be challenging. Non-

polar CPs is not compatible with polar electrolyte, which means they cannot co-dissolve 

in a common solvent. Researchers have developed multiple methods to improve the 

phase morphologies of the polymer composites, such as thermal annealing [17], a 

surfactant-like additive [18], crown-ether, ionic-liquid-based electrolytes [19][20], or the 

introduction of bifunctional polymers that possess both ionically and electronically 

conductive moieties [21][22][23]. A notable alternative option is the ionic transition-

metal complex (iTMC)-based LECs, where ionic salt is replaced by ionic species. 

[24][25] However, the addition of ionic salt is still required for high-performance devices 

because of the poor ionic conductivities of iTMCs. [26][27][28] Another approach is the 

salt-doped LECs which only contains a molecular salt, such as lithium triflate, without 

any electrolyte polymer, but these devices always require a high voltage to 

activate.[29][30] 

The problem of mixing CPs and SPEs was completely circumvented with a bilayer planar 

structure first introduced in 2010. [31] The bilayer planar LECs were fabricated on glass 

substrates, onto which Au electrodes were deposited. The bilayer structure was formed by 

first spin coating a yellow-emitting conjugated polymer layer, then followed by the spin 

coating of the electrolyte on top. The electrodes have a 300µm gap between their inner 

edges, which was smaller than the gap sizes typically used in our group. 

 Figure 1.2 shows the schematic of bilayer LECs that was used in my thesis studies. The 

underlying SPE layer consists of a mixture of PEO and salt. MEH-PPV was selected as 

the top conjugated polymer layer. Aluminum electrodes were deposited on top of the 
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polymer layer and the gap size between the electrodes was 2mm. The large gap size 

between the electrodes made it easier to visualize the in situ doping propagations with 

time-lapsed imaging techniques. 

 

 

Figure 1.2 A schematic of bilayer planar LEC, which consists of a conjugated 

polymer top layer and a solid polymer electrolyte underlayer.  
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Before applying any bias voltage, mobile ions are randomly distributed in the SPE layer. 

Under a sufficient bias voltage, electrons and holes are injected from the cathode and 

anode to the CP respectively. Mobile ions enter the CP to compensate for the injected 

charges, which causes the doping of the CP. With a sufficient doping current, the p-

doping front start to propagate from the positively biased anode, while the n-doping front 

start to propagate from the negative bias anode. As the doping fronts continue to grow 

toward the opposite electrode, p-doping and n-doping fronts meet and form a light 

emitting p-n junction where EL can be observed from a narrow region.  

 

Figure 1.3 Schematic cross-sectional operation mechanism of bilayer LECs. (a) 

Bilayer LECs without any bias voltage. The mobile ions are randomly distributed in 
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the SPE layer. (b) After applying a sufficient bias voltage, mobile ions enter the CP 

layer to compensate for the injected charges. (c) Narrow light-emitting p-n junction 

formed when the p-doping front made contact with the n-doping front. 
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1.4 Scope 

The thesis consists of the following 8 chapters: 

Chapter 1, the current chapter, introduced light-emitting electrochemical cells, especially 

bilayer planar light-emitting electrochemical cells. 

Chapter 2 introduced the motivation and objectives of the studies on bilayer planar LECs. 

Chapter 3 provided step-by-step procedures for device fabrication and device testing. 

Chapter 4 presented the experimental data and discussions on the effects of salt 

concentration on planar bilayer LECs. 

Chapter 5 presented the effects of SPE layer thickness on planar bilayer LECs. 

Chapter 6 discussed the effects of cation by comparing planar LECs fabricated from 

different salts. 

Chapter 7 continued the studies in Chapter 4, which focused on planar LECs with 

extremely low salt concentrations. 

Chapter 8 provided a summary and an outlook for future work on bilayer LECs. 
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Chapter 2 

Motivation and Objectives 

2.1 Motivation 

A previous study of our group demonstrated large bilayer planar LECs, which allowed 

the dynamic doping process to be imaged in detail. Our result provided direct evidence 

that the doping in these bilayer cells is limited by the ionic resistance of the underlying 

SPE layer. [32] Important questions remain as to how the salt concentration in the SPE 

layer will affect the ionic resistance. The salt concentration effects in single-layer mixed 

conductor LECs were investigated in earlier studies, which suggested that an increase in 

ion concentration results in an increased conductivity of an active layer. [33][34] 

However, there are no such data available on how the salt concentration will affect the 

behaviors of bilayer cells, and how deep in the SPE underlayer will the ions be involved 

in the doping propagation. Separating the SPE layer from the CP provided opportunities 

to separately optimizing the layers. In my thesis study, I have also investigated the effects 

of salt cation types and successfully turned on LECs with record low salt concentrations. 

We found that the junction position is more centered for devices with low salt 

concentrations. 
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2.2 Objectives 

In this thesis, the effect of salt concentration, SPE layer thickness, and cation type in 

bilayer planar LECs will be investigated under constant bias voltage and constant 

temperature. The doping process will be visualized with imaging techniques, and the 

performance of the devices, including doping propagation speed, junction formation time, 

cell current, and junction position, will be presented. The purpose of these studies is to 

investigate the role of mobile ions in LECs and determine the limitations of ionic 

concentrations and mobilities. These studies can potentially lead to a high-performance 

light-emitting devices and also provided unique opportunities to study the solid polymer 

electrolyte itself.  
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Chapter 3 

Methodology 

All the fabrication and testing procedures are strictly following the techniques developed 

by other members in the group. 

3.1 Materials and Device Fabrication 

All LEC devices were fabricated in an MBraun inert atmosphere glovebox/evaporator 

system, which is filled with dry nitrogen, as shown in Figure 3.1. All glassware and 

substrates were prepared in the fume hood as shown in Figure 3.2. 

 

Figure 3.1 MBraun inert atmosphere glovebox/evaporator system.  



 

13 

 

 

Figure 3.2 Fume hood. 

 

3.1.1 Materials 

The luminescent conjugate polymer used in these studies was the red-emitting poly[2-

methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV), sourced from 

OLEDKing Optoelectronic Materials Ltd, China. Poly(ethylene oxide) (PEO, MW=2M) 

was purchased from Sigma Aldrich. Salts that were utilized in the electrolytes include 

potassium trifluoromethanesulfonate (KOTf), lithium perchlorate (LiClO4), sodium 

perchlorate (NaClO4), potassium perchlorate (KClO4), cesium perchlorate (CsClO4), 

europium trifluoromethanesulfonate (EuOTf), terbium trifluoromethanesulfonate 

(TbOTf), zinc trifluoromethanesulfonate (ZnOTf), ammonium trifluoromethanesulfonate 

(AmOTf), were purchased from Sigma Aldrich and used as received.  
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3.1.2 Solution Preparation 

MEH-PPV was dissolved in toluene, with concentration (in w/v %) of 0.5%, which is 5 

mg of MEH-PPV dissolved per 1 mL of toluene solvent. PEO and salt with different 

weight ratios were dissolved and mixed in cyclohexanone. The solutions were stirred and 

heated to 60°C on a hot plate until fully dissolved and cooled to room temperature before 

casting the polymer films. 

 

3.1.2.1 Modifying Salt Concentration  

In the study on the salt concentration effects of the SPE layer, PEO and KOTf were 

dissolved separately in cyclohexanone with concentrations (in w/v%) of 2% and 5%, 

respectively. Different amounts of PEO and KOTf solutions were mixed to make SPE 

solutions with KOTf: PEO weight ratios of 0.4, 0.2, 0.13, 0.1 0.04, 0.025, 0.0125. 

