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Abstract 

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

devices operating on the principle of in situ electrochemical doping and the formation of a p-n 

junction. Compared to conventional polymer light-emitting diodes, LECs possess some favorable 

device characteristics, making them attractive candidates for flat panel display applications. 

However, the underlying operating mechanism of LECs has been the subject of intense scrutiny 

and debate. The extremely large planar devices demonstrated by Dr. Gao’s group offer an 

unparalleled spatial resolution for investigating the electrochemical doping process. With time-

lapse fluorescence imaging, our group has demonstrated the existence of the electrochemical 

doping and the p-n junction in an operating LEC. However, the LEC electronic structure has 

never been adequately studied and understood. In this thesis, the original research on the 

electrical and optical scanning measurements on extremely large planar LECs is described. 

A fresh LEC film has, for the first time, been turned on to form a light-emitting p-n 

junction by biasing a pair of probes that form direct contacts with the LEC film. The quasi-one-

dimensional probe tips allow insight into the electrochemical doping mechanism, without being 

disturbed by imperfections in the pre-deposited electrodes. Time-lapse fluorescence imaging has 

exhibited p- and n-doping of various shapes and shades, p-n junction electroluminescence, and 

the effects of bias reversal. The observed doping reaction kinetics suggests that n-doping is 

reaction-limited whereas p-doping is diffusion-limited. Furthermore, the electric potential and 

conductivity distributions of extremely large planar LECs have been mapped. The results show 

that the p-doping is more conductive than n-doping. More importantly, The results provide the 

first evidence that the p-n junction is indeed a graded one with decreasing conductivity and 

doping concentration from the electrode contact to the metallurgical junction. In addition, the 

optical beam induced current (OBIC) measurement has been explored to map the built-in electric 
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field of extremely large planar LECs. This result clearly shows that a large electric field exists 

only around the junction region rather than in the electrode region. Moreover, the result confirms 

that the LEC electronic structure is a graded p-n junction. 
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Chapter 1 

Introduction 

1.1 Background 

Since current rectification was first observed at the point of contact between metals and 

semiconductors in 1874,(1) semiconductors have been intensively studied and developed for their 

unique electrical and optical properties. Intrinsic semiconductors usually have a low electrical 

conductivity which can be dramatically increased by doping. The novel functionalities of doped 

semiconductors have spurred their wide application in various solid state electronic and 

optoelectronic devices, such as light emitting diodes (LED),(2) solar cells,(3) and transistors.(4) 

Typical semiconductor devices are normally constructed with a junction structure, such as a 

homojunction formed between n-doped and p-doped semiconductor bulks.(5) The junction 

structure is responsible for the small dimension, light weight, and low power consumption of the 

device.(6) Therefore, junction theory is considered as the physical foundation of semiconductor 

devices.  

After a century of development, around sixty major semiconductor devices have been 

invented and they are the building blocks of the modern electronic industry.(6) The 

semiconductor industry has developed into the biggest global industry and semiconductor devices 

have widely affected our lives: they are found in PCs, cell phones, auto electronic systems, and 

countless other systems which are part of our everyday lives. According to the Semiconductor 

Industry Association (SIA), global semiconductor revenues were $226.3 billion in 2009 and will 

exceed $274 billion in 2010.(7) 

At the end of the twentieth century, environmental issues became a worldwide concern. 

Since then, new materials have been exploited to achieve novel solid state devices with less 
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power consumption, lower cost, and easier fabrication. Due to their easier low-temperature 

processing and lower cost, much attention has been paid to organic semiconductors. Anthracene, 

a small organic molecule, was first studied in the late 1930s and showed semiconductor 

properties.(8) This new class of organic semiconductors initially exhibited very poor performance 

and stability. Therefore, in the following half century, scientists continued attempting 

improvements in synthesis and processing of novel materials. However, the application of organic 

materials, either organic small molecules or polymers, to semiconductor devices developed very 

slowly. The breakthrough came when scientists demonstrated the first organic small molecule 

based LED (OLED) (9) and the first polymer LED (PLED) (10) in 1986 and 1990, respectively. 

Subsequently, organic solar cells,(11) organic photodiodes,(12) and organic field-effect 

transistors (OFETs) (13) were also demonstrated. These devices have attracted intensive scientific 

and technical interest due to their unmatched properties: flexibility, ease of fabrication, and low 

cost. The prospect of commercial products based on these devices is now greater than ever. In a 

little over twenty years since the discovery of the first organic LED, an increasing number of 

commercial organic electronic devices have been put on the market. The global organic 

electronics market is expected to reach $34 Billion by 2015.(14) 

Although OLED and PLED are considered analogues to LED, their construction and 

operation are quite different. The former are constructed with a metal-insulator-metal (MIM) 

structure and the latter has a junction structure. During the operation of OLED and PLED, a DC 

voltage bias is applied to the device and electrons and holes are injected into the active layer from 

cathode and anode, respectively. The injected electrons and holes meet in the bulk of the film and 

undergo radiative decay to emit light. OLED and PLED are based on undoped and highly 

resistive organic semiconductor materials.(15) Therefore, compared with LED, they show some 

undesirable device characteristics, such as extreme sensitivity to device thickness and electrode 
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work function.(15) These limitation are intrinsic to all organic and polymer light-emitting devices 

and can not be easily circumvented. A promising remedy is to utilize both doped and undoped 

properties of the organic or polymer materials in the same device. A novel device which applies 

this concept is the polymer light-emitting electrochemical cells (LECs).(16) The LEC represents a 

unique approach to form the first organic junction device and achieves high EL efficiency and 

low operating voltage. Unlike any other organic and polymer LEDs, LECs are insensitive to the 

film thickness and electrode materials. During past years, the study of this thesis has focused on 

the understanding as well as the optimization of these unique devices and the main objective of 

this dissertation is to elucidate the physics and chemistry involved in LECs.  

1.2 Inorganic Semiconductors and P-N Junctions 

Semiconductors are materials whose conductivity is in between that of metals and 

insulators. The conductivity of these materials can be varied over orders of magnitude by changes 

in temperature, optical excitation, and impurity content. Inorganic single crystal semiconductors 

have been abundantly used in electronic and optoelectronic solid devices due to their superior 

charge carrier mobility. The creation of the p-n junction in these inorganic single crystals is the 

cornerstone of modern electronics. This section gives a brief introduction to inorganic single 

crystal semiconductors and the p-n junction in these semiconductors. 

1.2.1 Energy Bands 

In physics, band theory is used to describe the state of electrons of a crystalline inorganic 

solid. In this theory, the lattice structures of materials primarily determine their energetic 

structures. As isolated atoms are brought closer to form a solid, important changes occur in the 

electron energy level configuration. For example, as two identical atoms are brought close 

together, the doubly degenerate energy of electronic state will split into two levels as a result of 
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interatomic coulombic interaction. If one considers N isolated atoms brought together, there will 

be N split energy levels. In a solid, N is on the order of 1023, so that the split energy levels form 

essentially continuous bands of energies. Since each atom has many electronic states (e.g., 

1s22s22p63s23p2 for a silicon atom), real solids have many bands and any near two of which are 

separated by an energy gap.   

At 0 K, electrons fill in the energy states from bottom to top. The lowest empty band is 

called the conduction band (CB) and the highest full band is called the valence band (VB). The 

energy gap (Eg) between conduction and valence bands is an important parameter of a 

semiconductor which distinguishes it from metals and insulators. In metals, the highest occupied 

energy band is only partially filled (sometimes due to the overlap between CB and VB). There are 

empty states available for the electrons to move into and experience acceleration under electric 

field. As a result, current conduction can readily occur in metals. The conductivity of metals is on 

the order of 104-106 S/cm. Unlike metals, both semiconductors and insulators have bandgaps.(17) 

The difference between semiconductors and insulators lies in the size of the bandgap. The 

relatively small bandgap of semiconductors (e.g., Eg=1.1 eV for silicon) allows for the excitation 

of electrons from the valence band to the conduction band by a reasonable amount of thermal or 

optical energy. In contrast, the large bandgap of insulators (e.g. Eg=5.0 eV for diamond) leads to a 

negligible amount of thermal excitation and explains the low conductivity at room temperature 

typically ranging from 10-18-10-8 S/cm. 

1.2.2 Intrinsic Semiconductors 

A perfect semiconductor crystal without any impurity or lattice defect is called an intrinsic 

semiconductor. In an intrinsic semiconductor based on the element from Group IV, each atom 

shares its four valence electrons in the outer orbit with its four nearest neighbors. The bond 
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formed by sharing electron pairs is called a covalent bond. At 0 K, electrons in semiconductors 

are not available for conduction due to the covalent bonding. As temperature rises from 0 K to 

room temperature, thermal vibration can break some covalent bonds and the resulted free 

electrons can contribute to current conduction. Electrons which are thermally excited across the 

bandgap to the conduction band leave behind vacancies with positive charges in the valence band 

are called holes. The electrons in the otherwise empty conduction band and the holes in the 

valence band both contribute to the electrical conductivity of semiconductors at room temperature. 

Holes and electrons always drift in opposite directions under electric field. 

1.2.3 Doping in Semiconductors 

In addition to intrinsic charge carriers generated thermally, it is possible to create charge 

carriers by purposely introducing impurity in an otherwise perfect crystal. This process is known 

as doping. For example, a silicon atom can be replaced by an atom from either Group V (e.g. 

Phosphorus) or Group III (e.g. Boron); the former has five valence electrons and the latter has 

three valence electrons. When a phosphorus atom substitutes a silicon atom, it forms four 

covalent bonds with neighboring silicon atoms and its fifth valence electron is “free” due to the 

relatively small binding energy to the phosphorus atom. This free electron is easily free to CB by 

thermal excitation and can contribute to the electrical conduction. This doping increases the 

number of electron charge carriers and is called n-type doping. In n-type doping, the doping 

atoms are called donors. When a boron atom replaces a silicon atom, three covalent bonds are 

formed between the boron atom and neighboring silicon atoms with one electron missing in the 

fourth covalent bond. When the boron dopant is ionized by accepting an electron from a 

surrounding silicon atom, a hole is created in the valence band. This type of doping is called p 

doping and the doping atoms are called acceptors. 
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Doping usually creates an energy level corresponding to the impurity material (dopant) 

within the bandgap of the host semiconductor. Depending on the position of the impurity energy 

level relative to the band edges, doping may induce a significant number of electrons in the 

conduction band (n-type doping) or holes in the valence band (p-type doping) (Fig. 1.1). If the 

impurity energy level is very near the conduction band, very little thermal energy is required to 

excite these electrons to the conduction band with the impurity functioning as electron donors. At 

about 50-100K, virtually all electrons in the impurity level are excited to the conduction band, 

and extrinsic electron concentration can be precisely controlled by tuning the donor content. Thus 

semiconductors doped with a significant number of donor atoms will have much more extrinsic 

electrons than intrinsic charge carriers at room temperature. Semiconductors with electrons as the 

majority charge carriers are n-type semiconductors. If the impurity level is very near the valence 

band, electrons are readily excited to the impurity level leaving behind holes in the valence band. 

In this process, the impurity is functioning as an electron acceptor. The corresponding 

semiconductors with holes as the majority charge carriers are p-type semiconductors.   

Ed
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(a) (b)
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EV

 

Fig. 1.1 Energy band model of dopants in semicondutors: (a) n doping; (b) p doping. 
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The concentration of charge carriers is a very important parameter for studying electrical 

properties of semiconductors and analyzing device behavior. In solids, the electron distribution 

obeys Fermi-Dirac statistics:  

                                                      
   

1

1 fE E kT
f E

e



                                                       (1.1) 

where k is Boltzman’s constant, T is absolute temperature, and Ef is the Fermi level. This 

expression gives the probability that an available state with energy E will be occupied by an 

electron at temperature T.(15) The concentration of electrons in the conduction band is then given 

by 
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c
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n f E N E dE


 
                                                    (1.2) 

where Ec is the bottom of conduction band, Nc(E)dE is the density of states in the energy range 

dE for the conduction band. The hole concentration in the valence band is similarly given by  

                                                 
[1 ( )] ( )

v
vE

p f E N E dE


 
                                                 (1.3) 

where Nv(E)dE is the density of states in the energy range dE for the valence band. The above 

two equations point to the same fact that the Fermi level is a reference point in the calculation of 

charge carrier concentration. In other words, the Fermi level varies as a function of charge carrier 

concentration. For n-doping, more electrons are created in the conduction band and Ef rises. For 

p-doping, more holes are generated in the valence band and Ef descends. 

1.2.4 P-N Junction 

The Fermi level is very helpful when one considers the junction between n- and p-doped 

regions of the same semiconductor, two different semiconductors, or a semiconductor and a metal. 

When two materials form intimate contact and are able to exchange electrons freely, there is no 
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net charge transfer in equilibrium state. That is, for each energy level E, transfer of electrons from 

material 1 to 2 is cancelled by the transfer from 2 to 1. The mathematical expressions describing 

the transfer rate are  

                                          1 2 1 1 2 2( ) ( ) ( )[1 ( )]R N E f E N E f E                                          (1.4) 

                                          2 1 2 2 1 1( ) ( ) ( )[1 ( )]R N E f E N E f E                                          (1.5) 

where N1(E) and N2(E) are the density of states at energy E for material 1 and 2 respectively, (17) 

Fermi-Dirac distribution functions are 

   1
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                                                              (1.7) 

By letting R1→2= R2→1, we have  

1 2 1 1 2 2( ) ( ) ( )[1 ( )]R N E f E N E f E    = 2 1 2 2 1 1( ) ( ) ( )[1 ( )]R N E f E N E f E       (1.8) 

which results in f1(E)= f2(E), that is, Ef1=Ef2. Thus, for a system in equilibrium a very useful 

property is that no discontinuity or gradient can arise in the Fermi level Ef. 

The concept of a p-n junction can be illustrated by a “thought experiment” (shown in Fig. 

1.2) in which the separate n-doped and p-doped regions of a semiconductor are brought into 

contact. Before contact, the n region has more electrons with Ef at a higher level than the p region 

while the p region has more holes with a lower Ef level. After contact, the large charge carrier 

concentration gradients induce diffusion. Electrons in the n region diffuse to the p region leaving 

behind donor ions Nd
+ (positive charges). Holes in the p region diffuse to the n side leaving 

behind acceptor ions Na
-(negative charges). The donor ions left behind in the n region and the 

acceptor ions left behind in the p region build up an electric field which is directed from n to p. 
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The system has a net current coming from the diffusion of charge carriers; the electron diffusion 

current is added up to the hole diffusion current. However, the net current becomes smaller and 

smaller because that the built-in electric field drives electrons and holes in the direction opposite 

to that of the diffusion force. Eventually, the drift current (i.e., the electric current which is due to 

the built-in electric field) cancels the diffusion current for each charge carrier, that is, 

Jp(drift)+Jp(diff.)=0 and Jn(drift)+Jn(diff.)=0, and the system reaches at equilibrium state with no 

net current.  



0qV

 

Fig. 1.2 “thought experiment” of forming a p-n junction: (a) two isolated blocks of n-type and p-

type semiconductors and their energy bands. (b) the junction formed by the n and p blocks and its 

energy band structure. 

 

The electric field only exists in the junction region W where the space charges (Nd
+ and 

Na
-) are located, while the bulk region is considered to be space charge free and have a zero field. 

The junction region W is also known as the transition region and its width depends on doping 

concentration and the electric field. The electric field determines the number of uncompensated 

donor and acceptor ions in the region. The potential difference across the transition region is 
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called contact potential or built-in potential V0. Since the Fermi level is aligned after contact, the 

contact potential should be exactly the difference in Fermi level before contact. 

Under external bias, the applied voltage changes the electrostatic potential barrier at the 

junction and the electric field in transition region. A forward bias, which is positive on the p 

region relative to the n region, raises the electrostatic potential on the p region and lowers the 

electrostatic potential barrier at the junction to V0-Vf where Vf is the forward bias (Fig. 1.3). A 

reverse bias Vr lowers the electrostatic potential on the p region and increases the electrostatic 

potential barrier at the junction to V0+Vr (Fig. 1.3). The change in the electrostatic potential 

barrier leads to a change in the electric field at the junction. The electric field will decrease with 

forward bias and increase with reverse bias. As a result, the junction region shrinks under forward 

bias and expands under reverse bias.  

0qV  0 fq V V
 0 rq V V

 

Fig. 1.3 Illustration of the energy band diagram in a p-n junction under (a) 0 bias, (b) forward bias, 

and (c) reverse bias. 

 

The current through the junction under external bias is the sum of the diffusion and drift 

current. Diffusion currents stem from majority electrons in the n region surmounting the potential 
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barrier V0 at the junction to diffuse to the p region and holes in the p region surmounting the 

barrier to diffuse to the n region. Only electrons with sufficient energy can diffuse from the n 

region to the p region. However, at zero bias, these high energy electrons are rather limited in 

accordance to the Fermi-Dirac distribution function, leading to a very small diffusion current. The 

same applies to holes. This explains the small diffusion current at equilibrium. Under forward 

bias, the potential barrier at the junction is reduced to V0-Vf. More electrons in the n region and 

holes in the p region have sufficient energy to overcome this barrier and diffuse to the other sides. 

Therefore, the diffusion current can be quite large with forward bias. On the other hand, under 

reverse bias, the potential barrier is increased to V0+Vr and fewer electrons have sufficient energy 

to overcome this barrier. Thus the diffusion current is negligible with reverse bias.  

The drift current comes from the minority electrons in the p region swept down by the 

electric field in the transition region to n side and holes in the n region swept down to the p region. 

Since only thermal generated electrons or holes within diffusion length, Ln for electrons and Lp 

for holes, can diffuse to the transition region, the drift current is limited by the number of 

electrons swept down the transition region per second rather than how fast an individual electron 

can be swept. Here, diffusion length means the average distance traveled by a charge carrier 

before its recombination. The limited supply of minority charge carriers within the diffusion 

length leads to a very small drift current which is insensitive to the potential barrier at the 

junction.  

At equilibrium, the diffusion current cancels the drift current denoted by I0 for 

convenience. Under forward bias, the voltage Vf  increases the probability that a charge carrier 

diffuse across the junction by a factor of fqV kTe .(15) Under reverse bias, the probability is 

reduced by the same factor of rqV kTe . Hence, the diffusion current is given by 0
qV kTI e , where V 
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is positive with forward bias and negative with reverse bias. The total current through the junction 

is given by the diffusion current minus the drift current, i.e.,  

 0 1qV kTI I e  .                                                                   (1.9) 

In many calculations, the transition region W is assumed to be completely depleted of free charge 

carriers and space charges are due only to the uncompensated donor and acceptor ions, and the 

region outside W is neutral. Under this depletion approximation, the drift current is given by 

                                                     0 p n p n p nI qA D p L D n L                                           (1.10) 

where Dp and Dn are hole and electron diffusion coefficients respectively, and pn and np are the 

minority hole concentration in the n region and minority electron concentration in the p 

region.(17) 

There is no current at zero voltage since the diffusion current cancels the drift current. 

