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Abstract 

A polymer light-emitting electrochemical cell (LEC) is a solid-state polymer 

device operating according to in situ electrochemical doping and the formation of a light-

emitting polymer p-n junction.  This operating mechanism, however, has been the subject 

of much debate.  Planar LECs with millimeter scale interelectrode spacings offer great 

advantages for directly observing the electrochemical doping process. Photoluminescence 

quenching and the formation of a light-emitting junction have been observed in planar 

polymer LECs, demonstrating the existence of electrochemical doping.  The chemical 

potential difference between the p- and n-doped regions creates a built-in 

potential/electric field in the junction region, which can be probed by measuring the 

optical beam induced current (OBIC). 

This study utilizes a versatile and easy-to-use method of performing OBIC 

analysis.  The OBIC and photoluminescence profiles of LECs have been simultaneously 

measured by scanning a focused light beam across large planar LECs that have been 

turned on and cooled to freeze the doping profile.  The photoluminescence intensity 

undergoes a sharp transition between the p- and n-doped regions.  The OBIC 

photocurrent is only observed in the transition region that is narrower than the width of 

the excitation beam, which is about 35 µm.  The results depict a static planar polymer p-n 

junction with a built-in electric field pointing from n to p.  The electrode interfaces do not 

produce a measurable photocurrent indicating ohmic contact.  
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Chapter 1    Introduction 

 

 

1.1 Background 

For many years, researchers have been studying the unique optical and electronic 

properties of light-emitting semiconductors.  Lighting represents 19% of the world's total 

electricity consumption, and the majority of lighting is still incandescent and fluorescent 

[1].  The demand for low-cost efficient solid-state lighting has never been higher.  To 

replace the current paradigm of incandescent and fluorescent based lighting, 

electroluminescent semiconductors have been an attractive alternative for scientists and 

engineers to study. White light-emitting diodes (LEDs) have achieved efficiencies greater 

than 90 lumen/W and operational lifetimes of 50,000 hours [2].  Inorganic LEDs are very 

expensive though, costing $20 to $35 per light bulb at Home Depot.  For example, Group 

III-V semiconductors used in inorganic LEDs are grown using epitaxial techniques that 

are expensive and require a lot of energy to perform [3].  Lower cost alternatives to LEDs 

that still exhibit high efficiency are needed. 

The answer may lie with organic semiconductors.  Organic and polymer based 

LEDs are theoretically much cheaper to manufacture on a large scale since they require 

less energy demanding fabrication processes [4].  Amorphous light-emitting polymers 
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can readily be spin coated from solution to form thin films, which is a process that is 

already utilized by the plastics industry. 

In this study, the characteristics and operating principles of light-emitting 

electrochemical cells (LECs) are discussed.  Examination of planar polymer LECs 

through optical beam induced current (OBIC) reveals information on the built-in electric 

field, providing insight into the operating mechanism of LECs.  The effectiveness of the 

OBIC techniques used herein, including advantages and drawbacks, are discussed.  Plans 

for future work to improve upon these techniques are also made. 

 

1.2 Semiconductor Basics 

Semiconductors are the cornerstone of the modern electronics industry.  

Semiconductors are used in almost every facet of everyday life.  A semiconductor 

material is less conductive than metals due to the energy gap between the material’s 

valence band and conduction band energy levels.  The valence band is a semiconductor’s 

highest filled energy band and the conduction band is the lowest unfilled energy band.  

Semiconductors and insulators have an energy gap between the filled valence band and 

unfilled conduction band.  In semiconductors however, the gap is small enough (less than 

4 eV) that ambient thermal energy can excite some electrons from the valence band to the 

conduction band, giving it semiconducting properties.  In an intrinsic semiconductor, the 

Fermi energy is approximately midway between the conduction and valence bands.  

When valence electrons are excited into the conduction band, they leave behind holes in 

the valence band.  Applying an electric field will cause these excited electrons and holes 
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to drift through the semiconductor.  In addition, charge transport can occur due to 

diffusion if there is a gradient in the concentration of charge carriers [5]. 