Different volume of cyclohexanone was added into each solution to ensure the solutions 

have the same amount of solvent. This prevents any thickness variation between films 

upon the cast of the thin SPE films. 

 

3.1.2.2 Modifying Thickness of SPE Layer 

To study the effects of the SPE layer thickness, the solutions with KOTF: PEO weight 

ratio of 0.13 were utilized. To modify the thickness of the SPE layers, the solution was 

diluted with cyclohexanone by a factor of two and three, respectively.  
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3.1.2.3 SPE Solutions with Different Cations 

To analyze the effect of cations, the SPE solutions made with different salts were directly 

dissolved in 2% PEO/cyclohexanone solutions. These solutions were made with the same 

molar ratio: 5×10-5 moles of cations dissolved in 1mL of 2% PEO/cyclohexanone (in 

w/v%) solution. The solutions were stirred and heated at a temperature of 80°C on a hot 

plate until the salts were fully dissolved.  

3.1.2.4 SPE Solutions with Extreme Low Salt Concentration 

SPE solutions with extremely low salt concentrations were achieved by first mixing 2% 

PEO and 1% KOTf (in w/v%) cyclohexanone solutions to create SPE solution with 0.01 

KOTf: PEO weight ratios. This solution was diluted by 2% PEO/cyclohexanone (in 

w/v%) into solutions of 0.005, 0.0025, 0.00125 KOTf: PEO weight ratio. 
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3.1.3 Thin Polymer Films 

15 mm square glass slides, with a thickness of 1 mm were used as substrates to prepare 

polymer films. Ultrasonic baths filled with distilled water, acetone, and isopropyl, 

respectively, were utilized to clean the substrates. Afterward, the substrates were treated 

with UV-ozone to remove organic residuals. The thin polymer films were cast on the 

glass substrates with a Chemat Technology KW-4A spin coater. The bilayer structure 

was formed by first spin coating the SPE layer on the substrate and then followed by the 

casting of the light-emitting CP layer on top. For each layer, 200µL of the solution was 

deposited and spun at an initial speed of 2000 RPM for 60 seconds to determine the 

thickness of the film, and then followed by 4000 RPM for 120 seconds to dry the film. 

(Note that for the thickness effect study, the initial spin speed for the SPE layer was 

modified to achieve a different thickness). Each film was baked on a hot plate at 50°C for 

at least 5 hours to ensure the solvent was completely evaporated. If the devices need to be 

tested below the melting temperature of PEO, then thermal annealing should be 

performed. The polymer films were baked at 130°C for 10 minutes, then immediately 

transferred onto a copper block to cool down. 

 

3.1.4 Electrodes Depositions 

A BOC Edwards AUTO500 thermal evaporator was used to deposit aluminum electrodes 

on top of the polymer films via physical vapor deposition (PVD). The PVD system is 

located inside the glove box to protect the polymer films from exposure to oxygen or 

water. The deposition processes were taken place in a vacuum chamber as shown in 

Figure 3.3. 
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Figure 3.3 BOC Edwards AUTO500 Vacuum Chamber inside of the glovebox. 
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Aluminum wires were cut and loaded into a tungsten filament coil. The polymer films 

were placed into a shadow mask as shown in Figure 3.4. The shadow mask had four 

substrate slots, which allowed the electrodes to be deposited onto four films 

simultaneously. Each slot had three electrode cutouts with gap sizes of 2mm, which made 

two LEC devices on the same film.  

 

Figure 3.4 Shadow mask for four substrates with three electrodes of 2mm gap size. 

 

Before initiating the deposition process, the pressure inside the vacuum chamber was 

evacuated to 2×10-6 Torr with a vapor diffusion pump and a BOC Edwards RV 12 Rotary 

Vane Pump. The current across the tungsten filament coil was manually increased 

gradually until the aluminum was vaporized and reached a steady deposition rate of 

0.1nm/s. The shutter was opened, and aluminum was deposited onto the exposed regions 

of the shadow mask until the thickness of the electrode reached a thickness of 100nm.  
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3.2 Device Testing 

3.2.1 Probe Station 

The finished devices were transferred into a Janis ST-500 micro-manipulated probe 

station as shown in Figure 3.5. The edges and the back of the substrates were cleaned 

using cotton swabs to avoid any shortage between the LEC devices and the station. The 

LECs devices were placed on top of the gold-plated sample stage. Thermal paste was 

applied between the device and the sample stage to ensure a suitable thermal contact and 

reduce the reflection from the sample stage. Indium metal balls were attached to the tip of 

the probe arm pin. The soft and conductive indium metal balls protect the LEC devices 

from being scratched and ensure stable connections. A LabVIEW-controlled Keithley 

237 source measurement unit was used to apply a constant bias voltage to the cells and 

simultaneously measure the resulting cell current. A UV ring light was positioned on top 

of the vacuum chamber window to provide illumination to image the photoluminescence 

of the films. A computer-controlled Nikon D300 Digital camera with a macro lens was 

used to capture images.  
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Figure 3.5 Janis ST-500 micro-manipulated probe station set up. 

 

Before conducting tests on the LEC device, the vacuum chamber was evacuated to 10-5 

Torr using a turbo pump. The devices were heated to the designated temperature by a 

Cryo Con 32B Temperature Controller. The probe arms were lowered to make contact 

with the electrodes to initiate the test once the pressure and the temperature were stable.  

3.2.2 Thickness Measurements 

The polymer film thickness was measured with a Dektek stylus profiler. The area in 

between two electrodes was scratched by using the back of a blade. As a result, the 

polymer films were completely removed without damaging the glass substrate. The stylus 

probe of the profilometer traveled perpendicular to the scratches. The thickness of the 

polymer films was determined by measuring the depth of the scratches. This process was 

repeated at least five times to calculate the average thickness of the films.   
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Chapter 4 

Effects of Salt Concentration  

4.1 Introduction 

Mobile ions play critical roles in the operation of LECs. The doping of the CP occurs 

with the insertion of the mobile ions from the electrolyte once the bias voltage is applied. 

The existence of mobile ions improves the conductivity of the undoped regions which 

helps to sustain a sufficient cell current which leads to doping propagation until junction 

formation. Therefore, it is important to study the effects of salt concentration in LECs. 

For sandwich LECs, high-performance LECs typically require a very low electrolyte 

content to optimize operational lifetime. [35][36][37] A notable exception is LECs made 

with silver salt. [38] Large planar LECs have advantages to visualize the effect of salt 

concentration, however, the experimental data for such studies are still lacking. Early 

studies suggested that planar LECs could not form light-emitting p-n junctions if the salt 

concentration is below a critical value. [39][40] However, such studies did not provide a 

complete picture of how salt concentration could affect the doping propagation, cell 

current, and junction formation. In this chapter, bilayer LECs with salt concentration (in 

weight ratio) from 0.4 to 0.0125 were demonstrated and discussed. 
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4.2 Result and Discussion 

Figure 4.1 shows the time-lapsed images of a bilayer LEC tested under a temperature of 

330 K and a constant bias voltage of 25 V. The gap size between the electrodes is 2 mm. 

The SPE underlayer has a KOTf: PEO weight ratio of 0.2. MEH-PPV was used as the 

conjugated polymer.  