When a forward bias is applied, the current increases slightly with a small increase in the voltage 

from 0 V. After the voltage exceeds the potential barrier (e.g., 0.6 V for Si) of the junction, the 

current increases rapidly. However, under a reverse bias, only a small current (I0) can flow which 

is caused by either charge carriers in the junction or the minority carriers diffuse to the junction. 

This current density is usually only about 1 μA/cm2 for silicon junctions. It will not increase with 

increasing bias until the diode breaks down, at which point, the current increases greatly. 

 Most p-n junctions can be approximated by either an abrupt junction or a linearly graded 

junction depending on the impurity profiles. A p-n junction is typically obtained by diffusing p-

type impurities into an n-doped semiconductor, or vice versa. When the impurity diffusion is 

shallow, a rather steep dopant profile typically forms as shown in Fig. 1.4 (a). For deeply diffused 
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junctions, a linearly graded approximation is usually acceptable: impurity concentration is 

gradually varied from one region to another (Fig. 1.4 (b)).  

 

Fig. 1.4 Illustration of the p-n junction in thermal equilibrium: (a) space charge distribution of an 

abrupt junction; (b) space charge distribution of a linearly graded junction; (c) electric field 

distribution of an abrupt junction; (d) electric field distribution of a linearly graded junction. (17) 

 

To a good approximation, one can neglect the contribution of the carriers to the space 

charge. Then, the electric field distribution within the depletion region can be deduced from 

Poisson’s equation: 

                                                            ( )d a

dE q
N N

dx 
                                                       (1.10) 
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For the abrupt junction, one can assume complete ionization of the impurities. Then the electric 

field distribution can be described by the followed two equations and the profile is shown in Fig. 

1.4 (c).  

                                                   d

dE q
N

dx 
         (0 < x < xn)                                               (1.11) 

                                                   a

dE q
N

dx 
      (-xp < x < 0)                                                 (1.12) 

For the linearly graded junction, one can assume:  

                                                          d aN N Gx                                                                  (1.13) 

where G is a constant determined by the net impurity gradient. Then 

                                                         
dE q

Gx
dx 

                                                                       (1.14) 

Therefore, the electric field distribution is parabolic and shown in Fig. 1.4 (d). 
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Fig. 1.5 Band diagram of a light-emitting diode under forward bias. 
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The basic inorganic LED is essentially a p-n junction diode made of direct bandgap 

semiconductors such as crystalline GaAs and GaAsxP1-x.. Injection of minority charge carriers 

occurs under forward bias, causing radiative recombination in the vicinity (within one diffusion 

length on each side) of the junction. The electrode/semiconductor contacts are ohmic, achieved 

by heavy doping at the semiconductor surfaces. The band diagram of a p-n junction under 

forward bias is shown in Fig. 1.5. 

1.3 Polymer Semiconductors and Light-Emitting Diodes 

The creation of the p-n junction in inorganic single crystal semiconductors is at the heart 

of modern electronics. Conjugated polymers, which are insulators or semiconductors in their 

intrinsic state and become highly conductive once chemically or electrochemically doped, are a 

competitive alternative to traditional inorganic semiconductors due to their flexibility, ease of 

fabrication, and low cost.(10, 18) To achieve a true polymer analog of an inorganic p-n junction 

has been an important target since the birth of conjugated polymers in the 1980s. A very 

promising approach to achieving stable polymer p-n junctions is polymer light-emitting 

electrochemical cells (LECs), which were first presented in 1995. (19) In this section, conjugated 

polymers, PLEDs, and LECs will be briefly introduced.  

1.3.1 Conjugated Polymers 

Plastics are useful materials in modern society with perhaps the widest range of 

applications among all materials. Plastics are used to make various products: from household 

items such as containers, plastic wraps, the packaging of electronic devices, toys, and clothing, to 

construction materials such as automobile and airplane interior furnishing, and medical supplies. 

The wide range of use can be attributed to the excellent mechanical properties of plastics—
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flexibility, strength, and minimal light. On the other hand, common plastics are not optically and 

electrically interesting apart from the fact that they can be made transparent and are effective 

insulators. This is why plastics are used as insulation for electrical wires.  

In the late 70s a new class of plastics, the so-called conjugated polymers, emerged, and 

they have forever changed one’s perception of plastics. A classic example of the conjugated 

polymer is polyacetylene, whose chemical structure is shown in Fig. 1.6. In polyacetylene each 

carbon atom forms three tight σ bonds with neighbouring carbon atoms and a hydrogen atom.(20) 

The remaining valence electron is in the Pz orbit, which is perpendicular to the σ bonds. The 

overlap of the Pz orbits between neighboring carbon atoms forms the so-called π-bonds which are 

delocalized along the polymer backbone.(21) Therefore electrical transport can occur along the 

polymer chain (intrachain transport) or between different polymer chains (interchain 

transport).(22-24) 

       

Fig. 1.6 The molecular structure (left) and molecular orbitals (right) of polyacetylene. 

  

A significant discovery is that the conductivity of conjugated polymers can increase by 

millions or billions of times when the polymer is chemically or electrochemically doped,(25) 
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much like the effect of doping on traditionally inorganic semiconductors. Moreover, like many 

direct bandgap inorganic semiconductors,(17) some conjugated polymers are also luminescent.  

1.3.2 Optical Processes in Conjugated Polymers 

In conjugated polymers the interaction between pz orbitals lead to lower energy 

symmetric states (π-orbitals) and higher energy asymmetric states (π*-orbtials).(26) The energy 

level splitting between the highest occupied molecule orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO) defines the energy gap (Eg). Please refer to Fig. 1.7 for a relevant 

example. Here, HOMO and LUMO are analogous to the top of the valence band and the bottom 

of the conduction band in inorganic semiconductors, respectively. Conjugated polymers’ π-π* 

energy gap typically range between 1.5~3 eV which gives the material semiconductor properties.  

 

Fig. 1.7 The relative energy levels of the σ and π orbitals of the polymers. 

 

In addition to electronic states, there are also a series of vibrational energy levels 

associated with each electronic state because the atom in a molecule can also vibrate around the 

bonds. This is shown in Fig. 1.8, which also illustrates the main optical processes involved upon 

the absorption of photons.  
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Fig. 1.8 Schematic energy diagram showing the pathways for recombination of singlet excitons in 

conjugated polymers.(26) 

 

When the luminescent conjugated polymer is illuminated with photons of energy larger 

than the energy gap Eg, electrons are promoted from ground state to singlet excited state (Fig. 1.8). 

These electrons then quickly relax (10-13 sec-timescale or faster) to the bottom of the excited 

electronic state by vibrational transition. Finally, the electron goes back to the ground state from 

the lowest vibrational level of the excited state. The energy released in the last step can be either 

in the form of light, or in the form of heat. In the radiative (light-emitting) process, the energy of 

the emitted photon is always lower than that of absorbed light because of the vibrational 

transition. Therefore, a red-shift of emission spectrum from absorption spectrum is expected. The 

peak wavelength separation between absorption and emission spectra is commonly called Stoke 

shift (Fig. 1.9).(27) 
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Fig. 1.9 Illustration of stokes shift in polymers 

 

A luminescent molecule can be excited by either absorbing a photon (photoexcitation) or 

by passing an electrical current, as shown in Fig. 1.10.(26) Light emission induced as a result of 

photoexcitation is called photoluminescence (PL); and light emission caused by electrical 

excitation, with the exclusion of incandescence, is called electroluminescence (EL). In both 

processes, the radiative decay is directly preceded by the formation of excitons, which are 

electron-hole pairs bound by coulomb attraction. However, only the singlet exciton is formed in 

photoexcitation, but both singlet and low-energy triplet excitons are created in electrical injection. 

Since the transition between a triplet state (excited state) and a singlet state (ground state) is spin 

forbidden, EL process is less efficient than PL process.  



 

 20 

 

Fig. 1.10 Exciton formation from a) photoexcitation and b) injected carriers 

 

In some cases radiative transition between a triplet state and ground state does occur, 

resulting in the so-called phosphorescence. Materials possessing phosphorescence are usually 

called phosphor, but can result in triplet-triplet annihilation if directly used in PLED to achieve 

phosphorescence. A very effective strategy is to disperse the phosphorescence dye such as Pt-

porphyrine into a conjugated polymer host to harvest both singlet and triplet emission by the 

energy transfer (Foster or Dexter) from the host to the guest.(28) This method greatly reduces 

triplet-triplet annihilation and therefore allows for EL efficiency as high as approximately 90 

percent of the PL efficiency.(29) 

 

Fig. 1.11 Molecular Structure of PPV 

 

Although polyacetylene is the first demonstrated conjugated polymer, it is not 

luminescent because its ground state is degenerate. Excitations in polyacetylene lead to soliton-
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antisoliton pairs which do not produce photons upon recombination.(30) The first conjugated 

polymer used in PLEDs is poly (phenylenevinylene) (PPV) (see Fig. 1.11) whose optical bandgap 

is 2.37 ev (523nm).(31) PPV and its derivatives have been the most popular luminescent 

polymers used in PLEDS.(10) 

1.3.3 Doping of Conjugated Polymers 

Although commonly referred as semiconducting polymers, the conductivity of pristine 

conjugated polymers is as low as that of an insulator due to the weak overlap of molecular 

orbitals and intermolecular electron exchange.(27) Typically, the conductivities of pristine 

conjugated polymer are between range 10-10 and 10-5 S/cm. However, the conductivity of 

conjugated polymers can be increased by many orders of magnitude by the intentional 

introduction of dopants (shown in Fig. 1.12). The dramatic increase in conductivity in doped 

conjugated polymer is similar to the effect of doping on inorganic semiconductors. However, the 

underlying mechanisms are very different.  

 

Fig. 1.12 Conductivity levels of some doped polymers comparing with that of some inorganic 

materials.(25) 
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In inorganic semiconductors, such as silicon, n- or p- type doping takes place when a 

silicon atom in the lattice which covalently binds to neighbouring atoms in the lattice is 

substituted by an electron donor (e.g., phosphorus) or electron acceptor (e.g., boron) atom, 

respectively.(17) In this process, only very small percentage of substitutional dopants can 

dramatically increase the conductivity several orders of magnitude. For example, if Si is doped by 

0.1 ppm As, the conductivity of Si increases about 40000 times.(17) After doping, the material 

becomes a n-type or p-type semiconductor depending on the dopant type. However, in conjugated 

polymers, n- or p- type doping is caused by the oxidation-reduction processes in which the dopant 

ions are incorporated into the polymer and compensate the electronic charges on the polymer 

chains. To achieve a high conductivity, several percentages of the monomer units of the polymer 

must be doped by the adjacent interstitial dopants.  

 

Fig. 1.13 The formation of polaron and bipolaron in a non-degenerate comjugated polymer. 

 

Most conjugated polymers have a non-degenerate ground state. The charge carriers in 

such polymers, either injected or contributed by dopants, are called polarons.(32-34) A polaron is 

an electronic charge, which can be both positive and negative, trapped by a local structure 
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distortion induced by itself. The polaron is associated with a localized electronic state within the 

bandgap due to a local upward shift of HOMO and downward shift of LUMO. A polaron is a 

fermion with spin 1/2. Upon further doping, it is sometimes energetically favorable to form the 

so-called bipolaron which is doubly charged and spinless, instead of two separate polarons.(34) 

PPV and its derivative are the most widely studied conjugated polymers with a non-

degenerate ground state. The simple depiction of doping-induced formation of polarons and 

bipolarons is shown in Fig. 1.13. An intermediate state termed ‘neutral polaron’ is formed when 

an electron is shifted to a dangling p orbital, leaving a radical cation and rearranging the carbon 

bonds from previously benzoid to quinoid form (Fig. 1.14).(35) Because a single defect is 

energetically unfavorable, the system prefers to form two defects. If an electron is added to or 

removed from one of the dangling p orbitals the resulting defect is a negative or positive polaron. 

If the electron addition or removal occurs at both defect sites the resulting defect is bipolaron. 

These defects create new energy levels in the bandgap. As the doping level increases, the polaron 

levels begin to form a polaron band which is partially filled and thus electrically conducting. 

However, due to the disorder of the conjugated polymer, the charge carriers tend to be highly 

localized. As a result, charge transport primarily occurs through hopping. 

 

Fig. 1.14 Molecular structure of the PPV repeate unit in (left) non-doped (benzoid) and (right) 

doped (quinoid) form. 
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Conjugated polymers can be doped either chemically or electrochemically. Generally 

speaking, the doping level in chemical doping is quite hard to control although it is an efficient 

and straightforward process. To solve this problem, electrochemical doping was invented.(36) In 

electrochemical doping, the electrons and holes are injected into the polymer from the electrodes 

when a sufficiently large voltage bias is applied. At the same time, cations and anions from the 

electrolyte are inserted between the polymer chains to compensate the injected electronic charges. 

The voltage bias precisely determines the doping level at electrochemical equilibrium. If the time 

is long enough for the system to reach the electrochemical equilibrium, any doping level can be 

achieved by setting a fixed applied voltage. An example of the redox processes in electrochemical 

doping of conjugated polymers is shown in the following: 

1. p-type  

(π-polymer) + A−→ (π-polymer)+A−+e-            (A− : a monovalent anion) 

2. n-type  

(π-polymer) +e-+ C+→C+(π-polymer)−              (C+ : a monovalent cation) 

 

The principle of electrochemical doping was utilized to demonstrate a polymer light-

emitting electrochemical cell in which the luminescent polymer is electrochemically p- and n- 

doped to form a light-emitting p-n junction. 

1.3.4 Polymer Light-Emitting Diodes (PLEDs)  

EL, as described above, can be generated by applying electrical current through the 

conjugated polymer. The most popular polymer light-emitting device is the polymer LED. 

Despite many similarities, a polymer LED is fundamentally different from an inorganic LED in 
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terms of its operating mechanism. Polymer LEDs are metal-insulator-metal (MIM) (see Fig. 1.15) 

diodes since the active polymer layer is not intentionally doped in the sense of chemical or 

electrochemical doping. When a sufficient voltage bias is applied between the pair of electrodes, 

electrons and holes are injected into the LUMO and the HOMO of the luminescent polymer, 

respectively. The injected positive and negative charge carriers travel toward one another, driven 

by the concentration gradient and/or the external electric field. Electroluminescence occurs when 

electrons and holes collide and recombine radiatively in the bulk of the polymer film. Unlike in a 

p-n junction, EL in a PLED can take place in the entire polymer bulk as thick as 20 m.(37) EL 

maximum occurs where the product of electron concentration and hole concentration is the 

largest in such a “bimolecule” recombination process. Near the electrode interfaces, however, the 

EL is very weak or nonexistent due to the disassociation of excitons by electrode quenching 

effect.  

 

Fig. 1.15 MIM structure (left) of PLEDs and schematic band diagram (right) of a PLED under the 

forward bias.  

 

Drawing from the comparison above, it is obvious that the efficient and balanced 

injection of charge carries at the metal electrodes (as opposed to the injection of minority charge 
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carriers across a p-n junction) is crucial for efficient PLED operation. Charge carrier injection at 

the electrode/polymer interfaces of a PLED typically involve Richardson-Schottky (RS) 

thermionic emission and/or Fowler-Nordheim (FN) tunneling (shown in Fig. 1.16). (38) 

 

Fig. 1.16 Two mechanisms for charge injection in a PLED: Richardson-Schottky thermionic 

emission (a) and Fowler-Nordheim (FN) tunneling (b). 

 

In FN tunneling, charge carriers tunnel through the potential energy barrier directly into 

the empty states in the semiconductor. The current density jFN is described as: 

                                                              2
B

E
FNj AE e


 ,                                                          (1.15) 

where A = q3/8πhΨ and 

1 3

2 28 (2 )

3

m
B

hq

  
 , here, q is the electron charge, h the Planck constant, 

m* the effective mass of the carrier, E the applied electric field, and Ψ the barrier height at the 

electrode contacts. It is generally considered that the FN tunneling current is insensitive to 

temperature in the high field region.(39) In thermionic emission, charge carriers acquire enough 

thermal energy to overcome the potential barrier at the interface. The current density jRS is 

described by 
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where A* is the Richardson constant, T the temperature, k the Boltzmann constant 

and
3

04

q


 . Note this is Richardson’s law corrected for the Schottky effect. 

Both FN and RS currents are very sensitive to the height of the potential energy barrier, 

and lower energy barrier is highly desirable for efficient injection. Hole injection to the HOMO of 

the luminescent polymer requires the use of electrode with a high work function. Indium tin oxide 

(ITO) is the most commonly used anode material because of its relatively high work function (4.7 

eV) (40) and its transparency in the visible spectrum. More efficient hole injection can be 

achieved by inserting a layer of p-doped conductive polymer, such as poly (3, 4-

ethylenedioxythiophene) –poly (styrenesulfonate) (PEDOT- PSS), polyaniline- camphorsulfonic 

acid (PANI-CSA), or polypyrrole-dodecyl-benzene sulfonic acid (PPY-BDSA) between the ITO 

electrode and the luminescent polymer.(41-45) Similarly, efficient electron injection can be 

achieved through the use of low work function metals. Magnesium and calcium have been shown 

to dramatically increase the efficiency of PLEDs,(46, 47) however, low work function metals are 

very reactive and the devices cannot be operated in air without careful encapsulation. In addition, 

work function matching becomes difficult with increasing energy gap. 

When the injection barrier is negligible, the current flow in a PLED is space-charge 

limited and extremely sensitive to the polymer film thicknesses. An ultra-thin film on the order of 

100 nm is a common feature of most PLEDs in order to achieve sufficient current flow and EL. 

Such a thin film is very prone to pinhole defect, degradation and PL quenching due to the close 

proximity of the electrodes. 
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These problems associated with a PLED are intrinsic to all metal-insulator-metal (MIM) 

structures. In 1995, Pei et al. invented the polymer light-emitting electrochemical cell (LEC) 

which offers an alternative approach to achieve EL from luminescent polymer.(16) An LEC is the 

true analogue of a conventional p-n junction LED with many desirable device characteristics 

suitable for display and lighting applications.    