Semiconductors are useful because some of their electrical and optical properties 

can be modified by intentionally introducing certain impurities into the material.  This 

process is known as doping.  Doping a semiconductor creates additional charge carriers 

by introducing impurities to an intrinsic material.  Taking intrinsic silicon as an example, 

adding a Group V element like phosphorous to the silicon crystal structure will n-dope 

the semiconductor.  Phosphorous, in this case, is known as an electron donor and has one 

extra electron in its valence shell compared to silicon.  The energy of this additional 

valence electron is just below the conduction band of silicon within the band gap, as 

shown in Figure 1.1a.  At room temperature an electron at the impurity’s energy level is 

very easily excited into the conduction band [6].  

 

Figure 1.1: Band energy diagrams of dopant impurities within a semiconductor. (a) Band diagram 
of an electron donor impurity n-doping a semiconductor. (b) Band diagram of an electron 
acceptor impurity p-doping a semiconductor [7]. 

 

In order to p-dope silicon, a Group III element like boron can be used.  Boron, an 

electron acceptor, has an unfilled energy level just above the valence band of silicon, as it 

is pictured in Figure 1.1b.  At room temperature, electrons from the valence band very 



 
 

 4 
 

readily ionize boron atoms in the lattice, leaving behind holes in the valence band.  P-

doping a semiconductor introduces additional holes into its valence band, and n-doping a 

semiconductor introduces additional electrons into its conduction band.  P-doping 

decreases the Fermi energy level of the semiconductor and n-doping increases it. 

 

1.3 P-N Junction 

Many semiconductor devices utilize a p-n junction in some form.  When a p-type 

and an n-type semiconductor are brought into intimate contact, electrons will flow from 

the n-type semiconductor into the p-type semiconductor, and holes will flow from p-type 

to n-type.  This flow of charge carriers is diffusion current which varies according to 

equation (1.1) [6]: 

����� = ��� ���� − ��� ����   (1.1) 

where � is the elementary charge, � and � are the number densities of electrons and holes 

respectively, and �� and �� are the diffusion coefficients for electrons and holes 

respectively.  While diffusing across the junction, electrons from the n-doped region 

leave behind positively charged dopant atoms and holes from the p-doped region leave 

behind negatively charged dopant atoms.  These ions are localized near the p-n junction 

and form the depletion region, also known as the space charge region.  This space charge 

exerts an electric field on the charge carriers resulting in drift current that opposes the 

direction of the diffusion current [5]. 

   ������ = ����� + ����	  (1.2) 

In equation (1.2) �� and �� are the mobilities of electrons and holes respectively 

and E is the electric field.  The p-n junction is in equilibrium when the diffusion current is 
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cancelled out by the drift current.  At equilibrium, the Fermi energy is constant 

throughout, as it appears in Figure 1.2. 

 

Figure 1.2: Band Diagram of P-N Junction.  Built-in electric field exists across the depletion 
width of the junction (WD).  VD is the built-in potential, and EC, EV, and EF are the conduction 
band, valence band, and Fermi energy levels respectively [8]. 

 

At equilibrium, a built-in potential barrier prevents the flow of charge across the 

junction.  Applying a positive voltage to the p-side of the junction lowers this potential 

barrier and reduces the width of the depletion region allowing for current to flow from 

the p-doped region to the n-doped region.  Under reverse bias, the potential barrier 

inhibiting current flow and the width of the depletion region are both increased.  The 

current through a p-n junction is often approximated using the Shockley diode equation, 

shown below, where I and V are the diode current and voltage, Is is the reverse bias 

saturation current, VT is the thermal voltage, and n is the diode’s ideality factor which 

typically ranges from 1 to 2 depending on how recombination occurs.  Under forward 

bias, current through the diode increases exponentially with applied voltage, and under 

reverse bias, current through the diode will be approximately constant and equal to the 

small saturation current -IS [5]. 