Figure 4.1(a) shows the photoluminescence (PL) under the illumination of a 365nm UV 

ring light. The MEH-PPV CP layer emitted uniform orange-red colored PL between the 

interelectrode gap. After applying the bias voltage, dark electrochemical p-doping started 

to grow from the anode due to heavy PL quenching. Meanwhile, faint electrochemical n-

doping started to become visible on the cathode side. The p-doped and n-doped regions 

started to propagate toward each other at a constant speed until the furthest tips made 

contact and formed a local p-n junction after 15 seconds, as shown in Figure 4.1(c). The 

p-doping and n-doping propagation came to a stop once the doping fronts met each other 

and formed a p-n junction where electroluminescence (EL) was observed. As PL 

quenching and EL started to become stronger, a continuous light-emitting p-n junction 

has become visible as shown in Figure 4.1(e). Then, the continuous line of EL began to 

shift toward the cathode and became straightened out until it reached peak current at 

about t = 180 s, as shown in Figure 4.1(g). The light-emitting p-n junction stayed in front 

of the p doping front throughout the entire shifting process. After 180 s, the brightness of 

the junction started to decrease, and the junction gradually stopped shifting as the cell 

current decreased.   
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Figure 4.1 A MEH-PPV/PEO:KOTf bilayer LEC tested under a constant bias 

voltage of 25V and a constant temperature of 330K. The images were captured 

under the illumination of a 365nm UV ring light from above.  

 

Similar experiments were repeated for bilayer LECs with KOTf: PEO weight ratio of 0.4, 

0.13, 0.1, 0.04, 0.025, 0.0125. Doping propagation and junction formation were observed 

in all devices, however, the difference in salt concentration led to a dramatic effect on 

cell current, doping propagation speed, and junction formation.  

Figure 4.2 shows the current vs. time characteristics for bilayer LECs with different salt 

concentrations tested under a constant bias voltage of 25V and a constant temperature of 

330K. All cells had an SPE layer thickness of 400 ± 40 nm and MEH-PPV layer 

thickness of 125 ±25 nm. The same general trend was observed for devices with different 

salt concentrations. 
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Figure 4.2 Cell Current as a function of time for LEC devices with different salt 

concentrations tested under a constant bias voltage of 25V and a constant 

temperature of 330K. 

 

Shortly after applying a constant bias voltage to the cells, the cell current increased 

gradually as p-doped and n-doped regions began to grow. The initial cell current is 

strongly dependent on the salt concentration as shown in red squares in Figure 4.3. Since 

the cells were tested under a constant bias voltage, the increase in current suggested that 

there was a rise in cell conductance. An sharp rise in cell current was observed when p-

doping and n-doping fronts made contact and formed a p-n junction, at which point, the 

time was determined as the initial junction formation time as shown in Appendix A and 

plotted in red dots in Figure 4.4. Upon the formation of a continuous light-emitting 

junction, the current exhibited a rapid growth until it reached the peak current. For most 
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cells, the cell current increased by at least two orders of magnitude as shown in Figure 

4.3. Both initial current and peak current display a similar trend. The currents are linearly 

proportional to the salt concentration except for the highest salt concentration of 0.4. The 

cell with a salt concentration of 0.2 had an initial current of 407nA which is 20 times 

higher compared to the cell with a salt concentration of 0.0125. This initial current ratio 

is similar to the salt concentration ratio between the cells.  

 

Figure 4.3 Initial and peak current as a function of salt concentration under a 

constant bias voltage of 25V and a constant temperature of 330K. 
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The increase in cell current suggested that conductivity of SPE is higher for devices with 

higher salt concentration. The conductivity 𝜎 can be presented as: 

𝜎 = 𝑛𝜇𝑒 

where n is the number of ions, and 𝜇 is the mobility of ions. The increase in salt 

concentration led to an increase in the number of ions which result in a higher 

conductivity. However, at high salt concentration, the increase in salt concentration led to 

a decrease in mobility, which explained the current leveling off at salt concentration of 

0.4. 

 

Alternatively, the initial junction formation times were determined by visually inspecting 

the time-lapsed images, as shown in Appendix A. The values of the two methods 

generally agree, that is, they fall within their respective range of uncertainties. The 

junction formation time was found inversely proportional to the salt concentration. 
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Figure 4.4 Junction formation time as a function of salt concentration. The junction 

formation time was determined from current vs. time characteristics and the time-

lapsed images and presented in red and blue, respectively. The methods for 

determining the junction formation times were described in Appendix A. 

 

Before the initial junction formation, the p-doping fronts moved toward the cathode at a 

constant speed. The average p-doping positions from the anode were extracted from the 

time-lapse images and plotted as a function of time in Figure 4.5. For all cells, the initial 

junction formation positions were approximately 1mm from the anode, that is, at the 

center of the 2mm interelectrode gap. However, there is one exception, which is the cell 

with a salt concentration of 0.025. The average initial junction position was 0.9mm from 

the anode caused by a jagged doping front.  
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Figure 4.5 Average p-doping position from anode as a function of time determined 

from the time-lapsed images. 

 

Except for the cell with the lowest salt concentration, which did not have a visible light-

emitting p-n junction, the average p-doping position grew linearly with time. p-doping 

speed before junction formation was determined as the slope of the average p-doping 

position vs. time plot as shown in Figure 4.6. The salt concentration and the p-doping 

speed have a significantly positive correlation. 
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Figure 4.6 p-doping propagation speed as a function of salt concentration. The 

average p-doping speed was determined as described in Appendix B. 

 

Attempts to turn on devices with a low salt concentration of 0.0125 was unsuccessful. 

Initially, the p-doping front grew slowly toward the cathode at a rate of 0.0027 mm/s, 

which is the slowest among all cells.  At t = 360s, a sharp rise in current is observed, 

which suggested a p-n junction could have formed. However, there was no visible EL 

captured by the camera. 

Upon the formation of a continuous light-emitting junction, the junction position began to 

shift toward the cathode side until the current reached the maximum. After the current 

reached the peak value, the junction position gradually stopped shifting, and the light-

emitting junction began to fade as the current decreased. However, the shift of the 

junction position is not consistent for cells with different salt concentrations. The images 
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captured at peak current for LECs with different salt concentrations are shown in Figure 

4.7(a)-(f). For the cell with the highest salt concentration of 0.4, the continuous EL 

junction shifted away from the anode aggressively until it reached the cathode. However, 

for the cell with the lowest salt concentration of 0.025, there was barely any shift in the 

junction position. The EL zone was about 1 mm from the anode which was similar to the 

initial junction formation position. The average junction positions relative to the anode 

were calculated and plotted in Figure 4.7(g). The junction position at peak current is 

proportional to the salt concentration. Since an EL zone away from the metal electrode is 

preferred in LECs due to the latter’s luminescence quenching effect, this effect has the 

potential to be utilized to optimize cell performance. 
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Figure 4.7 (a)-(f) Images taken at peak current for LECs with different salt 

concentrations. (g) Average junction position relative to the anode as a function of 

salt concentration. 
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Figure 4.8 shows the DC cell resistances between the electrodes after doping was 

initiated but before junction formation. The doped CP is highly conductive as mobile ions 

are injected and play a role of counter ions. p-doped and n-doped regions are making 

contact with both undoped CP and the SPE underlayer, which forms a parallel circuit. 