1.4 Polymer Light-Emitting Electrochemical Cells (LECs)  

In an LEC, the active material is a mixed ionic-electronic conductor consisting of a 

luminescent conjugated polymer and a solid-state polymer electrolyte containing ion conductive 

polymer (typically poly (ethylene oxide) (PEO)) and molecular salt (such as Li triflate). The 

operation of an LEC involves in situ electrochemical doping and the formation of a light-emitting 

p-n junction,(16, 48) which is illustrated in Fig. 1.17. Upon the application of a sufficient voltage 

bias (greater than Eg/e, where Eg is the bandgap of electroluminescent polymer and e is 

elementary charge), electrons and holes are injected into the polymer film from the cathode and 

anode, respectively and the luminescent polymer near the cathode/anode is reduced/oxidized. The 

solvated free ions from the polymer electrolyte redistribute under the influence of applied electric 

field until they are inserted between the reduced/oxidized polymer segments to compensate the 

electronic charges. This leads to electrochemical p-doping near the anode and n-doping near the 

cathode. The p- and n-doped regions expand toward each other until they meet to form a p-n 

junction, where the injected electrons and holes recombine and emit light.  
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Fig. 1.17 Schematic illustration of electrochemical junction formation in an LEC 

 

Because doped polymer is highly conductive and tends to form ohmic contact with 

electrodes, an LEC has more balanced and efficient charge carrier injection. As a result, an LEC 

typically exhibits low light emission turn on voltage (<4 V) and high external quantum efficiency 

(~ 4%) even when air-stable electrodes are used.(48) For the same reason, the LEC performance 

is relatively insensitive to the energy gap of the luminescent polymer and the thickness of the 

polymer layer.(48-57) 

Over the past ten years, LECs have been demonstrated with different luminescent 

polymers, such as poly (phenylene vinylenes) (PPVs), (16, 58) polyfluorenes,(57, 59) 

polythiophenes,(60, 61) and poly-p-phenylene (PPP) derivatives.(54, 62-64) The effects of 
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varying ion-conducting materials and salts have also been studied.(65-67) In addition, single-

component LECs based on luminescent polymers with pendent ion-solvating groups have been 

demonstrated.(58, 68-70) Furthermore, the junction structure of an LEC has been studied using 

various electrical and optical characterization techniques, which include optical beam induced 

current (OBIC),(71) AC impedance,(72) and electro- absorption measurements.(73)  

Despite possessing many attractive device characteristics, an LEC also suffers from 

serious drawbacks caused by the electrochemical doping process itself. For instance, the 

operational lifetime of an LEC is typically very short (no more than a few hundred hours) due to 

the irreversible degradation of the luminescent polymer when it is “overdoped” during continuous 

operation.(58) Furthermore, the response time of an LEC is typically low, ranging from seconds 

to minutes.(55, 58, 74) This is because the electrochemical doping process and the formation of a 

light-emitting junction are rate limited by the slow ionic motion. In addition, a fully formed 

junction begins to relax once the applied voltage bias is removed. These drawbacks are common 

to all “dynamic-junction” LECs operated at room temperature, and make LECs unsuitable for 

display and lighting applications.   

1.4.1 Frozen Junction LECs 

Although the response time of an LEC can be improved by controlling the phase 

morphology of the polymer blend,(51, 55, 63) the ultimate solution to all the drawbacks 

associated with a dynamic-junction LEC is to create a stabilized p-n junction which does not 

relax once it is formed. Gao et al. first demonstrated this type of device by first turning on the 

LEC at room temperature, and then freezing the junction by cooling the device to well below the 

glass transition temperature (Tg) of the polymer electrolyte.(74-77) This is possible because the 

ion transport in a polymer electrolyte is enabled by the chain segmental motion of the ion 
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transport polymer, which ceases at temperatures below Tg of the ion transport polymer. The 

cessation of segmental motion of the polymer chain immobilizes the ions, creating a “frozen-

junction” LEC with a static doping profile.  

The operation of a frozen-junction LEC involves only fast electronic processes just like a 

PLED. As a result, frozen-junction LECs exhibit sub-microsecond response time and good 

stability even when driven by a large voltage bias. In addition, a frozen-junction with a stabilized 

p-n junction can operate as a photovoltaic cell. A large (>1 V) and reversible open circuit voltage 

has been measured from the original frozen-junction LECs, independent of the work function 

difference of the electrodes.  The challenge for frozen-junction LECs is to achieve frozen-

junction operation at room temperature, which requires the use of polymer electrolyte with high 

Tg. 

1.4.2 Planar LECs 

While the unique LEC characteristics can be consistently explained by in situ 

electrochemical doping and the formation of a light-emitting p-n junction,(16, 58) the dynamic 

doping process itself and its effects have not been adequately studied and thus, cannot be fully 

understood. The LEC is insensitive to device thickness. This means LECs can work in both a 

conventional sandwich configuration as well as a planar configuration with a large interelectrode 

spacing. Fig. 1.18 illustrates the planar LEC configuration, in which two electrodes are deposited 

either on top of the active emitting layer on a substrate or directly on the substrate with the active 

emitting layer deposited on top. The planar configuration allows for straightforward 

investigations of the film during operation since no top electrode blocks the view of the active 

material. It is well known that electrochemical doping not only leads to conductivity increase, but 

also changes the absorption spectrum of LEC films by introducing new energy states within the 
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energy gap of the luminescent polymer.(78) The optical effect of doping offers a unique 

opportunity to investigate the electrochemical doping processes by fluorescence imaging.  

 

Fig. 1.18 The typical structure of the Planar LEC. 

 

The first planar LECs were demonstrated with 15 μm interelectrode spacing to investigate 

the location and width of the p-n junction (shown in Fig. 1.19).(16) Although the interelectrode 

spacing was 30 times larger than that of sandwich devices, the device still had the same low turn-

on voltage as the sandwich device, and one 1-3 μm junction close to anode was obtained. Even 

so, planar LECs had rarely been used as a tool to study the complex LEC processes.(71, 79, 80) 

One reason is that their relatively small interelelectrode spacing, which can only offer limited 

spatial and temporal resolution for imaging. More importantly, in this study, the absence of 

fluorescence imaging strongly limited this tool’s power to study the dynamic doping in LECs. In 

2003, our group first demonstrated planar LECs with millimeter interelectrode spacing (shown in 

Fig. 1.19).(81) The extremely large devices can be turned on by simply applying a large initial 

driving voltage (up to a few hundred volts) and/or increasing the operating temperature (up to 50 

degrees above room temperature). The large initial voltage bias is due to the large series 

resistance of the undoped polymer film. Increased temperature has been shown to greatly improve 

the ion mobility and thus reduce the turn-on time of the device. Once the device has been turned 
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on, light emission can be observed at voltages close to the bandgap of the polymer even at 

cryogenic temperature (200 K).(82) The devices have been directly imaged with a digital camera.  

     

Fig. 1.19 (left) Image of 15 m PPV planar LECs with interdigitated gold electrodes. With 4 V 

applied across each pair of electrodes, the yellow-green emission can be seen.(16) (right) Images 

of a working 1.5 mm MEH-PPV planar LEC at 310 K under 365 nm UV illumination. Time since 

a 140 V bias was applied (a) 8 min; (b) 13 min; (c) 18 min; (d) 43 min.(81) 

 

More importantly, fluorescence imaging under UV illumination reveals significant PL 

quenching by p-doping and subtle but visible n-doping. P- and n-doping are initiated from the 

electrode interfaces, and propagates at a near constant rate until a light-emitting p-n junction is 

formed.(83) No EL was ever detected without a p-n junction being formed. These observations 

strongly support the initial electrochemical model proposed by Pei et al. for LEC operation. In 

addition, the negligible doping propagation rate at 200K, as evidenced by a static doping profile, 

also directly confirms that the dynamic p-n junction can indeed be frozen at temperatures below 

the glass transition temperature of the polymer electrolyte.(82) 

1.4.3 Extremely Large Planar LECs 

The millimeter planar LECs are superior to the micrometer planar LECs in terms of ease 
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of fabrication. More importantly, much larger interelectrode spacing offers much higher spatial 

and temporal resolution for fluorescence imaging the dynamic doping processes and transient 

phenomena. In 2006, Dr. Gao’s group demonstrated the world’s largest planar LECs with 11 

millimeter interelectrode spacing and imaged the doping processes of LECs in these devices 

(shown in Fig. 1.20).(84)  

An 11mm planar LEC containing Eu triflate salt was fabricated, tested, and imaged under 

UV illumination. Before the application of voltage bias, the composite polymer film exhibits a 

strong PL from the luminescent polymer (MEH-PPV) as shown in Fig. 1.20 (a). A voltage bias of 

800 V was then applied to the device at 340 K and photographs were taken at every 30 seconds. 

Immediately (<30s) doping-induced PL quenching could be seen to appear near the 

electrode/polymer interfaces and the doped (PL quenched) regions continue to expand into the 

undoped part of the film (Fig. 1.20 (b) and (c)). The PL quenching is a manifestation of in situ 

electrochemical doping, which creates additional energy states within the bandgap of the 

polymer.(78) N-doping induced PL quenching is also highly visible in this device, which is, 

however, nearly indistinguishable in smaller planar MEH-PPV cells.(83) P-doping apparently 

propagates at a faster speed and quenches the PL more strongly than n-doping, which has been 

consistently observed in our MEH-PPV based planar devices.  



 

 35 

 

Fig. 1.20 Photographs of a MEH-PPV: PEO: Eu(III)(CF3SO3)3 planar LEC with an interelectrode 

spacing of 11 mm. The device is kept at 340 K and under 365 nm UV illumination. (a) Image 

taken before the voltage bias was applied. Time since an 800 V bias was applied:  (b) 1.5 min, (c) 

2.5 min, (d) 4 min,  (e) 7.5 min, and (f) 6.5 min with UV illumination turned off.(84) 

 

The doped regions expand rapidly until the sharp tips of p- and n-doped regions meet to 

form isolated light-emitting junctions as shown in Fig. 1.20 (d). Eventually, a continuous EL 

emission zone is formed between the bulk p- and n-doped regions (Fig. 1.20 (e)). The existence 

of EL is verified by imaging without any illumination (Fig. 1.20 (f)) and the emission zone is 

highly uneven with a large peak-to-peak variance (~ 2 mm). The intriguing doping and EL 

phenomena observed in this 11 mm planar LEC clearly demonstrate the complex nature of LEC 

process as well as the advantage of the extremely large planar LEC imaging in elucidating the 

underlying mechanism.  
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1.5 Motivation and Organization 

Although LECs have been demonstrated for over a decade, many fundamental questions 

still remain unanswered. For example, which side of the junction is more conductive, p or n? 

What is the built-in electric potential distribution across the p-n junction? Is the doping in p- and 

n-region uniform? What is the rate-limiting factor determining the doping propagation speed 

(bulk-limited or injection limited)? In fact, even the fundamental LEC operating mechanism had 

been a subject of debate. Although the initial LEC model based on electrochemical doping is 

consistent with many experimental observations, an alternate argument had been proposed which 

attributes all the device characteristics of LECs to the effects of ionic space charge. In this 

electrodynamics model, solvated ions accumulate at the polymer/electrode interfaces driven by 

voltage bias and small movements of the ions introduce large electric fields that greatly reduce 

the energy barriers to charge injection. Ohmic contacts are obtained and carrier injection becomes 

much easier. The resulting large concentration of electrons and holes at cathode/polymer and 

anode/polymer interfaces induce the electron/hole diffusion towards the film centre. When they 

meet in the bulk of the device, they recombine radiatively to emit light. In this model, the 

luminescent polymer is not doped, and there is no p-n junction formed during operation.  

Although the electrochemical doping model has been supported by plenty of experimental 

results in the past decade,(16, 71, 83) the electronic nature of the doped region and the p-n 

junction is not quite clear. The work on this thesis mainly focused on the underlying mechanism 

of LECs. By putting two biased metallic probes into direct contact with an LEC film at 

approximately 5 mm, it was clearly imaged that the electrochemical doping processes and the 

strong electroluminescence between the two probes. The quasi-one-dimensional probe tips offer a 

chance to study the doping profiles without any possible rough electrode edge effects. The results 

showed dramatically different patterns of n- and p- doping under forward and reverse bias, 
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suggesting a very different doping kinetics. N-doping and p-doping were modeled with various 

models. All relevant results will be introduced in chapter three. The electric potential profile and 

conductivity distributions in extremely large planar LECs were first measured by two-probe 

mapping technique. The results demonstrated with great clarity that a graded p-n junction exists 

in an LEC and the p-doped region is more conductive than the n-doped region, which was 

expected to be more heavily doped. This work is presented in Chapter four. The built-in electric 

field distribution in LECs was also mapped by the optical-beam-induced-current (OBIC) 

measurement. This is the first time to apply OBIC measurement to a millimeter planar LEC with 

a completely frozen junction. The junction was also clearly observed through a fluorescence 

imaging. The comparison of the OBIC measurement to the fluorescent imaging will be introduced 

in Chapter five. 
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Chapter 2 

Literature Review 

2.1 Recent Progress in the Study of Extremely Large Planar LECs 

The millimeter planar devices and the frozen junction approach are the most powerful 

techniques for the fundamental study on LECs. While the frozen junction significantly improves 

the response speed and the operation stability of LECs, the millimeter planar devices provide 

unparalleled temporal and spatial resolution for optical imaging. By combining these two 

techniques together, a wealth of results on LECs have been reported and the key results are 

reviewed below in this Chapter. 

2.1.1 Doping Relaxation and P-I-N Junction 

Fluorescence imaging of extremely large LECs strongly manifested in situ 

electrochemical doping as the fundamental operating mechanism of LECs. However, an 

important question still remains: what is the nature of the homojunction formed in an LEC when 

the propagating p- and n-doping finally meet. In the first LEC papers the homojunction was 

referred to as a p-n junction without the support of direct experimental evidence. In 1998, a 

theoretical study suggested that the junction in an LEC might be a graded p-n junction or even a 

p-i-n junction because the motion of ions under bias would create intrinsic regions depleted of 

counterions and thus lack of doping.(85) The high spatial and temporal resolution afforded by the 

11 mm planar LECs provides a direct answer to this question (shown in Fig. 2.1).(84) 

An 11 mm planar LEC was turned on under an 800 V bias at 340 K, as shown in Fig. 2.1 

(a) and (b). When EL was observed, the voltage bias was removed and the device was let to relax. 

Fig. 2.1 (c) shows the doping profile immediately (~5 s delay) after the voltage bias was turned 

off. This clearly demonstrated that the junction between p- and n-doped regions was sharp, 
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without an “intrinsic” region displaying less PL quenching. This suggests the junction is indeed a 

p-n junction within the limit of our camera resolution. The strong PL quenching in both p- and n-

doped regions as well as the lack of an intrinsic region severely limit EL efficiency of the device. 

In these large planar devices, the PL quenching in the p-doped region is nearly 100% as the film 

turns black upon the formation of a p-n junction. In the n-doped region, the PL quenching is 

estimated to be at least 80% by relative PL measurement. In this case, the EL efficiency of an 

LEC is severely limited by the doping-induced PL quenching despite many beneficial effects of 

doping.  

 

 

Fig. 2.1 Photographs of an 11 mm planar LEC at 340 K. The LEC film has the composition of 

MEH-PPV: PEO: LiCF3SO3 (5:5:1 by weight); time since an 800  V bias was applied: (a) 40 s 

and (b) 116 s. Time since the 800  V bias was removed: (c) <4 s, (d) 16 s, (e) 22 s, and (f) 32 s.(84) 
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However, a more efficient p-i-n junction can indeed form in an LEC by simply removing 

the voltage bias when the device was fully turned on and a light-emitting p-n junction was 

established. This is caused by the highly uneven relaxation process. Initially, the intrinsic region 

was very narrow as shown in Fig. 2.1 (d) and the continuous relaxation of the doping profile 

made this region wider and wider as exhibited in Fig. 2.1 (e) and (f). During the relaxation 

procedure, no change was observed in the p-doping region, but the n-doping front can be seen to 

recede rapidly away from the junction, leaving a widening "intrinsic" region with significantly 

less PL quenching between p- and n-doped regions. The relaxation process occurs initially at the 

p-n junction and then propagates toward the electrodes without immediately affecting the contact 

characteristics. This suggests that one can overcome the adverse PL quenching by partially 

relaxing a p-n junction to create a more efficient EL emission zone while maintaining ohmic 

contacts. The formation of a p-i-n junction by controlled doping relaxation has been exploited by 

our group to achieve a 400 percent increase in EL efficiency in a 0.6 mm planar "frozen-junction" 

LEC.(86) 

2.1.2 Lifetime Study of Planar Frozen junction LECs 

Although electrochemical doping offers LECs many attractive characteristics, it also 

leads to some drawbacks, such as short operational lifetime and slow response speed, which 

strongly limit the practical application of LECs. These drawbacks can be overcome by freezing 

the electrochemical doping and dynamic p-n junction at extremely low temperatures, i.e., frozen 

junction LECs. However, the lifetime and degradation of frozen-junction LECs had never been 

characterized in detail. Recently, our group has systematically studied the lifetime of 0.6 mm 

planar LECs.(87) Two seemingly minor factors, the end group of the same polymer (MEH-PPV) 

and the type of substrates, have been demonstrated to have profound effects on the stability of 

these devices when operated at 200 K. The results clearly revealed that the device made with 
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DMP-terminated MEH-PPV was more stable than the device made with POSS-terminated MEH-

PPV (Fig. 2.2 (a)). Moreover, the devices made on glass substrates were more unstable than those 

built on sapphire substrates due to accelerated doping relaxation.  

 

Fig. 2.2 (a) The molecular structures of DMP-terminated MEH-PPV and POSS-terminated MEH-

PPV; (b) Time evolution of EL intensity for identical 0.6 mm frozen-junction LECs stressed at 

various currents at 200 K.(87)  
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The accelerated doping relaxation on glass substrates is caused by self-heating due to the 

poor thermal conductivity of glass. It was evidenced that the doping relaxation can even be 

observed at temperatures below the glass transition temperature of PEO. The doping relaxation is 

characterized by the enhancement of EL intensity and driving voltage when the device is stressed 

with constant current. The enhanced EL is a result of the emergence of a less PL quenched 

intrinsic region between p- and n- doped regions, while the increased driving voltage is due to the 

resistance increase accompanying the doping relaxation. To achieve an authentic lifetime of 

LECs without being disturbed by doping relaxation, LECs based on DMP-terminated MEH-PPV 

were fabricated on sapphire substrates and stressed under various currents at a frozen junction 

temperature of 200K. All devices were remarkably stable (shown in Fig. 2.2 (b)) and a half-life of 

approximately 700 hours has been estimated at a stress current density of 1 A/cm2. 

2.1.3 Voltage and Temperature Dependence of Doping Propagation 

To form the foundation for the device lifetime study, our group also investigated voltage 

and temperature effects on electrochemical doping speed.(81) In this study, a group of 2 mm 

planar LECs were turned on under various constant voltages at different temperatures, and the 

turn-on processes of these devices were time-lapse imaged under UV illumination. The positions 

of the p-doping frontier, i.e., the average distance between the p-doping frontier and anode, were 

extracted from the consecutive images and plotted as a function of time. The slopes of the linear 

curves, i.e., the average doping propagation speed, were obtained and used to work out the 

dependence of the doping propagation speed on the turn-on voltage and temperature. 