This model is simplified under the assumption that other resistance, such as contact 

resistance between the electrode and doped CP, ionic resistance from electrode migration, 

and interfacial resistance between the CP layer and the SPE layer; are ignored as they are 

not limiting resistance. [41] Since undoped CP has negligible conductance, the cell 

current is directly limited by the resistance of the SPE layer. This explains the linear 

dependence between the cell current and the salt concentration under a constant bias 

voltage. The linear relationship between current and salt concentration suggested that the 

ion mobility is not affected by the salt concentration if the salt concentration is below 0.2. 

However, at high salt concentrations, the formation of ionic bond pairs led to a decrease 

in ionic conductivity, which explains the current leveling off at high salt concentrations 

of 0.2 and 0.4. [42] This behavior was proven by the experimental measurements of the 

ionic conductivity of the PEO electrolyte.  [43][44]  



 

33 

 

 

Figure 4.8 (a) PL image showing a typical doping profile before junction formation. 

(b) A schematic showing the cross-section of bilayer cell before junction formation.  

 

4.3 Conclusion 

In this chapter, the effects of salt concentration have been visualized in bilayer planar 

LECs with a gap size of 2mm. Electrochemical doping and light-emitting EL junction 

was observed for all devices with a salt concentration higher than 0.025 under a constant 

bias voltage of 25V and a constant temperature of 330K. The cell current, doping 

propagation speed, and junction formation time were strongly dependent on the salt 

concentration in the SPE. This suggested that the performance of LECs is limited by the 

resistance of the SPE. Moreover, the junction position was found to change with the salt 

concentration. This behavior has the potential to improve the performance of LECs by 

modifying/controlling the position of the EL junction.  
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Chapter 5 

Effects of SPE Layer Thickness 

5.1 Introduction 

In the previous chapter, the effects of salt concentration were visualized in bilayer planar 

LECs. The results provided direct evidence that the performance of LECs is limited by 

the ionic resistance of the SPE layer. In addition to salt concentration, the ionic resistance 

of the SPE layer can also be limited by the thickness. The thickness of the SPE layer was 

modified by diluting the PEO: KOTf solution and varying the initial spin speed when 

casting the thin polymer layer as shown in Table 5.1. Bilayer cells with SPE layer 

thickness ranging from 770 ± 30nm to 30 ± 10 nm will be presented and discussed in this 

chapter. All devices have a 0.13 PEO/KOTf weight ratio in the SPE layer. 

Initial Spin Speed (RPM) Dilution Factor SPE layer Thickness (nm) 

1000 1 770 ± 30 

2000 1 500 ± 30 

4000 1 350 ± 20 

4000 2 100 ± 10 

4000 3 30 ± 10 

Table 5.1 Thickness of SPE layer by varying initial spin speed and solution dilution 

factor. 
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5.2 Result and Discussion 

Figure 5.1 shows the cell current as a function of time for LEC devices with different 

SPE layer thicknesses. All devices are tested under a constant bias voltage of 15V and a 

constant temperature of 330K. The current vs time curves exhibit the same shape and 

general trend similar to observations in Chapter 4.  

 

Figure 5.1 Cell Current as a function of time for LEC devices with different SPE 

layer thickness tested under a constant bias voltage of 15V and a constant 

temperature of 330K. 

 

The cell current for devices with SPE layer thickness of 770 nm and 500 nm are identical, 

suggesting that ions more than 500nm away from the CP layer did not contribute to the 

doping reaction. The initial junction formation time was extracted by fitting the current vs 

time curve in the logarithmic scale, presented in Figure 5.2. Except for the device with 
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the thickest SPE layer, the initial junction formation time is inversely proportional to the 

thickness of the SPE layer.  

 

 

 

Figure 5.2 Junction formation time as a function of SPE layer thickness. The 

junction formation times were determined from the current vs. time curves as 

described in Appendix A. 

 

Figure 5.3 shows the initial current as a function of SPE layer thickness. For cells with a 

thinner SPE layer, the initial current was found linearly proportional to the thickness, 

while a current leveling off was observed when the thickness of the SPE layer reached 

more than 500 nm. 
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Figure 5.3 Initial cell current as a function of SPE layer thickness. 

 

The position of the p-doping fronts was extracted from the time-lapse images and the 

average p-doping speed was determined and presented in Figure 5.4. For devices with a 

thinner SPE layer, p-doping fronts moved at a constant speed uniformly toward the 

cathode. As the thickness of the SPE layer increases, the cell surface became less 

uniform, which leads to more jagged p-doping and n-doping fronts. 
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Figure 5.4 Average p-doping speed as a function of SPE layer thickness. The 

average p-doping speed was determined as described in Appendix B. 

 

Figure 5.5 shows the time-lapsed images captured at the same time for cells with SPE 

layer thicknesses of 770 nm and 500 nm. The average doping front position was found 

similar at the same time. As the SPE layer went beyond 500 nm in thickness, there were 

no improvements in cell current and doping propagation speed, however, the doping 

fronts were more jagged due to a less uniform polymer film surface.  
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Figure 5.5 Time-lapsed images captured for bilayer LECs with SPE layer thickness 

of 770 nm and 500 nm.  

 

5.3 Conclusion 

In this chapter, the effects of SPE layer thickness have been visualized in bilayer planar 

LECs with a gap size of 2 mm. Electrochemical doping and light-emitting EL junction 

was observed for all devices with an SPE layer thickness between 770 nm and 30 nm 

tested under a constant bias voltage of 15 V and a constant temperature of 330 K. A SPE 

layer thinner than 500 nm led to a decrease in cell current and doping propagation speed. 

The position of the p-n junction is not thickness dependent. The results suggested that the 

conductance of the cells is proportional to the thickness of the SPE, which further proved 

that the LEC performance is limited by the resistance of the SPE layer.  
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Chapter 6 

Effects of Cation 

6.1 Introduction 

The results in Chapter 4 and Chapter 5 provided direct evidence that the performance of 

LECs was limited by the resistance of the SPE. The difference in conductance was 

achieved by modifying the amount of ions in the SPE under the assumption that the ionic 

mobility is not affected by the salt concentration or the thickness of the film. The 

conductivity of SPE is also strongly dependent on the size and mass of cations. [45] An 

early study on single layer planar LECs found that the speed of doping propagation and 

the position of the light emitting p-n junction were both strongly dependent on the size of 

salt cations. [46] In bilayer planar LECs, the ion transport is not affected by the presence 

of CPs. Similar or stronger cation effects on doping propagation is expected. In this 

chapter, bilayer LECs with different cations are demonstrated and discussed.  
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6.2 Result and Discussion 

6.2.1 Alkali Metals 

Figure 6.1 shows the current vs. time characteristics of bilayer LEC with a Li salt. Unlike 

other LEC devices, the current experienced three peaks when tested under a constant bias 

voltage. Immediately after applying a constant bias voltage of 25V, dark p-doping fronts 

started to propagate from the anode while faint n-doping was observed from the cathode. 

The furthest tips of p-doped and n-doped regions made contact after 36 seconds and 

formed an isolated light emitting p-n junction as shown in Figure 6.1(b). However, a 

sharp rise in current was not observed until 52 seconds. As the p-doped and n-doped 

regions grew in size, the current reached the first peak at t=132s, where three 

discontinuous local light emitting p-n junctions were observed as shown in Figure 6.1(c). 

Then, the cell current experienced a sudden drop until 147 seconds. As shown in Figure 

6.1(d), the position of the p-doping and n-doping front remained the same during the 

current drop. As the p-doped region started to propagate and merge, the cell current 

reached the maximum at t=213s, from where a shape drop in current was observed. 

Similarly, the position of doping fronts and the p-n junction did not move as shown in 

Figure 6.1(e)-(f). As most of the interelectrode region was doped and became dark due to 

heavy PL quenching, the cell current reached its third peak after 315 seconds. A 

continuous light-emitting p-n junction was observed right next to the cathode. The 

junction EL started to fade as the cell current gradually decreased. 
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Figure 6.1 Current vs time characteristics for MEH-PPV/PEO/LiClO4 bilayer LEC 

tested under a constant bias voltage of 25V and a constant temperature of 330K. (a)-

(h) Time lapsed images captured under the illumination of a 365nm UV ring light 

from above.  

 

Similar tests were performed for LEC devices with three other alkali metal cations; Na, 

K, and Cs. (Note that Rb device was not tested due to poor solubility in cyclohexanone 

and PEO).  
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Figure 6.2 shows the current vs. time characteristics for bilayer LEC devices with 

different alkali metal cations. Similar to other bilayer LECs devices, the same general 

trend was observed.  

 

Figure 6.2 Cell Current as a function of time for LEC devices with different alkali 

metal cations tested under a constant bias voltage of 25V and a constant 

temperature of 330K. 

 

The current experienced an sharp rise when the furthest tip of n-doped and p-doped 

regions made contact and formed local light emitting p-n junction. The initial junction 

formation times were analyzed by fitting the curve on logarithm scale and presented in 

Figure 6.3 as red squares. The initial junction formation time was also determined by 

visualizing the time-lapsed images and presented in Figure 6.3 as blue circles. The values 

of the two methods fall within their respective range of uncertainties except for the cells 

with the Li salt device.  
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Figure 6.3 Junction formation time as a function of cation radius. The junction 

formation time was determined from current vs. time characteristics and the time-

lapsed images and presented in red and blue, respectively. The methods for 

determining the junction formation times were described in Appendix A. 

 

The initial cell current is affected by the size of the cations as shown in Figure 6.4. The 

initial cell current was found to be inversely proportional to the cation radius, which 

suggests that the increase in cation size result in a drop in cell conductance. 
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Figure 6.4 Initial current as a function of cation radius under a constant bias voltage 

of 25V and a constant temperature of 330K. 

 

Similar to the observation of single layer devices with different cations, the junction 

position at peak current was found dependent on the size of the cations. The images 

capture at peak current under the illumination of a 365nm UV ring light from above for 

cells with different cations are shown in Figure 6.5. 
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Figure 6.5 Images captured at peak current for LECs devices with (a) Li salt (b) Na 

salt (c) K salt (d) Cs salt 

 

Figure 6.6 shows the average normalized junction position at peak current as a function 

of cation radius for alkali metals. Note that single-layer devices have an interelectrode 

gap size of 11mm retrieved from [46]. Bilayer devices have an interelectrode gap size of 

2mm. The junction position was extracted by visually investigating the images captured 

at peak current. Normalized junction position was calculated as the ratio between 

junction position and interelectrode gap size. For both configurations, the junction 

position was closer to the anode with increasing cation size.  
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Figure 6.6 The normalized junction position at peak current (relative to anode) as a 

function of cation radius. Bilayer data were extracted from the time-lapsed images 

of devices with 2mm gap size. Single layer data were taken from devices with gap 

size of 11mm. [46] 
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6.2.2 Transition Metals 

In addition to salts with alkali metals cations, LEC devices with transition metal cations 

trifluoromethanesulfonate salts; zinc trifluoromethanesulfonate (ZnOTf), europium 

trifluoromethanesulfonate (EuOTf), terbium trifluoromethanesulfonate (TbOTf); were 

tested under the same test conditions, which is a constant bias voltage of 25V and a 

constant temperature of 330K. However, there was no doping or any increase in the cell 

current observed. The cell with Zn salt only had an initial current of 9.1nA, whereas the 

initial current for the cell with Tb salt was approximately zero. The cell currents were 

more than two orders in magnitude smaller compared to the cells with alkali metal 

cations, which suggested that the increase in cation size reduced the conductance of the 

cells, which limited the cell current and the initialization of the doping process. 

Higher bias voltage and temperature were applied to turn on cells with larger cation sizes. 

Figure 6.7 shows the time-lapsed images captured for the bilayer LEC device with ZnOTf 

salt tested under a constant bias voltage of 100V and a constant temperature of 360K. 

Immediately after applying a constant bias voltage, dark p-doping was observed from the 

anode as shown in Figure 6.7b. The p-doped fingers started to propagate toward the 

cathode as well as in a direction parallel to the electrodes, which forms a balloon-shaped 

p-doped region as shown in Figure 6.7c. During the propagation of the p-doped region, n-

doping was not observed from the cathode. As the furthest tip of the p-doped regions 

reached the cathode, local light emitting p-n junction was formed next to the cathode as 

shown in Figure 6.7d. As the p-doped region continued to grow, red-orange colored PL 

started to fade due to PL quenching, and a continuous light emitting p-n junction was 

observed at about t=60s as shown in Figure 6.7f. The intensity of EL became stronger as 
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the cell current continued to increase until it reached its peak. There was no shift in the 

junction position after initial junction formation.  

 

Figure 6.7 Time-Lapsed images for bilayer LEC device with ZnOTf salt tested 

under a constant bias voltage of 100V and a constant temperature of 360K.  

 

Cells with Eu salt were tested under a constant bias voltage of 100V and a constant 

temperature of 360K, the time-lapsed images are shown in Figure 6.8. Dark p-doping was 

observed from the anode, however, there was no visible n-doping. As the cell current 

increased linearly, the p-doped region propagated towards the cathode until made contact. 

The PL between electrodes disappeared due to heavy PL quenching. There was no visible 

light-emitting p-n junction as the p-doped region made contact with the cathode.  

To turn on the device with Eu salt, the same device was tested under a constant bias 

voltage of 200V. By doubling the bias voltage, a sharp rise in current was observed when 
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a local light emitting p-n junction was formed. As the p-doped region continued to 

propagate toward the cathode, a continuous EL junction was formed next to the cathode.  

 

Figure 6.8 Time-Lapsed images for bilayer LEC device with EuOTf salt tested 

under a constant bias voltage of 100V and a constant temperature of 360K.  

 

Bilayer LECs with TbOTf salt were tested by increasing the bias voltage to 200V and the 

temperature to 360K. A slight increase in initial cell current was observed as the bias 

voltage was increased, however, there was no increase in current under constant bias 

voltage and no doping was observed.  
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6.2.3 Ammonium 

To further explore the effect of cations, LECs devices with ammonium 

trifluoromethanesulfonate (AmOTf) salt were tested under a constant bias voltage of 25V 

and 330K. Figure 6.9 shows the time-lapsed images captured under a constant bias 

voltage of 25V and a constant temperature of 330K. Dark p-doping grew from the anode 

and propagated towards the cathode, while no n-doping was observed. A continuous 

light-emitting p-n junction was observed as the p-doped region made contact with the 

cathode as shown in Figure 6.9f. The position of the junction was next to the cathode and 

no shift in junction position was observed.  

 

Figure 6.9 Time-Lapsed images for bilayer LEC device with AmOTf salt tested 

under a constant bias voltage of 25V and a constant temperature of 330K.  
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A single layer LEC with the same composition of AmOTf was fabricated and tested 

under the same test conditions, which is a constant bias voltage of 25V and a constant 

temperature of 330K. Figure 6.10 shows the time-lapsed images captured for a single-

layer device with AmOTf salt. Compared to bilayer devices tested under the same test 

condition, the general shape and size of the p-doped figures are similar, while for both 

configurations, n-doping was not observed. The doping propagation speed for single 

layer devices is slower compared to bilayer devices. For a single-layer device, it took 

three times longer for p-doping to reach the cathode, however, for EL was not observed 

as the p-doped region made contact with the cathode as shown in Figure 6.10e. 