Fig. 2.3 shows the positions of p-doing frontiers as a function of elapsed time since 

applying a constant voltage of 200 V at various temperatures. As seen, the positions of p-doping 

frontiers were essentially linearly dependent on time at all temperatures, indicative of a constant 
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propagation speed, and the propagation speed increases with temperature. The average doping 

propagation speeds were plotted as a function of inverse temperature, as shown in the inset of Fig. 

2.3. The result reveals that doping speed superexponentially increases with operating temperature 

at a fixed voltage of 200 V. The significant temperature dependence of doping propagation speed 

underscores the importance of the operating temperature in the turn-on process of LECs. The 

faster LEC turn-on at elevated temperatures is attributed to the temperature-dependent ion 

mobility and conductivity. Recently, Edman et al demonstrated that a 1 mm planar LEC can be 

successfully turned on by applying only 5V at 360K.(70)  

 

Fig. 2.3 Average distance between p-doping frontier and anode as a function of time for a group 

of 2 mm planar devices operated at different temperatures under 200 V bias. The solid lines are 

linear fits to the data. The inset shows the logarithmic p-doping propagation rate vs. inverse 

temperature. The solid line represents an exponential fit to the data.(81) 
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Fig. 2.4 shows the doping propagation speeds at 320K as a function of applied voltage 

bias. Obviously, the doping propagation speed increases linearly with the applied bias. The 

intercept of the linear fit with the voltage axis is the minimum voltage to initiate the 

electrochemical doping in this 2 mm planar device at 320 K. However, the extracted minimum 

voltage is much larger than the theoretical value of 2.1 V (Eg/e), which is mainly because a large 

portion of the voltage bias drops across the massive and resistive bulk. The dependence of doping 

speed on operating voltage and temperature explains why the planar LECs with an interelectrode 

spacing of 11 mm can be easily turned on by using a high voltage of 800V at an elevated 

temperature of 340K. 

 

Fig. 2.4 Doping propagation rate vs. applied voltage bias for a group of 2 mm planar devices 

operated at a fixed temperature of 320 K. The solid line represents a linear fit to the data.(81) 
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2.1.4 Effects of Electrode Work Function 

The operation of LECs involves the electrochemical doping so that LECs are much less 

sensitive to the electrode material than LEDs. Therefore, there have been very few investigations 

on how electrode composition affects LEC performance. However, recently, our group found that 

the electrode materials can strongly affect the device performance.(88) The doping profiles of 

LECs with various electrode configurations clearly demonstrates that doping profile/speed, 

emission zone shape/location, and electroluminescence are all strongly affected by the choice of 

electrode materials (Fig. 2.5).  

 

Fig. 2.5 The Doping Profile of Six 1 mm Planar LECs (MEH-PPV:PEO:LiTf). Imaged under UV 

illumination. Electrode configurations are as follows: (1) Au-Au, (2) Ca-Ca, (3) Al-Al, (4) Ag-Ag, 

(5) Au-Ca under forward bias (Au wired positive), and (6) Au-Ca under reverse bias (Ca wired 

positive). Images are shown 18 seconds after the application of a 250 V bias with the exception of 

device (6), which is shown after 48 seconds, due to its exceptionally slow doping-propagation 

speed.(88)  
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The variation in doping profiles is attributed to the different barrier heights at the 

polymer/electrode interfaces that determine the ease of the electronic charge injection into the 

polymer film. This argument is especially true when the polymer is un-doped or lightly doped 

when the p- and n-doping have not met yet. In other words, an optimized asymmetric electrode 

can significantly enhances both electron and hole injection and improve the overall performance. 

As a result, Au-Al asymmetric electrode configuration offers LECs a fast response, a smooth and 

centred emission zone, and high efficiency. 

2.1.5 Effects of Cation Size 

The study has revealed that cations, which exist in the polymer film from the solvation of 

the salt, can significantly affect the doping profile and the relative doping propagation speed.(89) 

In this study, five 11 mm planar LECs were fabricated with various alkali perchlorates and all the 

devices were turned on under a bias of 800 V at a temperature of 340 K. The average emission 

zone positions when the light-emitting junction was just formed were extracted and plotted as a 

function of the ionic radii of the cations, as shown in Fig. 2.6. The emission zone position was 

found to shift dramatically toward the centre of the device with increasing cation size. In other 

words, planar LECs made with rubidium or cesium perchlorate have more centred emission zone 

than others due to their relatively large cation size. In addition, LECs with a more centred 

emission zone display higher electroluminescence efficiency and better current stability. This 

effect is attributed to the cation size and mass, which affects the ionic mobility and the relative 

doping propagation speed. For most salts used, the anion sizes are much larger than that of 

cations, so large cations are always favorable to achieve balanced ionic mobility and doping 

propagation speed. 
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Fig. 2.6 EL emission zone position versus cation radius when the light-emitting junction was 

initially formed. All Al/MEH-PPV:PEO: XClO4/Al planar LECs were driven by an 800 V bias at 

a temperature of 340 K.(89) 

 

2.1.6 Crown Ether Based LEC  

Although PEO is the most popular solvating polymer used in LECs, it has many 

drawbacks such as a crystalline phase and insolubility in most solvents used for conjugated 

polymer. To overcome these drawbacks, Dr. Gao’s group attempted to realize planar LECs based 

on large crown ether (shown Fig. 2.7 (a)), which can dissolve the molecular salt by forming 

exceptionally stable complexes with small alkali metal ions.  



 

 48 

 

Fig. 2.7 Time Evolution of a 0.56 mm planar LEC with the configuration of Au/MEH-

PPV/Crown ether/LiTf/Ca. This device was operated at 330 K with a 1000 V applied bias. 

Images 1-5 were taken under UV illumination, while 6 was taken under room light in order to 

reveal the electrodes. 1) The device prior to the application of a voltage bias and the inset is the 

structure of crown ether; 2) 24 seconds after bias application; 3) 36 seconds; 4) 480 seconds; 5) 

1080 seconds; 6) 1200 seconds. 

 

Fig. 2.7 shows the turn-on process of crown ether based LECs with asymmetric 

electrodes (Ca-Au). As seen, the LEC film exhibits a homogenous morphology as compared to 

conventional LECs with PEO as the ion solvating polymer, and the resulting doping propagations 

are highly uniform with a rather smooth emission zone. On the other hand, the crown ether based 

LECs were very difficult to turn on and a quite large voltage bias had to be applied. It is worth 



 

 49 

noting that the crown ether based LECs with symmetric electrodes cannot be even fully turned on, 

pointing to the same fact. In addition, crown ether can not be applied to cesium devices because 

cesium is too large to fit in the planar ether ring. 
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Chapter 3 

Experimental Methods 

In this chapter, experimental details for LEC device preparation and characterization will 

be introduced. Polymer semiconductor devices have attracted intensive scientific and industrial 

interest partially due to their ease of fabrication in comparison with inorganic semiconductor 

devices. An LEC can be easily fabricated through the spin casting process for fabricating LEC 

film and thermal evaporation technique for depositing metal electrodes in our glove-

box/evaporator system. To get higher spatial and temporal resolution for imaging the doping 

process, extremely large planar LECs with the electrode spacing of approximately 4 or 11 mm 

were fabricated for this research. The test of pre-formed devices was performed in a Janis ST-500 

micron-manipulated cryogenic probe station. It is the first time to apply the probe station to the 

study on electrical characteristics of polymer devices. Various unique electrical probing 

measurements with micrometer resolution under vacuum were carried out.  

3.1 LEC solutions 

3.1.1 Materials 

An LEC typically consists of three components: a luminescent polymer, an ion-solvating 

polymer, and a molecular salt. The former serves as an electronic conductor and light emitter (as 

indicated by the name). The latter two constitute a polymer electrolyte which provides and 

transports free ions for the electrochemical reaction involved in the LEC’s operation. The 

luminescent polymers used in our lab are provided by American Dye Source Inc. The ion-

solvating polymer and molecular salts are purchased from Aldrich or Alfa Aesar companies. All 

materials are used as received without further purification. Among the vast variety of conjugated 

polymers, Poly (phenylene vinylene) (PPV) and poly [5-(2’-ethylhexyloxy) -2-methoxy-1,4- 
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phenylene vinylene] (MEH-PPV) are perhaps the most popular ones. PPV was the first 

luminescent conjugated polymer successfully used in LEDs. Its application is, however, 

significantly limited due to its insolubility in common organic solvents. MEH-PPV, a derivative 

of PPV, has good solubility in many organic solvents and largely extends the application of 

conjugated polymers in LEDs.(90) MEH-PPV has an energy bandgap of 2.1 eV with an orange-

red light emission spectrum. The molecular structure of MEH-PPV and its PL 

(photoluminescence) and absorption spectra are shown in Fig. 3.1. The properties of MEH-PPV 

have been thoroughly explored in past decades, which render it a good reference material to study 

device physics. MEH-PPV with a molecular weight of 0.5 M is used as the luminescent polymer 

throughout this research.  

 

Fig. 3.1 (left) The molecular structure of MEH-PPV and (right) its absorption (blue) and 

photoluminescence (PL) (orange) spectra of solid films.(91) 

 

Polymer electrolytes were discovered and extensively studied in the early 1970’s due to 

their potential application in batteries.(92, 93) To date, one popular polymer electrolyte is a 

composite of PEO (poly (ethylene oxide)) with metal ions  (Fig. 3.2), in which the PEO chain has 

an ideal spacing between the oxygen groups for cation solvation and good flexibility for 

coordination with various ions due to the lack of double bonds.(94) At temperatures above the 
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glass transition temperature (Tg= 206 K), the polymer chains are capable of strong segmental 

motion, allowing the oxygen on the segment to continuously build and break the coordination 

with cations, that is, ion conduction. In this work, PEO with a molecular weight of 100 K or 2 M 

is used as the ion conducting polymer and either trifluoromerhanesulfonate salt (LiTf, NaTf, and 

KTf) or alkali (Li, Na, K, Rb, and Cs) perchlorate salt is used to provide ions (Fig. 3.2). The 

previous study shows that salts with larger cations (e.g., Rb+ or Cs+) give more balanced p- and n- 

doping propagation speeds in the LEC turn-on and more centred emission zone results.(89) The 

LECs based on larger cations also display higher electroluminescence efficiency and better 

current stability due to a reduced probability of exciton quenching by the metal electrodes. For 

these reasons, the large cation salt CsClO4 is used in this work. 

 

Fig. 3.2 Molecular structures of the constituent materials of the solid state electrolyte used. 

3.1.2 Solutions 

Luminescent polymers are typically non-polar. On the other hand, polymer electrolytes 

are strongly polar and soluble in water. As a result, there is a limited choice of common solvents 

that can dissolve both the luminescent polymer and the polymer electrolyte. For this work, a 

common solvent, cyclohexanone, is used to create LEC solutions. 
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The solids of the constituents are separately weighed in air using a Scientech SA-80 

digital analytical balance with 0.1 mg accuracy and then transferred into the glovebox in which 

the LEC solutions are prepared. The solutions of luminescent polymer and polymer electrolyte 

are prepared separately to create two master solutions. MEH-PPV is dissolved in cyclohexanone 

at a concentration of 10 mg/ml. Then, PEO and salt with a weight ratio of 5:x (depending on the 

salt used) is dissolved in cyclohexanone at a concentration of 50 mg (PEO content) /ml. Both 

master solutions are stirred and heated at 50 C for at least two days. LEC solutions are, finally, 

created by mixing suitable amounts of the two master solutions, so that the solutions always 

contain the same amount of MEH-PPV and PEO (by weight). The polymer blend solutions are 

then stirred and heated for at least 24 hours at 50 C before use. 

3.2 Device Fabrications 

3.2.1 Inert Atmosphere 

Luminescent polymers and their electronic devices are very sensitive to oxygen. For 

example, photo-oxidation can remove the double-bond in MEH-PPV so that the polymer 

conjugation length is reduced.(95) Polymer electrolytes, on the other hand, are hygroscopic, 

meaning the LEC films are highly sensitive to moisture. To eliminate the detrimental effects of 

oxygen and water, the LEC solution and device preparation is carried out in a double glovebox 

system under a nitrogen atmosphere. The water and oxygen levels are kept below 1 ppm. The 

gloveboxes are also used to store all dry materials, solutions, and finished devices. The MBraun 

glovebox system used for device processing is shown in Fig. 3.3. Box 1 on the left has a solvent 

absorber and is used for solution processing and film casting. Box 2 on the right has an integrated 

thermal evaporator for electrode deposition. The two boxes are connected by a mini “T” transfer 

chamber. 
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Fig. 3.3 M-Braun Glovebox system (oxygen and water concentrations are less than 1 ppm). 

3.2.2 Substrate Preparation 

Polished sapphire squares (15mm x 15mm x 1mm) are used to fabricate planar devices. 

The cleanliness of the substrates is critical for device performance and reproducibility. Substrates 

are cleaned with the following procedures in our lab. First, they are cleaned by ultrasonication in 

acetone and isopropanol baths for ten minutes each. After rinsing with clean isopropanol, the 

substrates are immediately blown dry with oil-free nitrogen gas. The substrates are then stored in 

an oven heated to 120 C to remove any residual solvents. Finally, the substrates are subjected to 

ultraviolet ozone treatment for 10 minutes right before use. The used sapphire substrates need 

recycling for repeated uses; therefore, they have to be thoroughly cleaned to remove any polymer 

or metal residuals between uses. Polymer residuals can negatively affect the film quality and 

metal residuals may severely affect doping profiles of devices. To eliminate these residuals, the 

substrates must first be wiped as hard as possible with cellulose and polyester wipers and 



 

 55 

isopropanol spray. The sapphire substrates then need to be bathed in aqueous sodium hydroxide 

for a few hours to eliminate metal residuals followed by four cyclohexanone baths for completely 

removing organic residuals. Afterward, the sapphires experience the same cleaning procedure 

introduced above and are ready for further use. 

3.2.3 LEC Film Casting 

The LEC film is prepared by spincasting the LEC solution at a substrate in a glove box 

filled with dry nitrogen. An LEC solution of 85 μl is dispensed onto the centre of a substrate 

using a micro-pipette with a low retention tip, and then the substrate is rotated at 1400 rpm for 1 

minute to form a quality film with the targeted thickness, followed by two spins at 3000 rpm, for 

1 minute each, to dry the film. The spincasting process is carried out with a CHEMAT 

TECHNOLOGY KW-4A spin coater. Subsequently, the coated substrate is heated on a hot plate 

at 50 C for at least 12 hours to completely remove any residual solvent. The resulting LEC film 

typically has a thickness of about 700 nm as determined with a stylus profiler.  

3.2.4 Electrode Deposition 

The dried LEC film is transferred from glove box 1 (for film preparation) to glove box 2 

(for metallization) through the mini “T” transfer chamber without being exposed to air. Metal 

electrodes are thermally deposited on top of the films within a thermal evaporation system whose 

schematic is shown in Fig. 3.4. In the system, the substrates are mounted onto the shadow mask 

above the source. The heat melts and vaporizes the metal source at an evaporation rate that is 

adjusted by varying the current. During this process, the thickness of metal layers is monitored by 

a quartz crystal thickness monitor. The interelectrode spacing of planar LECs is approximately 4 

mm or 11mm, and the length of the electrodes is 8 mm or 12 mm. 
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Fig. 3.4 Schematic of the thermal evaporation system in our lab. 

 

Planar LECs can have either symmetric electrodes (i.e., both electrodes are made of the 

same material) or asymmetric electrodes (i.e., both electrodes are made of different materials). 

The application of asymmetric electrodes (e.g., Au anode and Al cathode) in LECs can 

significantly enhance the initial injection of electronic charge carriers and improve the overall 

device performance.(95) The schematic diagram of the shadow mask and corresponding electrode 

patterns is shown in Fig. 3.5. For symmetric electrodes, both cathode and anode can be deposited 

at the same time through the shadow masks (Fig. 3.5 (a)). For asymmetric electrodes, the 

electrode fabrication is realized by a two-step process with different masks. In each step, only one 

electrode (Al cathode or Au anode) is deposited through the selective shadow mask (Fig. 3.5 (b)). 

The substrate and complete device are shown in Fig. 3.5 (c)-(f). 
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Fig. 3.5 An illustration depicting the symmetric (a) or asymmetric (b) electrode evaporation 

process. The metal is deposited by evaporation through a selective shadow mask. The fabrication 

procedure of a practical device with symmetric electrodes involves four steps: (c) cleaning the 

sapphire substrate; (d) spincasting LEC film on the sapphire substrate; (e) mounting the substrate 

on the shadow mask for symmetric electrode evaporation; and (f) evaporating electrodes on the 

substrate. 

 

3.3 Device Characterization 

The dried polymer films or prepared LEC devices are loaded into a cryogenic probe 

station for characterization under vacuum. The probe station is mounted on an optical table and 

connected to a turbo-pump to provide a dynamic vacuum of approximately 5x10-4 torr. The 

temperature of the probe station is regulated by the liquid nitrogen flow and a CryoCon 32B 
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thermal controller which provides a wide range of temperatures from 78 K to 400 K. Therefore, 

the temperature of substrates can be precisely controlled within an uncertainty of 0.1 K. To 

improve thermal contact, a small amount of silver thermal paste is applied between the sample 

stage and the sapphire substrate.  

3.3.1 Micronmanipulated Cryogenic Probe Station 

The probe station used in this work is a Janis ST-500-1 micronmanipulated cryogenic 

probe station (Fig. 3.6). This tabletop station can accommodate two removable low-frequency 

(DC) probes. It also has a fiber optic probe that can provide localized optical excitation. The 

cryostat can withstand a wide temperature range from 78 K to 400 K. The test sample can be 

mounted on the sample holder in the cryostat, and a window located on the top of the chamber 

enables direct imaging or luminescence measurements. The independent X, Y, Z translation stage 

with micrometers provides precise control over the probe motion within the range of travel. The 

system allows for the probing of the potential profile, conductivity, and built-in electric field of a 

planar LEC in a large operational temperature range with excellent temperature stability. 

 

Fig. 3.6 (left) Janis ST-500-1 micron-manipulated cryogenic probe station; (right) interior view of 

sample chamber 
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3.3.2 Current-Voltage Measurements 

In this study, the Keithley 237 high voltage source measurement unit is used to source 

current or voltage to the device while simultaneously measuring the dependent voltage or current. 