 

 

Figure 6.10 Time-Lapsed images for single layer LEC device with AmOTf salt 

tested under a constant bias voltage of 25V and a constant temperature of 330K. (a)-

(d) captured under the illumination of a 365nm UV ring light from above. (e) 

captured with no additional light source. 
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The current vs. time characteristics for single layer and bilayer LEC devices with AmOTf 

salt under a constant bias voltage of 25V were presented in Figure 6.11. The single layer 

device had an initial current of 1785 nA which is twice as large compared to the bilayer 

device which had an initial current of 812 nA. For single-layer devices, the current kept 

decreasing under a constant bias voltage. The cell current of the bilayer device, however, 

experienced a shape increase upon the formation of the p-n junction and reached a peak 

current of 20 times higher in magnitude. The outperformance of the bilayer device 

relative to the single layer device suggested that the ion insertion from the SPE to the CP 

was not the limiting factor of the poor current behavior in devices with large cation size, 

which further proves that the performance of LECs were limited by the resistivity of the 

SPE. 
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Figure 6.11 Cell Current as a function of time for single layer and bilayer LEC 

devices with AmOTf salt tested under a constant bias voltage of 25V and a constant 

temperature of 330K. 

 

Ammonium cations and potassium cations are similar in size, however, LECs with 

ammonium and potassium salts had different current and doping behaviors under the 

same test conditions. Figure 6.12 shows the current vs time characteristics for bilayer 

LEC devices with ammonium and potassium salt tested under a constant bias voltage of 

25V and a constant temperature of 330K. The initial current of the ammonium salt device 

was twice as large compared of the potassium salt device; however, the peak current of 

the potassium salt device was more than one order higher in magnitude. The initial 

junction formation time was similar (~12s for ammonium, ~15s for potassium), however, 

the average p-doping speed for the ammonium salt device was about twice as fast 

because there was no n-doping observed for the ammonium device.  
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Figure 6.12 Cell Current as a function of time for bilayer LEC devices with AmOTf 

and KOTf salt tested under a constant bias voltage of 25V and a constant 

temperature of 330K. 
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6.3 Conclusion 

In this chapter, the effects of the size and the mass of cations in the SPE layer of bilayer 

LECs were visualized and investigated. Devices with different cations were fabricated 

with the same ionic concentration and tested under a constant bias voltage and a constant 

temperature. For devices with alkali metal cations, the increase in the size and the mass 

of cations led to a decrease in the initial cell current. The positions of the junction at peak 

current were closer to the anode (more centered) as the size of the cations increased, 

which provided a similar trend compared to single layer devices. Except for cells with 

lithium cations, which behaved as an outlier due to jagged doping fronts, the increase in 

the cation size caused a slower doping speed and junction formation. Similar tests were 

performed on devices with larger transition metal cations. Doping propagation was not 

observed under the same test conditions because of the decrease in the conductivity due 

to large cation sizes. Devices with Zn and Eu cations were successfully turned on with 

higher bias voltage and temperature, however, the junction positions were next to the 

cathode, and no n-doping was observed. The attempts to turn on devices with Terbium 

cations were not successful. Lastly, devices with ammonium cations were fabricated and 

tested. Even though the size of ammonium cation is similar to potassium cation; cell 

current, doping propagation speed, and junction position showed a completely different 

behavior, which provided direct evidence that the size of the cations was not the only 

factor that affected the cell behaviors.  
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Chapter 7 

Extremely Low Salt Concentration Devices 

7.1 Introduction 

In Chapter 4, the effects of salt concentration on 2mm bilayer LECs were visualized and 

discussed. The decrease in salt concentration led to a decrease in cell current, doping 

propagation speed, and junction formation time. Under the test conditions of a constant 

bias voltage of 25V and a constant temperature of 330K, devices with a salt concentration 

of 0.0125 was not successfully turned on. However, a sharp rise in current was observed 

as p-doping and n-doping fronts met, which is strong evidence that the p-n junction was 

formed. Recent studies on bilayer LECs suggested that the cell current is strongly 

dependent on bias voltage and temperature [41], which made it possible to turn on bilayer 

devices with lower salt concentrations. For sandwich cells with silver salt, devices with 

salt concentration as low as 0.0005 was successfully turned on [47], however, for bilayer 

planar cells, the lower limit for salt concentration was never investigated. In this chapter, 

2mm bilayer planar LECs with extremely low salt concentration will be visualized and 

discussed.  
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7.2 Result and Discussion 

By increasing the temperature to 360K, which is above the melting temperature of PEO, 

2mm bilayer LECs with PEO: KOTf concentrations of 100:1 and 200:1 were successfully 

turned on under constant bias voltage of 50V and 100V. EL was observed when p-doping 

and n-doping fronts met and formed a p-n junction. After the initial formation of the p-n 

junction, there was no obvious shift in the junction position. The images captured at peak 

current were displayed in Figure 7.1. 

 

Figure 7.1 Images captured at peak current for 2mm bilayer LECs devices with  

(a) PEO:KOTf concentration of 100:1 tested under a constant bias voltage of 50V  

(b) PEO:KOTf concentration of 100:1 tested under a constant bias voltage of 100V  

(c) PEO:KOTf concentration of 200:1 tested under a constant bias voltage of 50V  
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(d) PEO:KOTf concentration of 200:1 tested under a constant bias voltage of 100V.  

All images are captured under the illumination of a 365nm UV ring light from 

above. All devices are tested under a constant temperature of 360K. 

 

The current vs. time characteristics were shown in Figure 7.2. The initial current and 

peak current for devices with different salt concentrations and tested under different bias 

voltages were presented in Table 7.1. Similar to bilayer LEC devices with higher salt 

concentrations, the cell current experienced a sharp rise when the furthest tips of p-doped 

and n-doped regions made contact. The initial junction formation times were extracted 

from the time-lapsed images and by fitting the current vs. time plot in the logarithm scale. 

The values determined by these two methods generally agreed and were presented in 

Table 7.1. The junction positions at peak current were analyzed from Figure 7.1 and 

presented in Table 7.1. 
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Figure 7.2 Cell Current as a function of time for LEC devices with 100:1 and 200:1 

PEO:KOTf concentration tested under a constant bias voltage of 50V and 100V and 

a constant temperature of 360K. 
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For bilayer LECs with a salt concentration of 100:1 and 200:1, by doubling the bias 

voltages, the initial current was increased by a factor of 2, which led to a faster doping 

propagation and a faster junction formation. Cells with lower salt concentration had a 

lower cell current and a longer junction formation time, which agreed with the effects of 

salt concentration studies in Chapter 4. Moreover, the junction position at peak current 

was found close to the cathode for devices with lower salt concentrations. The increase in 

bias voltages resulted in a junction position slightly closer to the anode and a more jagged 

junction.  