A device holder with spring-loaded pins made electrical contact with the device and held the 

device in place. Thus, LEC devices are driven through two pins from the device holder by a 

Keithley 237 high voltage source measurement unit. The polymer film also can be contacted by 

two tungsten probes with a tip radius of 10 m or 100 m and the Keithley 237 unit is used to 

source voltage bias to the probes. All the instrumentation is interfaced with a computer and the 

data is recorded using a Labview program. The details of these measurements are provided in the 

relevant sections. 

3.3.3 Device Imaging  

The extremely large interelectrode spacing of our planar LECs enables high-resolution 

fluorescence imaging of device operation. The simple imaging system used to image our devices 

is shown in Fig. 3.7. A Nikon D-200 digital camera equipped with a Tamron 1:1 macro lens is 

positioned above the cryostat by a tripod. The LEC films or planar LECs are mounted in the 

optical cryostat equipped with a UV transparent quartz window. An ultraviolet lamp (4 W at 365 

nm) is placed approximately 10 cm away from the devices for illumination during fluorescence 

imaging. The camera is controlled by a computer with Nikon Capture software, and the JPEG 

image files are directly transferred to the computer hard drive when the picture is taken.  
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Fig. 3.7 Imaging system setup 
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Chapter 4 

Fractals and Electroluminescence-Direct Probing of LEC Films 

4.1 Introduction 

As discussed in Chapter 1, electrochemical doping renders the LEC film highly 

conductive. Doping significantly reduces both contact resistance and bulk resistance, allowing for 

low operating voltage and high power efficiency. As a result, it is possible to turn on planar LECs 

with an extremely large interelectrode spacing. Our group successfully demonstrated the world’s 

largest planar LECs with an interelectrode spacing up to 11mm which can be turned on with a 

high voltage bias at elevated temperatures. These planar devices were fabricated in a glovebox 

system filled with dry nitrogen and subsequently tested in a conventional optical cryostat, at 

various temperatures under vacuum. Inside the cryostat, a device holder with spring-loaded pins 

provides electrical contact to the device and holds the device in place. One drawback of the 

conventional cryostats is that the fixed contact pins do not allow local probing of the exposed 

polymer films. 

In 2008 our group acquired a Janis ST-500 micro-manipulated cryogenic probe station. 

This instrument not only has all the functionalities of a conventional optical cryostat, but also 

provides movable probes that allow for local electrical or optical probing with micrometer 

resolution without breaking the vacuum. While one expect to be able to probe the polymer film 

after it is already doped, a surprising discovery was demonstrated when a pair of tungsten probes 

was biased in direct contact with the LEC film. Electrochemical p- and n-doping could be 

induced by the biased probe tips, and electroluminescence (EL) was eventually observed when 

the doping regions made contact to form a p-n junction. Prof, Alan J. Heeger, Nobel laureate in 

Chemistry, was very impressed by this result and used it as a strong evidence of electrochemical 

doping in LECs in his new book titled Semiconducting and Metallic Polymers (2010).     
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Electrochemical doping initiation is sensitive to both the work function and the roughness 

of the electrodes. When the edge of the strip electrodes in a planar LEC is not perfectly straight, 

doping preferentially initiates from sharp protrusions where the local electric field is high. The 

local doping concentrates current, which in turn leads to a faster doping propagation. This self-

fulfilling process gives rise to the highly uneven doping profile commonly observed in our large 

planar cells (e.g., Fig. 1.20 in Chapter 1). It was observed that the quasi-one-dimensional probe 

tips could lead to much more uniform doping propagation than strip electrodes. This allows us to 

gain insight into the electrochemical doping mechanism without being affected by extrinsic 

factors. 

In this chapter, it is described that the initialization of electrochemical doping and the 

formation of a light-emitting p-n junction in an LEC film by biasing a pair of probe tips in contact 

with the polymer, without the deposition of additional metal electrodes. Time-lapse fluorescence 

imaging directly captured the p- and n-doping of various shapes and shades, p-n junction 

electroluminescence, and the effects of bias reversal. The direct probing technique offers great 

simplicity and versatility for studying the intrinsic characteristics of the doping process.    

4.2 Time-Lapse Fluorescence Imaging of LEC film under Direct Probing  

The LEC films studied in this chapter contained cesium perchlorate as the salt. As shown 

in Chapter 1, LECs with cesium perchlorate as salt have a more centred p-n junction than those 

with lithium salt due to better matched anion and cation size.(89) An LEC film on a sapphire 

substrate was mounted onto the gold-plated sample stage of the probe station. Two tungsten 

probes with a tip radius of 10 µm were maneuvered to directly contact the polymer film at about 

4.6 mm apart. A Keithley 237 source measure unit (SMU) sourced a voltage bias between the two 

probes and simultaneously measured the current. The polymer film was illuminated with a 4 W 
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UV lamp centred at 365 nm and imaged through the quartz window of the sample chamber. The 

sample chamber was continuously evacuated by a turbo pump to achieve a vacuum of 10-4 torr. 

Fig. 4.1 shows the time-lapse fluorescence images of the polymer film. Before the 

application of a voltage bias, the polymer film exhibit strong orange-red photoluminescence due 

to MEH-PPV as shown in Fig. 4.1 (a). To turn on this large film, a voltage bias of 400 V was 

applied between the two probes, and the film was heated to 330 K to increase ion mobility. The 

high turn-on voltage and elevated operation temperature were used to overcome the large initial 

resistance of the polymer film, leading to a reasonably fast turn-on process. 10 seconds after the 

application of the voltage bias to the film, highly visible PL quenching due to doping could be 

observed near both tip/polymer interfaces (Fig. 4.1 (b)). PL quenching is a manifestation of in situ 

electrochemical doping, which creates additional energy states within the bandgap of the polymer 

so that the PL of polymer is quenched.(78) Over time, the doped region continued to expand into 

the un-doped part of the film (Fig. 4.1 (c)) until the tips of the p-doped region met the frontiers of 

the n-doped region to form isolated p-n junctions (Fig. 4.1 (d)). Eventually, a continuous p-n 

junction formed (Fig. 4.1 (e)), and electroluminescence was observed along the continuous p-n 

junction when it became stronger than the background photoluminescence (Fig. 4.1 (f)). During 

the turn-on process, p-doping apparently propagated at a faster speed and quenched the PL more 

strongly than n-doping. This observation is consistent with the results of the planar LECs with 

strip electrodes, as shown in Chapter 1. It is worth noting that, unlike LECs with strip electrodes, 

the probe-polymer contact gave rise to an n-doping profile that was nearly circular and extremely 

smooth at the doping front. 
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Fig. 4.1 Photographs of a MEH-PPV:PEO:CsClO4 film probed by two tungsten tips with 4.6 mm 

interelectrode spacing at 330 K and under 365 nm UV illumination. (a) Image taken before the 

voltage bias was applied. Time elapsed since a 400 V bias (left pin is cathode) was applied: (b) 10 

sec, (c) 90 sec, (d) 120 sec, (e) 220 sec, and (f) 270 sec.(96) 

 

The polarity of the voltage bias was subsequently reversed so that the de-doping process, 

as well as the propagation of new doping under bias, could be studied. Fig. 4.2 (a) displays the 

doping profile captured 30 seconds after the bias polarity was reversed; the doping profile 

established under forward bias was still largely intact at this point. However, new dark p-doping 

could be seen to initiate from the left polymer/probe interface that had become the new anode. 

Strikingly, the new p-doping had a treelike pattern which was completely different from the 

initial p-doping profile in the fresh LEC film shown in Fig. 4.1. The new n-doping profile could 
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not be observed until 20 seconds later, which manifested itself as PL recovery, for it did not 

quench the PL as heavily as the initial p-doping (Fig. 4.2 (b)). Over time, both new n- and p- 

doping frontiers expanded (Fig. 4.2 (c)) until the fastest new p-doping front penetrated the initial 

p-doping region (Fig. 4.2 (d)) to form contacts with the new n-doped region (Fig. 4.2 (e)). EL was 

again observed at the p-n junction but was discontinuous due to the highly uneven, new p-doping 

propagation (Fig. 4.2 (f)). During this bias reversal process, both initial p-doping and n-doping 

became lighter in color, indicating doping relaxation.     

 

Fig. 4.2 Photographs of the same film as in Fig. 4.1 after reversing the polarity of the 400 V bias 

(left pin is anode). Time elapsed since the bias polarity was reversed: (a) 30 sec, (b) 50 sec, (c) 

100 sec, (d) 200 sec, (e) 280 sec, and (f) 380 sec.(96) 
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4.3 Current Characteristics 
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Fig. 4.3  shows the current as a function of time during the above operations. Under the 

initial bias, the current was small but underwent a turn-on at about 120 s. The current evolution 

can be explained by the doping profiles shown in Fig. 4.1. Initially (Fig. 4.1 (a)-(c)), the current 

was low because the p- and n-doping had yet to make contact; the current was mainly caused by 

the electrochemical doping process that occurred at the doping front. At t=120 s (Fig. 4.1 (d)), the 

current underwent a turn-on when p- and n-doped regions made initial contact. The rapid increase 

in doping current can be explained by the turn-on of electronic current which can now flow 

through the forward-biased p-n junction. The electronic current flow in turn led to heavier doping 

and to an even higher current due to reduced bulk and contact resistance. The current reached 
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nearly 1 A when the voltage bias was reversed. This current is actually quite high considering 

that it must flow through the two probe tips which have a radius of 10 micrometers. 

Under reverse bias, the initial current was twice that of the initial forward bias current 

since the polymer film was already highly doped. However, the current first decreased as a result 

of doping relaxation under reverse bias. Approximately 4.5 seconds after the bias was reversed, 

the current turned on and exhibited a trend similar to the one under forward bias.  
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Fig. 4.3 Current evolution for the same film shown in Fig. 4.1 and Fig. 4.2. The inset shows the 

first 10 seconds of current for both initial and reverse turn-on. 

4.4 The Mechanisms of Doping Propagation 

Similar doping profiles were also observed by direct probing LEC films containing 

different salts (LiClO4, NaClO4, KClO4, RbClO4, and CsClO4), luminescent  polymers (red and 

green polymers) and PEO of different molecular weights (100 K and 2 M). The effects of probe 
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material (Au, W, and BeCu), operating temperature, and applied voltage were also studied. As 

shown in Fig. 4.4, all films showed highly uneven p-doping but smoother n-doping under initial 

bias. Upon bias reversal, a new tree-like p-doping pattern was observed in the initial n-doped 

region. The generality of these observations suggests an underlying mechanism that is 

fundamental to the LEC processes. In this section the doping propagation mechanism under 

various conditions is discussed and the factors governing the growth pattern is identified. 

 

Fig. 4.4 Photographs of the pre-turned-on MEH-PPV:PEO:XClO4 films exhibiting de-doping 

profiles after reversing the polarity of the 400 V bias. The films were kept at 330 K under 365 nm 

UV illumination. The cation types: (a) X=Li, (b) X=Na, (c) X=K, (d) X=Rb, and (e) X=Cs. 

 

Electrochemical doping in LECs is a redox reaction in which the luminescent polymers 

are reduced (oxidized) by the injected electrons (holes) and the induced electronic charges are 

stabilized by the insertion of counterions between the polymer chains.(16) As demonstrated by 

time-lapse fluorescence imaging, the doping reaction initiates from the electrode interface and 

expands in volume over time.(83, 84) The electrochemical doping propagation is similar to 

aggregation growth in colloid or macromolecule formation.(97) 

Aggregation growth can be described by mathematical models in which a variable 

sticking coefficient plays a key role in determining the growth patterns.(97) The sticking 
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coefficient, k, is defined as the probability of a seed-approaching particle sticking to the seed at 

the point when it first hits the seed.(98) A particle with a high sticking coefficient close to 1 will 

stick to the seed upon first impact and will typically result in a loose and tree-like pattern (Fig. 

4.5 (a) top).(97) A particle with a low sticking coefficient near 0, however, will hit the seed many 

times before sticking to it and will result in an even, dense pattern (Fig. 4.5 (a) bottom). The 

former is known as diffusion-limited aggregation (DLA) and the later is called reaction-limited 

aggregation (RLA). 

 DLA and RLA have been successfully used to characterize the growth of colloids and 

macromolecules, and in the late 1980s, these two aggregation models were also applied to the 

study of electrochemical polymerization of polypyrrole.(99) The polymerization pattern with 

DLA and RLA models under different voltages has been successfully characterized. At a 

sufficiently high voltage, the pyrrole molecule will be oxidized and will stick to the first site it 

collides with so that the aggregation is diffusion-limited (Fig. 4.5 (c)). Whereas at a low voltage, 

the pyrrole molecule needs to hit several times to find a favorable site before oxidation occurs; 

the resulting growth is reaction-limited (Fig. 4.5 (b)).  
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Fig. 4.5 (a) Schematic diagram of diffusion-limited aggregation and reaction-limited aggregation. 

Reproduced from reference (97). Various aggregation patterns of polypyrrole under various 

conditions: (b) reaction-limited aggregation at a low voltage; (c) diffusion-limited aggregation at 

a high voltage. Reproduced from reference (99). 

4.5 Reaction-limited N-Doping and Diffusion-Limited P-Doping Growth 

The similarity of our doping pattern to DLA and RLA suggests that p-doping is diffusion-

limited while n-doping is reaction-limited. This hypothesis is consistent with the fact that 

electrochemical doping is a process involving both a redox reaction at the electrode interface and 

a diffusion of counterions. As a result, the doping propagation speed could be limited by either 

the rate of the redox reaction or the diffusion coefficient of ions in PEO.  

 The energy barrier between the tip electrode and the polymer film determines the ease of 

electronic charge injection. In this study, symmetric Au, W or Al electrodes have been used. The 

work functions (Au: 5.1-5.47 eV, W: 4.32-5.22 eV, and Al: 4.06-4.26 eV) of these electrode 
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materials are well matched to the HOMO of MEH-PPV (-5.1 eV) with a small energy barrier for 

hole injection, but they are far too large for efficient electron injection from the LUMO (-2.7 eV) 

of MEH-PPV.(78) Therefore, the hole injection at the anode is much easier than the electron 

injection at the cathode. The cyclic voltammetry spectra of the MEH-PPV films on Au and Al 

electrodes (100) clearly shows that MEH-PPV film has an onset potential of about -2.1V (-2.14 V 

for Au and -2.15V for Al) for reduction, while the film for oxidization is only about 0.3 V (0.24 

V for Au, 0.39 V for Al). Clearly, reducing the MEH-PPV film is much harder to do than 

oxidizing it when the electrode material is Al or Au. Therefore, the n-doping rate should be lower 

than the p-doping rate. This conclusion is strongly supported by our group’s previous research on 

the electrode effect, which clearly reveals that the n-doping from the Au cathode is much slower 

than that from the Ca cathode.(88) Unfortunately, calcium and other low work function metals are 

all rather reactive and not suitable for electrical probing measurement. 

Of course in an LEC the p- and n-doping processes are two half reactions of the overall 

doping reaction. The reaction rate of one is therefore not independent of the other. However, 

experimental evidence suggests that n-doping could be partly by-passed by side reactions on the 

cathode side, which include the hydrogenation of the alkene moieties,(101) damage to the vinyl 

group of the polymer,(102) and irreversible reduction of the (alkali salt + PEO) electrolyte.(103) 

Therefore, the electrochemical oxidation (p-doping) in an LEC is not only balanced by 

electrochemical reduction, but also by electrochemical side reactions on the cathode side. As a 

result, the observed n-doping reaction rate is lower than the p-doping reaction rate. 

According to the discussions above, n-doping is expected to have a lower sticking 

coefficient than p-doping. The lower sticking coefficient is consistent with the observation that n-

doping is more compact than p-doping. It is also known that, for a given particle number, the 

radius of aggregation increases with the sticking coefficient.  
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Obviously, n-doping with different sticking coefficients has various doping patterns. The 

previous work has shown that n-doping is more efficient when the larger cations are used,(89) 

because the larger cation would alleviate the ion-assisted reduction of the polymer double 

bonds.(101) In other words, a larger sticking coefficient can be expected from more bulky cations 

and this high-sticking coefficient will result in faster n-doping. This is consistent with our 

previous observations in the cationic size effects study. In that study, five 11 mm planar LECs 

were fabricated, each containing one of the five alkali perchlorates as salt (Li, Na, K, Rb, or Cs). 

The turn-on process for the entire device was imaged under UV illumination. The junction 

positions for the five devices when the light-emitting junction was just formed are shown in Fig. 

4.6. As can be seen, the n-doped region systematically increases with increasing cation size. 

 

Fig. 4.6 Photographs of the cells when the junctions were initially formed. The color information 

has been discarded. White regions are n-doped regions and black regions are p-doped regions. 

Type of cation and time elapsed since the application of the voltage bias: (a) Li, 71 sec; (b) Na, 

29 sec; (c) K, 35 sec; (d) Rb, 35 sec; and (e) Cs, 42 sec.(89) 
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4.6 DLA Simulation of P-doping Pattern  

DLA is a widespread phenomenon,(104, 105) but the diffusion-limited doping profile 

shown in this study is the first in LECs. The tree-like, fractal growth patterns had been reported in 

the electrochemical fabrication and electrochemical doping of conducting polymer films such as 

polypyrrole, polyaniline, and polythiophene.(106-109) Fig. 4.7 displays a DLA growth process of 

poly (3-dodecylthiophene) prepared by an electrochemical method on the surface of a solution. 

The fractal pattern suggests that the polymer growth rate is limited by the supply of monomers 

and/or electrolytes to the area near the growth point. This fractal growth phenomenon has been 

successfully simulated by a DLA model.  

 

Fig. 4.7 The growth process of poly (3-dodecylthiophene) at 15 V. Time: (a) 1 min, (b) 2 min, (c) 

3 min, (d) 3 min 40 sec, (e) 5 min 2 sec, (f) 6 min, (g) 8 min, and (h) 11 min.(107) 

 

The DLA model, first proposed by Witten and Sander in 1981,(110) is an effective 

mathematical model that can be applied to simulate many transport processes where the diffusion 

rate limits the aggregate growth. In the DLA model, a particle experiences a random walk before 
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joining the cluster to form an aggregate. The DLA model can be used to describe how a fractal 

pattern grows in size. In this model, particles are released into a box with a cluster that sits still in 

the centre of the box.  

The simplest computer simulation starts with a square particle as a seed on a lattice, as 

shown in Fig. 4.8 (a). The second particle is released into the lattice and executes a random walk 

before moving out of the lattice or before attaching to the seed, thereby forming aggregation 

growth (Fig. 4.8 (b)). This action is repeated for each particle (Fig. 4.8 (c), (d)) until no more 

particles are available.  
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(a) (b)

(c) (d)

 

Fig. 4.8 A primitive DLA model: an initial seed particle (a) in the centre of the lattice with the 

random addition of a second particle (b); the release of a third particle (c) to the now two-particle 

aggregate; and the three-particle aggregate with a fourth introduced particle (d).   

 

The schematic diagram of the programming flow in Matlab is shown in Fig. 4.9. N is the 

particle number; step is the correction value for random radius; dim is the dimension of the matrix 

(dim x dim); random is a Matlab function to generate any random value between 0 and 1; round is 

to get the closest integer value; and ones (dim) is used to generate a dim x dim all-one matrix.  
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Fig. 4.9 (left) Flowchart of the DLA simulation procedure and (right) flowchart for algorithm A. 

 

Fig. 4.10 shows the simulated fractal pattern with 6000 particles, which is reminiscent of 

our new, p-doping pattern in the initial n-doped region. The similarity of the computer-simulated 

pattern to our experimental pattern suggests a strong connection between DLA progress and 

doping propagation in LECs. Nevertheless, the model is so simple that the pattern can only be 

comparable in size. A more sophisticated simulation with more variables is definitely needed in 

order to achieve a better result. 
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Fig. 4.10 Example of a computer-generated fractal pattern of 6000 particles. 

 

In an improved simulation, a variable “sticking coefficient” is introduced to control the 

shape of the resulting pattern. The simulation mentioned above can be seen as a special case in 

which the sticking coefficient is equal to 1. As a point of comparison, a pattern created by using a 

low sticking coefficient of 0.01 is shown in Fig. 4.11. The new pattern is more condensed and has 

a slower growth rate compared to the pattern that has a sticking coefficient of 1. The similarity 

between the new pattern (Fig. 4.11) and the initial p-doping shape shown in Fig. 4.11 illustrates 

that the growth of the initial p-doping can be characterized by a DLA, but with a small sticking 

coefficient that is relative to the new p-doping coefficient grown in the initial n-doped region. The 

above simulation results confirm that the p-doping propagation is diffusion limited. 
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Fig. 4.11 Example of a computer-generated fractal pattern of 17000 particles with a sticking 

coefficient of 0.01. 

 

Although the underlying cause in the large difference between sticking coefficients is not 

quite clear, our previous experiment results provide some clues. When the junction is fully 

formed, cations are packed densely in the n-doped region. Under the reverse bias, the new p-

doping can only occur when the anions are inserted into the conjugated polymer to compensate 

for the injected electrons. However, it is more difficult for anions to squeeze through the region 

that is densely packed with smaller cations. Therefore, the growth of new p-doping in the 

previously n-doped region is limited by the availability of anions, which must diffuse through the 

n-doped region. In other words, the p-doping in the n-doped region becomes more diffusion-

limited than that in the un-doped region. This analysis is also consistent with the observation that 

the new p-doping sped up dramatically and no longer branched out as the frontiers of the new p-



 

 79 

doping crossed the initial n-doped region (Fig. 4.2 (d)-(e)). Similar arguments can be made for the 

new n-doping in the previously p-doped region.  

4.7 Fractal Dimension Measurement by Box-Counting Method  

The fact that the p-doping propagation is a DLA is supported by the calculation of fractal 

dimension. Fractal dimension, Df, is a statistical quantity describing how completely the fractal 

structure fills space and it is typically used to define a fractal's geometric profile. The DLA model 

states that the typical fractal dimension value for a diffusion-limited aggregation is approximately 

1.7.(111) There are various methods that can be used to obtain fractal dimensions but, among 

them, the box-counting method is the one most widely used. 

In the box-counting method, one computes the number (N) of squares with side r required 

to entirely cover a fractal pattern. A series of N can be obtained as a function of the side r so that 

the fractal dimension can be denoted as:  

                                               
0 0

ln ln
lim lim

1 ln
ln

r r
f r r

N d N
D

d r

r

 
= = -                                       (5.1) 

Here, r is called the characteristic linear dimension. The schematic illustration of the box-

counting method is shown in Fig. 4.12. The Koch Curve, a typical fractal pattern shown in Fig. 

4.12.1, is applied as an example to illustrate the relation between N and r in this algorithm. Let 

the side of the grid equal 1, 0.5, 0.25, and so on until the size reaches the pixel size. At this point, 

the related number of grids to entirely cover the Koch Curve is obtained (shown in Fig. 4.12.2-

4).(96)  
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Fig. 4.12 A schematic illustration to measure the area of the Koch curve by the box-counting 

method; N is the number of squares with side dimension of r.(96)  

 

The fractal dimensions were extracted from the images using a Matlab program after 

Adobe Photoshop processing. After calculations, it was found that the mean fractal dimensions of 

the initial p-doping and the new p-doping are 1.78±0.05 and 1.79±0.06 respectively, in agreement 

with the DLA model.(111)  
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4.8 Conclusions 

In conclusion, it has been demonstrated that electrochemical doping can be easily 

induced into an LEC film to form a dynamic light-emitting p-n junction by only biasing a pair of 

probes millimeters apart that are in contact with the polymer film. Time-lapse fluorescence 

imaging captured the in situ electrochemical p- and n- doping with great clarity. As observed 

from the LEC film, the p-doping quenched PL more heavily than the n-doping, and the p-doping 

frontier propagated much faster and thus was more uneven than that of the n-doping before the 

formation of a p-n junction. When the voltage bias across a fully formed junction was reversed, 

the new n- and p-doping initiated and expanded in the initial p- and n-doped regions with much 

more uneven patterns than the initial doping. These observations are quite similar to our previous 

observations in conventional planar LECs with strip electrodes. On the other hand, the LECs with 

probe electrodes showed a dramatically different p-doping pattern from the n-doping. The 

different growth patterns between p- and n-doping come from the different reaction kinetics: n-

doping is reaction-limited whereas p-doping is diffusion-limited. This is because that n-doping 

reaction can not occur as efficiently as p-doping reaction at the electrode/polymer interfaces. In 

addition, the more fractal pattern of the new p-doing relative to the initial one implies that the 

new p-doping is more diffusion limited in the initial n-doped region. Both p-doping patterns 

under forward and reverse biases can be simulated by the DLA model with different sticking 

coefficients.   
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Chapter 5 

Electric Potential and Conductivity Mapping of Extremely Large 

Planar LECs 

 

 

5.1 Introduction  

The inventors of polymer LECs believe that the operation mechanism of LECs consists 

of in situ electrochemical doping of the luminescent polymer followed by the formation of a 

dynamic light-emitting p-n junction. Although this electrochemical model is consistent with the 

observations of localized electroluminescence in the original planar LEC, this model has been the 

subject of intense scrutiny and debate. This is evidenced by the proposition of an electrodynamic 

model by the Cambridge group that attributes the unique LEC characteristics to “ion space 

charge” effects, without invoking electrochemical doping. An important difference between the 

two models is the potential profile of an operating device. In the electrochemical doping model 

(Fig. 5.1 (a)), the doped region is highly conductive so that the majority of the applied voltage 

drops across the junction where the electric field is the highest. In the electrodynamic model (Fig. 

5.1 (b)), the ionic double layers formed at the polymer/electrode interfaces screen the electric 

field, leaving the film centre practically field-free. 
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Fig. 5.1 Idealized potential profiles in light-emitting electrochemical cells proposed by various 

authors for different models: (a) Electrochemical doping model;(16) (b) Electrodynamic 

model.(112) 

 

The electrodynamic model was used to explain the electric potential mapping results 

obtained from the electric force microscope (EFM) measurement on an 8 μm planar device with 

an ionic transition metal complex as the active material,(113) and a scanning Kelvin probe 

microscopy (SKPM) study on a 15 μm planar polymer LEC with PEO:LiTf as the polymer 

electrolyte.(114) However, in the EFM experiment, the active material was an ionic organmetallic 
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semiconductor not a conjugated polymer, and there is no evidence that these ionic organmetallic 

semiconductors can be doped. In the SKPM work, the device might not be fully turned on 

because a light-emission zone was not observed. Indeed, in the recent study by the same group, 

an LEC device based on KTf was fully turned on with visible EL, and the SKPM measurement on 

this device agreed well with the electrochemical doping model.(115) Scanning Kelvin probe 

microscope measurements have also been carried out by Matyba et al.(116) on 120 μm KTf-

based planar LECs, and the results again supported the electrochemical doping model. So far, all 

the potential mapping studies were conducted on dynamic-junction LECs of micrometer 

interelectrode spacing. Here the use of a micromanipulated cryogenic probe station is 

demonstrated to map the electric potential and conductivity of an extremely large, frozen planar 

LEC. The combination of optical imaging and direct probing is a powerful tool to study the 

properties of the p-n junction in LECs. The results provide the first evidence that the p-n junction 

in an LEC is a graded p-n junction in which the p-doped side is much more conductive than the n-

doped side. 

5.2 The Turn-on Process of Planar LECs 

5.2.1 Fluorescence Imaging 

The devices studied have a planar configuration with asymmetric electrodes of Au and Al, 

and the LEC film is a blend of MEH-PPV, PEO, and CsClO4. To turn on the extremely large 

planar device (up to 10.4 mm), an operating voltage of 400 V and an elevated temperature of 335 

K were applied to overcome the large initial resistance of the device. The Au electrode was 

positively biased relative to the Al electrode in order to facilitate hole and electron injection, 

which is a necessary condition of electrochemical doping.(88) The moderate heating enhanced 
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ion mobility to the extent that the turn-on process was reasonably fast and could be easily imaged, 

as shown in Fig. 5.2.  

 

Fig. 5.2 Time-lapse fluorescence imaging of a 10.4 mm MEH-PPV: PEO: CsClO4 planar LEC. 

The device was kept at 335 K and under 365 nm UV illuminations. Image taken with a 400 V 

bias applied for: (a) 2 min, (b) 5 min, (c) 8 min, (d) 19 min, and (e) 37 min. After 54 min, the 

junction was stabilized at 200 K and the image was taken with a 400 V bias: (f). 

 

When a voltage bias was applied to the device, doping-induced PL quenching appeared 

near the electrode/polymer interfaces, as compared with the undoped polymer film, which 

exhibited a strong orange PL from the luminescent polymer (MEH-PPV) (Fig. 5.2 (a)). P-doping 

propagated at a higher speed with an uneven frontier relative to n-doping, and PL quenching from 

p-doping is much stronger than that of n-doping. This observation is highly consistent with the 

results presented in Chapter 3. As the doped (PL quenched) regions expanded over time, sharp 



 

 85 

tips of p-doping (Fig. 5.2 (b)) first met the n-doping, forming isolated junctions. Then, a 

continuous but jagged p-n junction was formed between the bulk p- and n-doped regions (Fig. 5.2 

(c)), and eventually, EL became discernible along the junction against the background PL (Fig. 

5.2 (d)). It is worth noting that the doping level continued to increase after junction formation, 

resulting in brighter EL (Fig. 5.2 (e)). The device was subsequently cooled to 200 K in 9 minutes 

while maintaining the 400 V bias across the electrodes. A continuous EL emission zone can still 

be observed at 200 K (Fig. 5.2 (f)), despite the greatly reduced current. The resulting device has a 

stabilized junction which is suitable for conductivity and potential distribution measurements. 

 

5.2.2 Time Evolution of Device Current 

Electrochemical doping has a dramatic effect on device current even though a fixed 

voltage bias was applied. Fig. 5.3 displays the device current as a function of time and 

temperature. Initially, the current was very low (~μA) because the p- and n-doping had yet to 

make contact (Fig. 5.2 (a), (b)) and the vast undoped polymer film had large electronic resistance. 

The current turn-on began at t= 320 seconds when p- and n-doped regions made initial contact. 

The rapid increase in doping current can be explained by the turn-on of electronic current which 

could then flow through the forward-biased p-n junction. After a continuous junction was formed 

at t≈8 min, the electronic current flow in turn led to heavier doping and to an even higher current 

due to reduced bulk and contact resistance. When the current reached nearly 3.18 mA at t≈36 min, 

the cooling process began and at this point there was an unexpected second turn-on of the device 

current. The turn-on coincided with the sudden appearance of many fine light-emitting tips along 

the pre-formed p-n junction (Fig. 5.2 (e)), which effectively broadened the total junction length. 

The sharp tips may also have contributed to the current increase via an increased local electric 

field. The current continued to increase with doping up to a maximum of 9.74 mA. Afterward, the 
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current rapidly dropped with decreasing temperature to ~1 mA at 200 K. A continuous EL 

emission zone can still be observed at 200 K. 

 

Fig. 5.3 Current and temperature evolution with time for the same device shown in  . 

5.3 Selective Turn-on of EL in a Frozen Planar LEC 

When the temperature reached 200 K, the fixed voltage bias was removed to allow 

various measurements of the frozen cell. A pair of gold-coated tungsten probes with a tip radius 

of 100 m were made to directly contact the film at close proximity (~0.7 mm), directly across 

the p-n junction. Light emission was immediately observed when a bias of 35 V was applied 

across the junction through the two probes. EL was confined to the junction region near the probe 

tips, as shown in Fig. 5.4 (a), and the existence of the local EL itself was verified by switching off 

the UV illumination (Fig. 5.4 (d)). This result demonstrates that a few tens of volts are sufficient 

to induce visible junction EL from these millimeter planar devices at 200 K, although a large 
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initial voltage bias of 400 V was applied to turn on the device. Another interesting result is that 

the dimension of the emission zone was only sensitive to the location of the negative probe (the 

probe in contact with the n-doped region). When the negative probe was moved away from the 

junction with the positive probe fixed, the resulting emission zone was elongated (Fig. 5.4 (b), 

(e)). However, no discernable change was detected in the emission zone when the positive probe 

was moved away from the junction (Fig. 5.4 (c), (f)). The above observation suggests that p-

doping is more conductive than n-doping: the p-doped region acts as a good conductor with 

minimal potential drop so that the location of the positive probe does not affect the emission zone 

size. However, the movement of the negative probe can significantly alter the potential difference 

across the junction since the n-doped region is much less conductive than the p-doped region. 

 

Fig. 5.4 EL images of the frozen junction in the device shown in Fig. 5.2. The gold and aluminum 

electrodes were not biased. The junction was turned on locally by applying 35 V bias across the 

two probes. Images taken under room light ((a), (b), and (c)) and the corresponding images with 

the room light turned off ((d), (e) and (f)). 
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5.4 Electric Potential Mapping of Extremely Large Planar LECs  

5.4.1 Electric Potential Mapping of a 10.4 mm Planar LEC  

Next, the potential drop across the entire inter-electrode gap was mapped along the two 

lines shown in Fig. 5.5 (a). A constant forward current of 25 μA or 50 μA was applied to the cell 

via the gold and aluminum electrodes, which required a fixed voltage bias of 20.65 V or 38.65 V, 

respectively. Probe A was fixed at the aluminum electrode while probe B was scanned along the 

two lines shown. The potential difference between A and B was recorded with a Keithley 237 

source measure unit by nulling the current between A and B (Fig. 5.5 (b)). Tip B was moved with 

an average step size of about 0.2 mm for the entire scan. Fig. 5.5 (c) and (d) show the electric 

potential as a function of the distance from the cathode along directions 1 and 2 shown in Fig. 5.5 

(a), respectively. Both potential profiles show a sharp transition that coincides very well with the 

junction position. Most of the potential drop was over the n-doped region between the Al cathode 

and the p-n junction. The p-doped region accounted for only about 10% of the applied potential. 

This result suggests that the p-doped region is much more conductive than the n-doped region, 

and is consistent with the observations shown in Fig. 5.4. The potential drop is non-linear in 

either p- or n-doped region and the potential profile is visibly flat near the electrodes in both 

regions, whereas near the p-n junction the potential profile displays a larger slope. This suggests a 

higher conductivity and doping level near the electrodes than in the bulk of the device. 
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Fig. 5.5 (a) Image of the fixed polymer junction of the planar LEC device shown in Fig. 5.2. Two 

directions for potential mapping are shown. (b) A schematic diagram of the biasing conditions for 

both the LEC and the probes. (c) Electric potential and electric field profiles along direction 1 

shown in (a). A constant current of 50 A was driven through the device, which required a 

voltage bias of 38.65 V. (d) Electric potential and electric field profiles along direction 2 shown 

in (a). A constant current of 25 A was driven through the device, which required a voltage bias 

of 20.65 V.(117) 

 

Although the electric field profile was not directly measured in this study, it can be 

obtained by numerically differentiating the potential profile. The calculated electric field as a 

function of position is shown in Fig. 5.5 (c) and (d). As expected, the average electric field in n-

doped regions (5.84 kV/m in (c) and 3.85 kV/m in (d)) is much bigger than that in p-doped 
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regions (0.62 kV/m in (c) and 0.41 kV/m in (d)). It is worth noting that the potential profile along 

line 2 (Fig. 5.5 (d)) exhibits a steep rise of 4.7 V in the junction region, which is, however, absent 

in the profile in line 1 (Fig. 5.5 (c)). This large potential increase of 4.7 V in the junction region 

may not be entirely due to the depletion region since it is much larger than the built-in potential 

of the junction, which is less than the energy gap of MEH-PPV. One possible cause may be the 

uneven doping along the scan direction. For example, in a lightly doped region, the high local 

resistance may result in a large potential drop across this region.  

The above potential profiles are similar to those obtained by Matyba et al,(84) as shown 

in Fig. 5.6 (a). In their device, the light emission zone is off-centred and closer to the cathode as 

indicated by the optical micrograph. The electric potential of the same device underwent the 

steepest drop at the location of about 35 µm away from the cathode, which indicates the existence 

of the p-n junction there. This result is remarkably consistent with the result shown in Fig. 5.5 

considering that the measurement techniques (SKPM vs. cryogenic probe station probing), 

operating conditions (dynamic junction at room temperature vs. frozen junction at 200 K), and 

device geometries (120 µm vs. 10.4 mm) are all very different. The result shown in Fig. 5.5 are 

also consistent with Pingree’s recent SKPM study,(115) in which the potential profile of a KTf-

based 15 µm device with gold electrodes was mapped. He observed that the potential drop mainly 

occurs in the n-doped region and that there is little potential drop near the electrodes, as shown in 

Fig. 5.6 (b). Both SKPM studies show that a large potential drop of 2 V exists across the junction 

region that is less than 5 µm wide. The potential drop of about 2 V at the junction region is 

consistent with the energy gap of MEH-PPV (about 2.1 eV). The absence of this observation in 

the result shown in Fig. 5.5 is most likely attributed to the limitation of a very large scan step size 

due to the probe tip size (100 µm). 
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Fig. 5.6 (a) Light-emission and potential profile in a 120 µm planar LEC (Au/MEH-PPV-PPV: 

PEO:KTf/Au) during operation with a 5 V bias at room temperature: (Left) Micrograph of the 

light-emission and (right) the potential profile mapped by SKPM. The anode and cathode are 

indicated by + and – signs, respectively.(84) (b) SKPM images of Au/MDMO-PPV:PEO:KTf/Au 

planar LEC with 15 µm interelectrode spacing operated at 5 V bias: (left) height trace indicating 

anode and cathode edges and (right) potential profile of the device during operation at room 

temperature.(115) 

5.4.2 Electric Potential Mapping of a 3.6 mm Planar LEC 

To study the effect of scan step, a 3.6 mm planar cell was fabricated and potential 

mapping was carried out with a step size of 25 μm in the n-doped region and 50 μm in the p-

doped region. Fig. 5.7 shows the obtained potential and field profiles, which exhibit similar 

characteristics as those shown in Fig. 5.5: the electric potential drops by about 95% in the n-

doped region and by only 5% in the p-doped region, indicating that the p-doped region is more 
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conductive than the n-doped region. It is further observed that there is a potential increase of 

~300 V at the location 1.5 mm away from the cathode. This steep increase indicates a high 

electric field across the junction. As explained above, this sudden increase is partially due to the 

uneven doping along the scan direction in both n- and p- doped regions, and the huge increase of 

300 V implies that the doping is rather light near the junction region in this case. 

 

Fig. 5.7 Electric potential (a) and electric field (b) profiles of a 3.6 mm planar frozen junction 

LEC (Au/MEH-PPV:PEO:CsClO4/Al). A constant current of 50 A is driven through the device 

which required a voltage bias of 370 V. 