 

 

PEO:KOTf 

Concentration 

(w/t %) 

Bias 

Voltage 

(V) 

Initial 

Current 

(nA) 

Peak 

Current 

(nA) 

Junction 

Formation Time 

(s) 

Junction Position 

from the anode        

(mm) 

100:1 50 847.90 36577 10 ± 2 1.087 ± 0.11 

100:1 100 1737.00 176400 4 ± 1 1.047 ± 0.14 

200:1 50 429.10 4211 16 ± 2 1.003 ± 0.09 

200:1 100 962.40 32362 6 ± 1 1.000 ± 0.15 

Table 7.1 Initial current, peak current, junction formation time and junction 

position as a distance from the anode for bilayer LEC devices with different 

PEO:KOTf concentrations and tested under different bias voltage. The junction 

formation times were determined from current vs. time curves as described in 

Appendix A. 

 

For devices with salt concentrations of 400:1, doping propagation was initiated as a 

constant bias voltage was applied, however, no EL was observed. Figure 7.3 shows the 

images captured once the doping propagation stopped. Under a constant bias voltage of 
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100V and 200V, doping propagation stopped before p-doped and n-doped regions made 

contact. Moreover, dedoping was observed at the p-doped regions close to the anode. As 

the bias voltage was increased to 400V, the p-doping front was pushed further toward the 

cathode. P-doping propagations stopped as p-doped and n-doped regions made contact 

with each other, however, no EL was observed. By increasing the bias voltage further to 

800V, the dedoping effect close to the anode was eliminated, however, no EL was 

observed as the doping fronts met each other.  

 

Figure 7.3 Images captured once the doping propagation stopped for LECs devices 

with PEO: KOTf concentrations of 400:1 under a constant temperature of 360K and 

a constant bias voltage of (a) 100V (b) 200V (c) 400V (d) 800V.  
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The average final p-doping position was extracted from Figure 7.3 and plotted in Figure 

7.4. The final p-doping position was found proportional to the bias voltage at a lower bias 

voltage. By doubling the bias voltage from 100V to 200V, the average final p-doping 

front position was doubled. At a test condition of 400V or higher, a level off in the final 

p-doping position was observed, which means the p-doping propagation stopped once the 

p-doping front made contact with the n-doped region.  

 

 

Figure 7.4 Final p-doping front position relative to the anode as a function of bias 

voltage for 2mm bilayer LECs with PEO: KOTf concentration of 400:1.  

 

Figure 7.5 shows the current vs time characteristics for devices with a salt concentration 

of 400:1 tested under different constant bias voltages. Comparing the device tested under 

200V to the same device tested under 100V, the initial current was about two times 
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higher. However, the current behavior was similar for devices tested under a bias voltage 

of 200V or higher. For all tests, the current experienced a slight rise immediately after 

applying the bias voltage. Doping propagation was initiated at the same time. As the 

current underwent an exponential drop, the doping propagation became slower and 

gradually stopped. 

 

Figure 7.5 Cell Current as a function of time for LEC devices with 400:1 

PEO:KOTf concentration tested under different constant bias voltage and a 

constant temperature of 360K. 

 

Figure 7.6 shows the initial p-doping speed as a function of bias voltage for devices with 

salt concentrations of 400:1. The initial p-doping speed of the device tested under 200V 

was two times faster than the device tested under 100V. The initial p-doping speed was 

found proportional to the bias voltage, however, the increase in initial p-doping speed 

was less significant at higher bias voltage.  
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Figure 7.6 Initial p-doping speed as a function of bias voltage for 2mm bilayer LECs 

with PEO: KOTf concentration of 400:1.  

 

From the results presented in Chapter 6, devices with sodium salt had fast doping 

propagation and higher cell current compared to devices with potassium salt, which 

means sodium salt had the potential to be turned on at low salt concentrations. Figure 7.7 

compares the current vs time characteristics between the sodium salt device and 

potassium salt device. The initial current of the sodium salt device was 5 times higher 

than the potassium salt device, however, the current underwent an exponential drop, and 

no p-n junction was formed.  
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Figure 7.7 Cell Current as a function of time for LEC devices with K and Na salts 

tested under a constant bias voltage of 800V and a constant temperature of 360K. 

The PEO:Salt concentrations were 400:1. 

 

Figure 7.8 shows the images captured after doping propagation stopped for potassium 

and sodium salt devices with 400:1 salt concentration. Despite the sodium salt device had 

a higher cell current, the doping propagation stopped before the n-doped and p-doped 

regions made contact. The final p-doping position of the sodium device is further away 

from the cathode compared to the potassium salt device.  
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Figure 7.8 Images captured once the doping propagation stopped for LECs devices 

with PEO: Salt concentrations of 400:1 under a constant temperature of 360K and a 

constant bias voltage of 800V. (a) Device with potassium salt. (b) Device with sodium 

salt. 

 

Single layer planar LECs had slower doping propagation and lower cell current compared 

to devices with bilayer structure. The lowest salt concentration single layer devices that 

were successfully turned on had a PEO: Salt concentration of 25:1. Figure 7.9 (a)-(c) 

shows the images captured at peak current for single layer LECs under different test 

conditions. Under a constant temperature of 330K, there was no increase in current or 

doping observed after applying a constant bias voltage of 25V. By increasing the 
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temperature to 360K, doping propagation was initiated, however, the p-n junction was 

not formed because the p-doped region and n-doping region did not make contact with 

each other. Higher bias voltage led to a faster doping propagation speed and pushed the 

doping front further toward the opposite electrode. Light emitting p-n junction was 

formed once the doping fronts met when 200V of constant bias voltage was applied. 

Planar LECs with bilayer structure, on the other hand, required lower temperature and 

bias voltage to be turned on. A bilayer device with the same salt concentration formed a 

continuous light emitting junction at peak current when a bias voltage of 25V was applied 

under a constant temperature of 330K.  
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Figure 7.9 Images captured at peak current for single layer and bilayer LEC devices 

with PEO: Salt concentrations of 25:1 (a) Single layer LEC tested under a constant 

temperature of 330K and a constant bias voltage of 25V (b) Single layer LEC tested 

under a constant temperature of 360K and a constant bias voltage of 25V. (c) Single 

layer LEC tested under a constant temperature of 360K and a constant bias voltage 

of 200V. (d) Bilayer LEC tested under a constant temperature of 330K and a 

constant bias voltage of 25V. 
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7.3 Conclusion 

In this chapter, bilayer planar LECs with extremely low salt concentrations were 

presented and discussed. By increasing the temperature above the melting temperature of 

PEO, 2mm bilayer LECs with PEO: KOTf concentration of 200:1 was successfully 

turned on under a constant bias voltage of 50V. The junction position was approximately 

at the center of the 2mm gap size, and there is barely any shift in the junction position 

after its initial formation. The attempts to turn on devices with 400:1 salt concentration 

were not successful. The increase in bias voltage led to an increase in the cell current and 

doping propagation speed, which pushed the doping position further toward the opposite 

electrode. However, such an increase was less significant when the bias voltage went 

beyond 200V. Under a constant bias voltage of 800V, doping propagation stopped once 

the doping front made contact, however, no EL or any increase in cell current was 

observed. Devices with sodium salt had higher cell current compared to potassium salt 

devices, however, no EL was observed because p-doped and n-doped regions never made 

contact. In summary, 200:1 PEO: KOTf bilayer planar 2mm LEC was successfully turned 

on under a constant temperature of 360K and a constant bias voltage of 50V. For devices 

with lower salt concentrations, increasing the bias voltage led to a faster doping 

propagation and a larger doped region, however, no EL was observed in these devices.  