 

5.4.3 Potential Mapping of a 10.4 mm Planar LEC under Reverse Bias 

As suggested by inorganic p-n junction theory, the depletion region of an ideal junction 

will widen under reverse bias. To investigate whether this effect can be observed in frozen LEC 

p-n junction, a similar 10.4 mm planar device was fabricated and potential mapping carried out 

under both forward and reverse biases. Two measurements were performed along the same 

direction, one by applying +50 μA current and the other by -50 μA current through the film. Fig. 
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5.8 shows the potential profiles of these two scans and the symmetric profiles suggest that the 

junction widening is not observable with a step of ~20 μm. Observing junction widening would 

require a finer scan which is not possible with our setup. In addition, although the device had 

asymmetric electrodes with Au and Al, the potential drops at both electrode/polymer interfaces 

did not change when the polarity of the two electrodes was reversed. This result suggests that the 

contacts at electrode/polymer interfaces are ohmic when a planar LEC is fully turned on. This 

explains why there is negligible potential drop at the electrode interfaces in LEC devices (see Fig. 

5.5). By contrast, the observation of significant voltage drop near the electrode interfaces in some 

micrometer scale planar cells might suggest insufficient or absence of doping.(113, 114)  

 

Fig. 5.8 Electric potential distributions of a 10.4 mm Au/MEH-PPV:PEO:CsClO4/Al planar LEC. 

A constant current of +50 or -50 A was driven through the device which required a voltage bias 

of +50.65 V or -50.65 V. 
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5.5 Conductivity Mapping of Extremely Large Planar LECs 

5.5.1 Current-Voltage Scans in the N- and P-Doped Regions of a 10.4 mm Planar LEC 

With our setup and a frozen cell, it was possible to conduct current-voltage scans at 

various locations to probe the local conductivity. For this study both probes were lowered to 

make direct contact with the polymer film and contact was confirmed by monitoring the tip 

current under a fixed bias. When contact is made, a sharp increase in current was observed 

between the probes. The fixed bias was then removed and a current vs. voltage scan was carried 

out. A series of I-V scans with variable spacing between the probes were performed and the 

resulting I-V curves are shown in Fig. 5.9. The comparison of probe current for identical probe 

spacing reveals that p-doping is much more conductive than n-doping as indicated by a much 

higher current in the p-doped region. This provides the most direct evidence of higher 

conductivity in the p region relative to the n region.   

 

Fig. 5.9 Current through the two probes as a function of voltage bias applied to both n- (a) and p- 

(b) doped regions of a 10.4 mm frozen junction planar LEC at 200 K. The inter-probe spacing 

was varied and labeled in the legend.(117) 
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A nonlinear current-voltage characteristic was observed in both p- and n- doped regions, 

as shown in Fig. 5.9. In a metal-polymer-metal device configuration, the current is limited either 

by the metal-polymer contact or by the polymer bulk resistance. In the former case, the current is 

governed by the charge injection into a Schottky type contact.(17) In the latter case the current is 

either a space-charge limited (118) one or a linear function of external bias, depending on the 

conductivity of the doped polymers. 

A linear I-V characteristic from a metal-semiconductor contact can be obtained only 

when the contact is ohmic and the semiconductor is highly conductive so that the charges injected 

from one contact can be timely relaxed out from the other contact without becoming space 

charges. This requires an ohmic relaxation time that is shorter than the transit time. The ohmic 

relaxation time is given by  

τ=ε/ep0μp                                                                    (5.1) 

and the transit time is given by  

tt=d2/μpV                                                                    (5.2) 

(only hole current is considered here), where ε is the dielectric constant, μp is the hole mobility, V 

is the external bias, d is film thickness, and p0 is the thermally-generated hole concentration.(118) 

In principle, the ohmic contact can be obtained either by matching the energy levels of the metal 

and semiconductor or by heavily doping the semiconductor to facilitate electron tunneling 

through the narrow junction. In the former case, one needs to either choose the metal whose work 

function is lower than that of the n-type semiconductor for an easy electron injection, or choose 

the metal whose work function is higher than that of the p-type semiconductor for a fast hole 

injection. Herein, the work functions of the semiconductor (ФS) and the metal (Фm) are defined as 

the difference between the Fermi energy and the vacuum level. However, heavily doping the 
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semiconductor is a more practical way to achieve ohmic contact. Doping narrows the depletion 

region and allows for efficient, quantum mechanical tunneling through the thin potential barrier. 

Assuming an ohmic contact, the nonlinear I-V characteristics in a device suggest that the 

current is limited by space charges. If the polymer is not sufficiently conductive, the injected 

charges can not be relaxed in time and will be stored in the polymer film as space charges. These 

space charges will suppress the further injection of electronic charges and will become a limiting 

factor to the current. The space-charge limited current (SCLC) is given by (118)  

J=9/8 εμV2/d3,                                                                   (5.3) 

where J is the current density, ε is the permittivity of the polymer film, μ is the electronic charge 

mobility, V is the external bias, and d is the intereletrode spacing.  

In addition, the nonlinear I-V characteristics in the metal-polymer-metal structure may 

come from an injection limited current, Schottky junction.(17) The current-voltage characteristics 

can be described by the Schottky Barrier theory. Take, for instance, a contact between a metal 

and an n-type semiconductor with Фm>ФS as an example: electrons will flow from the n-type 

semiconductor to the metal, resulting in a depletion region with positive space charges on the 

semiconductor side. A forward bias can diminish the barrier height and enhance the electron flow 

from the semiconductor to the metal while the reverse bias can increase the barrier height, 

limiting the flow of electrons from the metal to the semiconductor. The current under forward 

bias is thus much higher than the current under reverse bias. For this reason, Schottky contact is 

also called a rectifying contact, provided that the contact is rectifying the current. The condition 

for a contact between a metal and a p-type semiconductor is that the metal has a smaller work 

function than the p-type semiconductor.  
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There are generally two kinds of Schottky contacts. When the width of the depletion 

region is comparable to the mean free path of the charge carriers, the charge carriers are expected 

to experience many collisions when transported across the depletion region. The carrier 

movement is governed by the diffusion and drift processes, and the current density can be 

described by the Schottky diffusion theory as (17) 

J=JSDexp(qV/k0T).                                                        (5.4) 

When the mean free path is larger than the thickness of the depletion region, the carrier collisions 

in the depletion region can be ignored. The current is determined by the number of electrons that 

surmount the barrier between the metal and the semiconductor and is given by (17)  

J=JSTexp(qV/k0T).                                                        (5.5) 

Obviously, these two equations are very similar and both have an exponential dependence on V. 

Note that the factor JSD and JST are different and that JSD is affected by V while JST strongly 

depends on T.  

The nonlinear current-voltage characteristics observed in the devices could be the result 

of either Schottky contact or space charge limited current (SCLC). In order to gauge the 

underlying mechanism which governs the non linear I-V curve, all I-V curves shown in Fig. 5.9 

were re-plotted in logarithmic-logarithmic scale. The plot for 0.3 mm inter-probe spacing is 

shown in Fig. 5.10. Note that the n-doping curve has two regimes, while the p-doping curve only 

has one regime; this has also been observed in the probing measurements with various inter-probe 

spacing. All I-V curves for n-doped regions are clearly non-linear, and two regimes are identified: 

below 1 V and above 1 V. It is worth noting that the current in the regime above 1 V is linearly 

dependent on the voltage bias with a slope of approximately 2, which is reminiscent of equation 

5.3.(119) SCLC is generally observable above a certain threshold voltage (1 V in our case) when 
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the contact is ohmic, while the current is linearly dependent on the voltage below this threshold 

voltage. However, the current in our case is rather low and random in the regime below 1 V, 

which is reminiscent of an injection current through a Schottky barrier with 1 V being the 

minimum turn-on voltage. In other words, the current in the n-doped region is probably Schottky 

barrier limited below the threshold voltage of 1 V but space charge limited above. For p-doping, 

the current is approximately linearly dependent on the voltage bias throughout the voltage scan 

range with a slope of about 1. It is worth pointing out that this I-V curve is somewhat non-linear 

in linear scale (Fig. 5.9 (b)). The perfect linear I-V curves in linear scale have been obtained in p-

doped region of other films while no linear curves in n-doped region have been observed. This 

phenomenon implies that the linearity of I-V curve in p-doped region depends on the doping level: 

heavy doping could form an excellent ohmic contact at the probe/polymer interface, leading to a 

perfect linear current. Until now, the question of “why is the SCLC absent in p-doped region but 

observable in n-doped region” remains unanswered. The answer to this question may be related to 

the fact that p doping is much more conductive than n doping, as demonstrated previously. The 

transition from linear current to SCLC occurs when the transit time (tt=d2/μpV) for an electronic 

charge traveling through the film is shorter than the dielectric relaxation time (τ=ε/σ), where σ is 

the conductivity of the polymer semiconductor. This relation implies that p-doping has a smaller 

relaxation time τ and thus a larger threshold voltage than n-doping. In other words, the absent 

SCLC for p-doping does exist, but is only observable at higher voltage bias. 



 

 99 

 

Fig. 5.10 Logarithmic plot of current-voltage characteristic measured at the n- or p- doped region 

with 0.3 mm inter-probe spacing, as shown in Fig. 5.9. 

5.5.2 Conductivity Distribution Mapping of a 10.4 mm Planar LEC 

Additionally, the conductivity distribution is mapped across the entire interelectrode gap 

with I-V scans at various locations with fixed inter-probe spacing (~ 50 μm). The probe current at 

a fixed bias of 5 V was recorded and plotted as a function of the distance to the cathode in Fig. 

5.11. This current serves as a measure of the local conductivity.  
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Fig. 5.11 Probe currents at 5 V as a function of probe-to-cathode distance with the inter-probe 

spacing fixed at 200 K in the same device shown in Fig. 5.9. 

 

Again, the comparison of currents at p- and n-doped regions suggests that p-doping is 

more conductive than n-doping. Polymer films near the electrodes are more conductive with 

larger current whereas the films near the junction regions are more resistive with smaller current. 

The conductivity in the bulk is more uniform, with the current changing minimally across a large 

distance. Hence, the frozen planar LEC is a graded p-n junction. In addition, an interesting 

observation is that a significant current drop occurs near the electrode interface (from 0 mm to 1 
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mm in the cathode region and from 9.1 mm to 10.4 mm in anode region). This drop suggests that 

the doping level and the conductivity significantly decrease from the polymer/electrode interface 

to the junction. This structure benefits the device performance because the heavy doping near the 

electrode facilitates the charge injection by forming ohmic contact while the low doping inside 

the bulk alleviates PL quenching.  

 

5.6 Conclusions 

The electrochemically doped polymer film was studied using a new technique in which a 

pair of probes came into direct contact with the polymer film. This direct probing technique 

exhibits significant simplicity and versatility. It was demonstrated that the frozen p-n junction 

could be turned on with visible light emission using two probes biased by a relatively low 

operating voltage bias of 35 V. Also, the size of this light-emission zone is only sensitive to the 

probe location in the n-doped region. These observations suggest that the LEC film is heavily 

doped with a superior conductivity even at frozen junction temperature, and that n-doping is 

much less conductive than p-doping. These results remove any doubts about the existence of the 

electrochemical doping and the light-emitting p-n junction. To study the properties of the p-n 

junction under bias, the potential profile of extremely large planar LECs with frozen junctions 

was mapped by using two probes. The obtained potential profiles strongly support the above-

mentioned argument that the p-doping is more conductive than n-doping. In addition, the 

potential profiles are remarkably consistent with the potential profiles mapped on micrometer 

planar LECs by using the SKPM technique. Furthermore, the relative conductivity distribution 

mapping on planar LECs was first carried out and it is concluded that both p-side and n-side have 

a graded doping profile with the region near the electrode more conductive than the one near the 

junction. This unique junction structure benefits a light-emitting device since the heavy doping 
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near the electrode facilitates charge injection by forming an ohmic contact whereas the low 

doping near the junction alleviates luminescence quenching.  
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Chapter 6 

Optical Beam Induced Current/Voltage Investigation of Planar LECs 

6.1 Introduction 

The LEC potential profile under bias has been successfully studied using scanning probes 

and described in Chapter 4. To map the built-in electric field/potential due to the frozen p-n 

junction, the optical beam induced current (OBIC) method was employed.  This method was first 

applied to the investigation of LECs by Dick et al. in 1996.(71) A detailed knowledge of the 

built-in electric field/potential profile in an LEC is of paramount importance both for better 

understanding such devices and for exploiting the device applications (photovoltaic in particular).  

OBIC technique was first demonstrated by Wilson in 1979, and has been widely used in 

microscopic investigations of semiconductor materials and devices.(120) In conventional OBIC 

measurements a laser beam with sufficient energy, greater than or comparable to the energy 

bandgap of the semiconductor sample, is scanned over the sample surface while the electrical 

signal is simultaneously measured. A profile of the built-in electric field can be obtained by 

plotting the electrical signal as a function of the position. The OBIC mechanism is a photovoltaic 

process in nature that involves the generation of electron-hole pairs by high energy photons and 

the following separation of these electron-hole pairs into free charge carriers with the help of the 

built-in electric field. To detect these carriers, an external circuit is needed. Both the photocurrent 

and the photovoltage are thus a direct reflection of the strength of the built-in electric field. The 

charge carriers are transported to the electrodes and flow through the circuit, forming the short-

circuit current (Isc). One can also apply an external voltage bias to cancel the built-in potential to 

the extent that the current through the circuit becomes zero. This external voltage bias is called 

the open-circuit voltage (Voc).  
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The OBIC technique was first used by Dick et al. to map the built-in potential profile of a 

planar LEC.(71) In their work, a 20 μm wide, PPV-based planar LEC was turned on at 300 K and 

then cooled to 250 K to stabilize the p-n junction formed. A 488 nm laser with a beam diameter 

of ~1 μm was scanned across the entire interelectrode spacing and the photovoltage signal was 

recorded. The obtained photovoltage signal as a function of position is shown in Fig. 6.1. As 

expected for a p-n junction, the photovoltaic signal was not observed in the neutral p- and n-

doped regions next to the electrode contacts, but only in the junction region where a built-in 

electric field exists. In addition, the authors observed that the higher the voltage bias applied to 

form the junction, the higher the resulting built-in potential/field. These results are consistent with 

the electrochemical doping model of LEC operation. 

 

Fig. 6.1 OBIC scans (photovoltage vs. position) showing the built-in electric field across a 20 μm 

planar LEC. The spatial profile of the built-in potential is shown in the inset. The junctions were 

formed at applied voltages of 3, 4, and 5 V. (Reproduced from reference (71))   
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However, this initial OBIC study of LECs does have some limitations. First, the LEC was 

only cooled to 250 K after turn-on, which is not sufficient to completely freeze the formed p-n 

junction. For LECs made with PEO-based electrolytes, the devices need to be cooled to below the 

glass transition temperature of PEO (206 K) to immobilize the ions and to freeze the junction. 

Our previous study clearly showed that the LEC p-n junction was not completely frozen and 

suffered from fast relaxation at 250 K.(87) This is likely why the observed photovoltage signal 

was extremely weak (microvolt). In addition, no concurrent fluorescence or electroluminescence 

imaging was done on the device being scanned to corroborate the observed junction profile.  

Our demonstration of extremely large planar LECs with millimeter interelectrode spacing 

opened up new opportunities for elucidating the LEC electronic structure by using a variety of 

electrical and optical techniques. The millimeter planar LECs can be easily imaged with or 

without optical magnification. The width of the emitting junction seems to increase with the 

interelectode spacing and can reach 70 μm.(84) Once turned on and cooled to 200 K, the junction 

remained sufficiently stable to allow for testing without doping relaxation. A record open-circuit 

voltage of more than 2 V was achieved in millimeter frozen planar LECs when illuminated 

uniformly with a solar simulator.(121) In this study, OBIC technique is used to obtain a spatially 

resolved built-in potential profile of extremely large planar LECs. The results are compared with 

those from simultaneous fluorescence and electroluminescence imaging of the devices under 

investigation.  

6.2 Experimental Details 

All devices in this study are planar LECs with an interelectrode spacing of about 3.6 mm. 

MEH-PPV was used as the luminescent polymer and the polymer electrolyte consisted of PEO 

and CsClO4. 100 nm thick aluminum strips and 50 nm thick gold strips were deposited on top of 
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the polymer films to serve as electrodes. The OBIC measurements were conducted in the probe 

station, which has a micromanipulated arm fitted with an optical fiber of 200 μm in diameter that 

can provide localized optical excitation. Fig. 6.2 displays a schematic diagram and the image of 

the experimental setup used for the OBIC measurements. A 30 mW Melles-Griot He-Cd laser 

with wavelengths of 325 nm and 442 nm was used as the excitation source. The optical fiber was 

manually scanned with a translation stage and a Labview program synchronized with the manual 

scan was used to record the data. The optical fiber tip was maneuvered to be as close as possible 

to the polymer film without contact, so the size of the excitation spot can be assumed to be 

approximately the diameter of the optical fiber. A Keithley 237 high voltage source measure unit 

(SMU) was used to measure the OBIC photovoltage or photocurrent signal. 

 

Fig. 6.2 Experimental set-up for the OBIC measurement of a frozen junction planar LEC. The 

location of the optical fiber and the direction of the scan conducted across the frozen LEC are 

shown in the inset. 
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The devices were turned on by applying a constant voltage bias of 200 V at 340 K. When 

EL was close to its maximum, the device was cooled to 200 K while maintaining the applied 

voltage to freeze the junction. The device was imaged during the turn-on and cooling process 

under UV illumination to visualize the doping process and electroluminescence, as shown in Fig. 

6.3. Fig. 6.3 (a) and (b) illustrates the doping propagation process at 340 K. Fig. 6.3 (c) and (d) 

shows EL from the p-n junction formed. The EL became much weaker after the device was 

cooled to 200 K due to much reduced device current (Fig. 6.3 (e)). The static junction at 200 K 

was also visible with both the voltage bias and UV illumination removed and some room light 

filled in, as shown in Fig. 6.3 (f). By scanning the laser beam across the entire inter-electrode 

spacing of the device, the photovoltage (or photocurrent) as a function of position was obtained.  

 

Fig. 6.3 Time-lapse fluorescence imaging of a 3.6 mm MEH-PPV: PEO: CsClO4 planar LEC. 

The device was under 365 nm UV illuminations. Image taken at 340 K with a 200 V bias applied 

for: (a) 0 sec; (b) 3 sec; (c) 6 sec; and (d) 81 sec. Images taken at 200 K with a 200 V bias (e) and 

without both voltage bias and UV illumination (f).  
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6.3 Results and Discussion 

With the LEC frozen and the initial voltage bias removed, a series of photovoltaic scans 

with a step size of 50 μm were carried out across the entire interelectrode spacing of 3.6 mm. 

Consecutive scans were made for each location to obtain both the photovoltage and the 

photocurrent signals. The results of one scan are shown in Fig. 6.4. The two electrode interfaces 

are indicated by black arrows. The white arrow shows the location and the direction of the scan. 

The photovoltaic profile spans over the whole inter-electrode gap, and the photovoltage or the 

photocurrent signal is the highest near the metallurgical junction. This is expected since the built-

in electric field necessary for separating the photo-generated charge carriers is the strongest at the 

metallurgical junction. In the OBIC study, the full width at half maximum (FWHM) of the curve 

is generally considered to be the depletion region width W.(122) In addition, in LEC study, it is 

generally believed that the depletion region is consistent with the emission zone width.(54, 71) 

However, the FWHM extracted from the above potential profile is about 0.5 mm, which is much 

larger than the emission zone width observed in Fig. 6.3 (d). The wider FWHM than the emission 

zone width is not a result of measurement error considering that the value of 0.5 mm is larger 

than the laser beam size of 0.2 mm and the scan step size of 50 μm. The results of the potential 

and conductivity mapping from Chapter 4 provide some clues to the cause. The mapping results 

suggest that the p-n junction formed is a graded p-n junction with decreasing conductivity and 

doping concentration from the electrode contact to the metallurgical junction. The doping 

gradient outside the junction region gives rise to a built-in electric field and contributes the OBIC 

signal. Therefore, the FWHM of 0.5 mm actually includes some portions of the n- and p- doped 

regions where nonzero electric fields exist. In other words, the FWHM should be considered as 

the nonzero electric field region width in LECs, not the width of the depletion region. The 

nonzero electric field outside the depletion region was also observed in planar silicon doped 
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gallium arsenide p-n junctions(123, 124) that also have a wide OBIC profile with a long potential 

“tail” beyond the junction on both n- and p- sides. These results have been predicted in the two-

dimensional graded p-n junction model and attributed to the week screening of the built-in 

electric field.(125, 126) 

 

Fig. 6.4 (top) Imaging shows the frozen p-n junction of the same planar LEC shown in Fig. 6.3. 

The white arrow shows the location and direction of the scan. The bottom panel shows the OBIC 

signals obtained in scans along the direction shown at 200 K.  

 

It is also worth noting, in Fig. 6.4, that the signal on the p- side decays more slowly than 

that on the n side, which is possibly caused by the more graded profile of p-doping relative to n-

doping. This assumption is consistent with the conductivity distribution mapping result as shown 
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in Fig. 5.11: near the junction, the conductivities in the n-doped region are much less variable 

than in the p-doped region. 

To study the effect of the scan step size on the resulting profiles, two scans were 

performed in the same direction with different scan step sizes (50 μm vs 10 μm) of a 4 mm frozen 

junction planar LEC, and the results are shown in Fig. 6.5 (a). Obviously, the two profiles 

obtained with different scan step sizes overlap quite well, which suggests that the measurements 

are accurate and reliable. However, the 200 μm optical laser beam does have a limitation on 

determining the exact width of the depletion region. For example, if the depletion region width is 

smaller than 200 μm, the FWHM obtained by OBIC scan can only reflect the size of the laser 

beam rather than the depletion region. Thus a laser beam with smaller size is necessary to 

precisely explore the depletion region width.  

 

Fig. 6.5 OBIC scans (photovoltage vs position) with different scan step sizes (a) and with 12 

hours between the two scans (b) of 4 mm frozen junction planar LECs at 200 K.   
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The potential profiles of a 4 mm frozen junction planar LEC before and after storage for 

12 hours at the frozen junction temperature of 200 K were also compared. As shown in Fig. 6.5 

(b), the potential profile after 12 hours overlaps remarkably well with the initial profile and it 

suggests that 200 K is low enough so that the effect of doping relaxation is not observed. 

Although the OBIC measurement with a 200 μm laser beam cannot be used to determine 

the exact width of the depletion region due to insufficient resolution, multiple scans at various 

locations of the long p-n junction do reveal differences due to a non-uniform doping profile. The 

scan locations and the photovoltage signals are shown in Fig. 6.6. Since OBIC signals come from 

the electronic charge carriers that are dissociated from excitons by the electric field and then 

transported with the aid of the electric field, the OBIC signal directly reflects the strength of the 

electric field. Therefore, the peak value and the peak position of signals reflect the maximum 

electric field strength and the location of the junction along the scan direction, respectively. Fig. 

6.6 (a) shows the OBIC signals along six directions. As seen from this figure, all six curves 

exhibit a spike somewhere in the middle marking the junction position. The extracted junction 

positions are highly consistent with the direct observation from the optical image (Fig. 6.6 (b)). 

The peak values of the photvoltage signals vary from about 0.05 V to 0.26 V with the various 

FWHM from approximately 0.32 mm to 0.68 mm depending on the scan directions. The large 

variation in the peak signals implies that the built-in electric field is highly uneven along the 

junction. Since the FWHM covers a part of the doped region outside the junction, the variation on 

FWHM in the vertical direction manifests the non-uniformity of the electrochemical doping and 

electric field outside the junction.     
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Fig. 6.6 (a) OBIC profiles at various locations in a frozen junction planar LEC at 200 K and the 

FWHM of the curves are shown; (b) the direction and position of the scans conducted across the 

frozen LEC shown in (a). 

 

The previous work established that a frozen p-n junction could relax into a more efficient 

p-i-n junction, as shown in Fig. 2.1, and that the intrinsic region with less PL quenching became 

wider with relaxation.(84) Improved Voc and Isc were also observed in this kind of p-i-n junction 

under photovoltaic measurements.(86) In order to study the effect of doping relaxation on the 

OBIC profiles, a series of warming-relaxation-cooling cycles were carried out on a frozen-

junction LEC. An as-formed frozen junction device was rapidly warmed from 200 K to a slightly 

elevated temperature of 210 K. After five minutes of relaxation at 210 K, the device was rapidly 

cooled back to 200 K for a new OBIC scan. No bias was applied to the device during the 

warming-cooling cycle. Additional cycles (from 215 K to 275 K at 5 K intervals) were performed 

on the same device and the resulting photovoltaic profiles versus position at 200 K are shown in 
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Fig. 6.7. The scans at the same temperature (200 K) can rule out the effects due to the 

temperature-dependent resistance of the polymer film. 

Fig. 6.7 shows the evolution of OBIC signals with consecutive doping relaxation. The 

photovoltage curve continues shifting upward as a whole with doping relaxation as shown in the 

inset of Fig. 6.7 (a). The cause for the baseline shift in photovoltage is the resistivity increase 

accompanying the doping relaxation process that necessitates a higher compensation voltage to 

cancel the photocurrent. For comparison, the photovoltage curves of all relaxation cycles were 

aligned to the same baseline as shown in Fig. 6.7 (a). In contrast, the photocurrent signals lack the 

baseline shift and the original curves are shown in Fig. 6.7 (b). All OBIC signals peak at the same 

position approximately 2 mm away from the anode, and gradually decay on both the n- and p- 

sides. This result implies that the relaxation may not affect the location of junctions. However, the 

peak value of OBIC signal was significantly affected by the doping relaxation. The photovoltage 

signal kept increasing, while the photocurrent signal experienced an initial increase followed by a 

drop with the turning point at the relaxation cycle of 265 K. This variation suggests that the 

electric field in the junction region varies with the relaxation. As well-known, a frozen p-n 

junction could relax into a more efficient p-i-n junction with a less PL-quenched intrinsic region. 

Therefore, the relaxation process improves the band-to-band absorption of the conjugated 

polymer and contributes a higher photocurrent. The improved photocurrent from the relaxed film 

requires a higher compensation voltage to reach a zero current in the circuit, that is, an enhanced 

photovoltage. Therefore, both photocurrent and photovoltage signals increase initially with 

relaxation. However, the photocurrent and photovoltage can not increase constantly and will 

finally drop when relaxation diminishes the p-n junction.(121) Indeed, an extra relaxation cycle at 

285 K dramatically reduced both the photovoltage and photocurrent signals; the result is not 

shown in Fig. 6.7. 
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Fig. 6.7 (a) Photovoltage and (b) photocurrent as a function of the position for a 3.6 mm planar 

LEC with frozen junction at 200 K. The as-formed junction consecutively experienced 5 min 

doping relaxations from 210 K to 275 K in 5 K increments. 

 

In addition, one interesting observation is that the initial variation in photocurrent and 

photovoltage with relaxation mostly occurred at the junction region where the electric field peaks. 

It implies that doping relaxation started from the junction region without disturbing the p- and n-

doping bulk and gradually expanded in both p- and n-sides. This relaxation picture agrees well 

with our previous fluorescence imaging on the relaxing LEC films that illustrated the gradual 

emergence of the intrinsic region between the p- and n-doped regions.(86, 121) In the previous 

fluorescence imaging experiments, it was also found that doping relaxation at the junction region 

occurred by the receding of p-doping frontier toward the anode with no observable n-doping 

relaxation.(86, 121) In other words, the relaxation at the junction mostly counts on p-doping. This 

observation is also consistent with the OBIC measurement. As shown in Fig. 6.7, the OBIC 

signals on both the p- and n-sides improve with doping relaxation, and the improvement on the p-
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side is more advanced than that on the n-side. This observation suggests a more heavily relaxed 

p-doping than n-doping. 

6.4 Conclusions 

OBIC measurements were carried out to study the built-in electric field profiles of 

extremely large planar LECs with frozen junctions. The data clearly shows that a large electric 

field exists only around the junction region rather than at the interfaces between the electrodes 

and the polymer film. Moreover, the result clearly indicates that the nature of an LEC is a graded 

p-n junction with a wide nonzero electric field outside the depletion region. In addition, the OBIC 

measurements were applied to study the profile of the built-in electric field on the relaxed p-n 

junctions. The results indicate that the doping relaxation initiates from the junction region and 

expands on both sides. The controlled doping relaxation enhances the optical absorption and 

improves the photovoltage and photocurrent as a whole. It was also found that the doping 

relaxation at the junction region mainly occurred on the p-doped side. All of the above 

conclusions are consistent with the previous results obtained from the fluorescence imaging. 
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Chapter 7 

Conclusions and Future Work 

 

7.1 Conclusions 

The research presented in this dissertation illustrates the effectiveness of the direct 

imaging and probing of extremely large planar LECs in the elucidation of the electronic structure 

of the p-n junction and the electrical properties of the p-doping and n-doping bulks. The results 

help to clarify some important questions such as whether the formed junction in an LEC is a 

graded p-n junction, why n-doping and p-doping exhibit different doping profiles, and how the 

built-in electric field is distributed in the device. The main results/conclusions of this thesis are 

summarized in the following: 

The initialization of electrochemical doping and the formation of a light-emitting p-n 

junction in an LEC film were demonstrated by biasing a pair of probes in contact with the 

polymer. Time-lapse fluorescence imaging captured the intrinsic doping patterns and growth 

dynamics without being disturbed by the imperfection of the strip electrodes. The results point to 

the intrinsic difference between n-doping and p-doping in reaction kinetics, with the former being 

reaction-limited and the latter being diffusion-limited. This intrinsic difference in reaction 

kinetics explains all the different observations in p- and n-doping. For example, p-doping is 

generally more efficient in reaction rate with a more uneven doping frontier and larger doping 

bulk than n-doping. In addition, the diffusion-limited aggregation explains why the new p-doing 

grown in the initial n-doped region when the voltage bias is reversed is more fractal with a larger 

mean fractal dimension than the p-doping grown on a fresh film. 

The direct probing technique was also used to map the electric potential and conductivity 

in a conventional planar LEC with strip electrodes by first freezing the junction at low 



 

 117 

temperature and then probing with a pair of biased probes. The obtained potential profile reveals 

that the most potential drop is over the n-doped region while the p-doped region only accounts for 

approximately 10% of the applied potential. This observation agrees well with the potential 

profiles mapped on micrometer planar LECs by using the SKPM technique and removes any 

doubts about the existence of the electrochemical doping and the p-n junction. The conductivity 

profiles are highly consistent with the potential profiles and show that the p-doping is more 

conductive than n-doping. More importantly, the conductivity and potential mapping 

measurements provide the first evidence that the p-n junction is a graded one in which the region 

near the electrode is much more conductive than that near the junction. Although a large bias of 

hundreds of volts must be applied to turn on the extremely large LEC at an elevated temperature, 

a voltage bias of only tens of volts is sufficient to turn on the as-formed junction with visible light 

emission even at a frozen junction temperature by using a pair of probes. It suggests that the p-

doping and n-doping bulks in an LEC are rather conductive even at an extremely low temperature. 

In addition, the size of this light-emission zone is only sensitive to the probe location in the n-

doped region, which confirms that the n-doped region is much less conductive than p-doped 

region.  

The extremely large planar LEC with frozen junction allowed studying the built-in 

electric field profile of LECs by using the OBIC measurement. The obtained profile illustrates 

that a nonzero electric field spans over the entire interelectrode gap with a spike around the 

junction region, and that the electric field gradually approaches zero toward the 

electrode/polymer interfaces. This result indicates that the p-n junction in an LEC is a graded p-n 

junction, the same result as obtained by the potential and conductivity mapping. In addition, the 

OBIC measurements were applied to study the electric field profiles of the relaxed p-n junctions. 

The results reveal that the controlled doping relaxation improves the photovoltage and 
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photocurrent signal as a whole due to the enhanced optical absorption. With relaxation, 

photovoltaic signal increase first started at the junction region and then expanded outside toward 

electrodes, more in the p-side. These observations coincide with our previous results showing that 

the doping relaxation initiates from the junction region and expands on both sides over time, with 

more relaxation in p-doping.  

7.2 Future Work 

So far my research has elucidated the operating mechanism of LECs and the electronic 

structure of these devices. However, some questions are still in need of answers, such as, why 

does p-doping have a stronger PL quenching effect than n-doping? What is the correlation 

between the degree of PL quenching and the doping level? What is the conductivity of the n- or 

p-doped regions? How wide is the depletion region of an LEC? The following research projects 

may answer the above questions and further the understanding of LEC operation and device 

physics.  

To improve the efficiency of LECs, the adverse PL quenching associated with in situ 

electrochemical doping must be suppressed through a better understanding of the quenching 

mechanism. Previous studies consistently show that p-doping has a stronger PL quenching effect 

than n-doping. The difference in PL quenching may stem from the doping-induced midgap states. 

The next logical step is to compare time-resolved spectroscopy (such as absorption, photo-

induced absorption, etc) data for p- and n-doped regions, which will enable us to probe the doping 

induced midgap states. The high spatial resolution of each doped region offered by the extremely 

large 11 mm planar LECs makes them the ideal device structure for this study. Also, the cryostat 

with a quartz window on each side is a suitable instrument for the absorption measurement. In 

addition, combining the absorption measurement with the conductivity measurement will provide 
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a definitive answer to the important question of whether there is a correlation between the degree 

of PL quenching and the degree of doping. 

Although two probe conductivity measurements demonstrated the conductivity 

distribution profile of LECs, more accurate conductivity data for both n- and p- doped regions is 

preferable. The extremely large interelectrode spacing offers the opportunity to probe the local 

conductivity by four-point probe conductivity measurements. The resulting data can help to 

establish correlations between doping level and PL quenching strength for both p- and n-doping, 

which can be used to analyze some previous observations. In addition, temperature has a very 

strong effect on electron mobility and conductivity of conjugated polymers. The resulting 

conductivity as a function of temperature both for the p- and n-doped regions could be obtained 

by varying the temperature while probing the conductivity. 

The previous work shows that there are three different stages during the LEC turn-on 

process. The initial current is very small since it is mostly ionic that flows across the vast 

undoped region before the formation of a p-n junction. The current turns on exponentially once 

the junction forms due to the combination of ionic current and electron recombination current. 

Finally, the current stabilizes since mainly electron diffusion/recombination current exists. One 

can use the probe to verify the properties of each stage, such as turn on response and conductivity. 

So far, questions about the depletion region width of LECs still need to be answered. The 

200 μm wide optical fiber was a limiting factor in the investigation of the junction widths. A 

much smaller optical fiber would improve the accuracy and relevance of our measurements. Now 

Janis Research Company can provide some commercially available fibers for the probe station 

and some examples are shown in Fig. 7.1. The 9 μm fiber seems to be a good choice to achieve 

the OBIC measurement with high resolution. Additionally, the size of mono-valent cations can 
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strongly affect the emission zone position. With OBIC and conductivity measurements, the 

cationic size effects on the device’s built-in electric field and conductivity distribution can be 

studied. 

 

Fig. 7.1 Optical fiber options. The numeric notation (e.g. 9/125 μm) signifies the size of the glass 

core where the light travels (9 μm) and the outside glass cladding diameter (125 μm). 

 

Although the depletion region width cannot be directly extracted from the OBIC profiles 

introduced in Chapter 6, OBIC traces for various reverse biases may provide a way to estimate 

the width. The method was demonstrated by Reuter et al.(123) For zero voltage bias, the OBIC 

profile shows a sharp peak around the geometrical position of the p-n junction. With increasing 

reverse bias, a small plateau around the junction region shows up and becomes wider (Fig. 7.2). 

The plateau region usually extends more into the lightly doped region. This plateau is typically 

identified as the depletion zone due to the existence of maximum electric field in that region.(123) 



 

 121 

Studies have shown that the depletion width depends linearly on the applied bias. This technique 

can be borrowed to study the junction width of an LEC. 

 

Fig. 7.2 Optical beam induced current (OBIC) as function of laser beam position for various 

reverse biases. (123) 
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