Mobile ions play critical roles in the operation characteristics of LECs. Once the doping 

of CP was initiated, mobile ions entered the CP layer and played a role of counter ions to 

compensate the injected electronic charges. For devices with extremely low salt 

concentrations, as the ions are used up by the doping process, the absents of ions in the 
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SPE lead to an increase in cell resistance, which led to a drop in cell current and stopped 

the formation of p-n junction. 
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Chapter 8 

Conclusion 

8.1 Conclusion 

In conclusion, I carried out four studies on bilayer planar LECs to investigate the effects 

of salt concentration, salt type, SPE layer thickness, and operating parameters. All 

devices were fabricated with an SPE underlayer and a MEH-PPV CP top layer. The 

interelectrode gap was 2mm for all devices. The planar LECs were tested under a 

constant bias voltage and a constant temperature inside a vacuum chamber. The doping 

propagation was visualized by capturing time-lapsed images under the illumination of a 

365nm UV ring light from above, the cell current was measured simultaneously. 

In the study on the effects of salt concentration, all devices were tested under a constant 

bias voltage of 25V and a constant temperature of 330K. Electrochemical doping and the 

light-emitting junction were observed for all devices with a salt concentration higher than 

0.025. The salt concentration in the SPE had a strong effect on the cell current, doping 

propagation speed, and junction formation time, which proved direct evidence that the 

performance of the LECs was limited by the resistance of the SPE. In addition, after the 

initial junction formation, the junction position began to shift toward the cathode for cells 

with high salt concentrations. This effect is less significant for cells with lower salt 

concentrations. This behavior provided opportunities to improve device performance by 

controlling the position of the light emitting junction.  

In the study on the effects of SPE layer thickness, electrochemical doping and light-

emitting EL junction were observed for all devices with an SPE layer thickness between 

770 nm and 30 nm. An SPE layer thinner than 500 nm led to a decrease in cell current 
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and doping propagation speed while increasing the SPE layer thickness beyond 500nm 

did not lead to any improvement in the cell performance. The position of the p-n junction 

is not thickness dependent. The results suggested that the conductance of the cells is 

proportional to the thickness of the SPE, which further proved that the performance of 

LECs was limited by the resistance of the SPE layer. 

In the study on the cation type in the SPE, the effects of the size and the mass of cations 

in the SPE layer were visualized and investigated. For devices with alkali metal cations, 

the increase in the size of the cations result in a lower cell current, slower doping 

propagation speed, and a less significant shift of the junction position. Cells with lithium 

cations, however, behaved as an outlier due to local doping propagation. Cells with larger 

transition metal cations, on the other hand, required a higher temperature and bias voltage 

to turn on. Devices with Zn and Eu cations were successfully turned on; however, the 

junction positions were next to the cathode, and no n-doping was observed. The attempts 

to turn on devices with Terbium cations were not successful. Ammonium cations are 

similar in size compared to potassium cations, however, cell current, doping propagation 

speed, and junction position showed completely different behavior. Single layer planar 

LECs with different salts were tested and compared to bilayer devices, among all devices 

tested, bilayer devices always outperformance single layer devices. These results 

provided direct evidence that the type of cations has strong effects on the performance of 

LECs due to the change in ionic mobility, while ionic interlayer transportation was not 

the limiting factor. 

In the study on extremely low salt concentration devices, cells with PEO: KOTf 

concentration as low as 200:1 were successfully turned on. The junction position was 
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approximately at the center of the 2mm gap size, and there is barely any shift in the 

junction position after its initial formation. Cells with lower salt concentrations did not 

have sufficient ions to form a light emitting p-n junction. The increase in bias voltage led 

to an increase in the cell current and doping propagation speed, which pushed the doping 

position further toward the opposite electrode. However, such improvement was less 

significant when the bias voltage went beyond 200V. Under high bias voltage, doping 

propagation stopped after the n-doped region made contact with the p-doped region, 

however, no junction formation was observed. These results suggested that in extreme 

low salt concentration devices, as mobile ions were used up in the doping process, the 

cells were highly resistive which did not provide sufficient current for junction formation.  
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8.2 Future Work 

The studies in this thesis provided direct evidence that the performance of bilayer LECs 

is limited by the resistance of the SPE underlayer. The conductivity of the SPE can be 

improved by increasing the salt concentration or using salts with smaller cation sizes, 

however, such changes typically lead to a junction shift toward the cathode. The bilayer 

LECs have the unique advantage to visualize the effects of the SPE layer using highly 

sensitive imaging techniques. To further improve the performance of the LECs, the 

conductivity of the SPE can be improved by introducing nanoparticles into the SPE. 

Firstly, TiO2 nanoparticles can be dissolved with PEO and salt in common solvent 

acetonitrile. The maximum ionic conductivity was found with an 8% TiO2 nanofiller in 

the electrolyte. [48] In addition to nanofillers, an organic compound such as ethylene 

carbonate plays the role of plasticizer in a solid-state electrolyte. For an electrolyte 

system consisting of 20% (in wt%) EC, the conductivity was improved three times higher 

in magnitude. [49] Moreover, polypropylene carbonate because of its low degree of 

crystallinity, has the potential to improve the conductivity of the SPE. [50] However, 

because of the thermoplastic properties of PPC, the increase in conductivity is less 

significant at higher temperatures (>50°C) and gives the electrolyte fluidity at elevated 

temperatures. [51] The introduction of these compounds to the SPE has the potential to 

improve the performance of LECs and to turn on devices with lower salt concentrations.  

In Chapter 6, the effects of cations in a single layer and bilayer planar LECs were studied 

and compared. Among all the devices tested, the bilayer structure always outperformed 

single layer devices, which suggested that the size of voids in CP is greater than the size 

of the ions, and the interlayer ionic transport did not bring any limitations to the bilayer 
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devices. To expand on the studies on ionic effects, salts with different anions could be 

utilized in the SPE. By increasing the size of ions in the SPE, the limitation of the 

interlayer ionic transport could be studied.  
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Appendix A 

Finding Junction Formation Time  

Method 1: Time-Lapsed Images 

The initial junction formation time can be determined from visually investigating the 

time-lapsed images by determining the time when the furthest tips of p-doping and n-

doping fronts made contact. For example, Figure A.1 shows two continuous time-lapsed 

images capture at t = 12s and t = 15s. The time-lapsed images were captured with a time 

interval of 3 seconds. At t = 12s, p-doped and n-doped region did not make contact. The 

image captured at 15 second was determined as the first image which observed the 

contact between the furthest p-doping and n-doping tips. Therefore, the initial junction 

formation time for this device was determined as 15 ± 3 seconds. 

 

Figure A.1 Example of two continuous time-lapsed images captured under the 

illumination of a 365nm UV ring light from above. 
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Method 2: Fitting Current vs. Time Curve 

Upon the formation of p-n junction, the cell current underwent a sharp rise due to the 

flow of electronic charges. The junction formation time can be determined from current 

vs. time curve by identifying the initial time of the sharp rise. As shown in Figure A.2, 

the initial current increase was fitted in red curve, while the sharp rise in current after 

junction formation was fitted in blue curve. The initial junction formation time was found 

as the interception of these two curves. 

 

Figure A.2 Example of finding the initial junction formation time from current vs. 

time plot.  
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Appendix B 

Finding Average p-doing Speed 

Before the junction formation, p-doping propagated toward the cathode at a constant 

speed. The average p-doping position can be extracted from the time-lapsed images. As 

shown in Figure B.1, the average p-doping speed was determined by linear fitting the 

relationship between average p-doping front position and time. 

 

Figure B.1 Example of linear fitting the relationship between the average p-doping 

position and time.  
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