 = 
	 ��
�

��� − 1�    (1.3) 



 
 

 6 
 

�� �
��

�
� �8.62 � 10�� 	� �⁄ ��   (1.4) 

Depending on the dopant concentration profiles of the p- and n-doped regions that 

meet to form a junction, the p-n junction can be classified different ways.  The most 

common junction approximations are abrupt and linearly graded junctions.  The 

distribution of the electric field in the depletion region of either junction is determined 

from Poisson’s equation, 

��

��
�

	


�
    (1.5) 

where 
��

��
 is the change in electric field with respect to position, ρ is the charge density, 

and εs is the permittivity of the semiconductor.  The impurity concentration and built-in 

electric field profiles of these two varieties of p-n junctions are illustrated in Figure 1.3. 

 

Figure 1.3: Illustrations of the (a) space charge distribution of an abrupt p-n junction; (b) space 
charge distribution of a linearly graded p-n junction; (c) electric field distribution of an abrupt p-n 
junction; (d) electric field distribution of a linearly graded p-n junction in thermal equilibrium [9]. 
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Within the depletion region, the distribution of charge depends on the distribution 

of dopants.  In an abrupt p-n junction, the concentration of dopants is constant throughout 

each doped region, as shown in Figure 1.3a.  In a linearly graded junction, the 

concentration of dopants follows a linear gradient across the semiconductor, as shown in 

Figure 1.3b. 

The built-in electric field of an abrupt p-n junction can be obtained by solving 

equation (1.5) using proper boundary conditions, leading to the equations below [9]: 

	 = −

��

��
�� + �      for     −� <  < 0 

	 = +

��

��
� − ��      for         0 <  < �  (1.6) 

where e is the elementary charge, εs is the permittivity of the semiconductor, NA is the 

concentration of acceptor dopant atoms, and ND is the concentration of donor dopant 

atoms.  The position within the space charge region is denoted by x so that the maximum 

electric field occurs at x=0, and xn and –xp denote the boundaries of the depletion region.  

The electric field within an abrupt p-n junction consists of two linear segments and the 

width of the depletion region is equal to xn + xp. 

The built-in electric field of a linearly graded p-n junction can be quantified by 

the quadratic equation shown below [9]. 

	 = −



���
�� − ��

�
�      (1.7)  

At x=0, the electric field is at its maximum, 

  	�� =



���
��     (1.8) 
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where W is the width of the depletion region.  The variable � represents the slope of the 

linear gradient in charge concentration as depicted in Figure 1.3b.  This slope is 

dependent on the width of the junction and on the concentration of dopant atoms. 

� =
��

��
=
��

��
       (1.9) 

As the doping concentration increases, the slope of the gradient will increase and 

the width of the depletion region will decrease.  Consider equation (1.7), as doping 

concentration increases, the electric field within the depletion region will also increase. 

 

1.3.1 Light Emitting Diodes 

An application of a p-n junction is as a Light Emitting Diode (LED).  LEDs 

employ the concept of electroluminescence to convert electricity into light.  Similar to 

photoluminescence, electroluminescence occurs when an excited electron recombines 

radiatively with a hole in a semiconductor.  The main difference between 

photoluminescence and electroluminescence is the manner in which the electron becomes 

excited in the first place.  Photoluminescence occurs when ultra violet or other high 

energy light excites electrons from the valence band to the conduction band.  Those 

excited electrons drop down to the lowest energy level of the conduction band through 

non-radiative processes such as phonons.  The electron can then recombine with a hole, 

emitting their energy difference as a photon.  During electroluminescence, electrons that 

are injected into the conduction band and holes that are injected into the valence band 

from an external circuit recombine to emit light.  Photoluminescence is generally more 

efficient than electroluminescence because photoluminescence generates excited 

electrons and holes always in pairs and in close proximity.  LEDs are mostly based on 
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direct band gap semiconductors such as gallium arsenide (GaAs) which are more efficient 

than indirect bandgap semiconductors such as silicon [6]. 

When an LED undergoes forward bias, minority charge carriers are injected 

across the junction.  Electron-hole pairs within one diffusion length of the p-n junction 

have a chance to recombine and emit light.  The number of photons emitted from an LED 

(��) divided by the number of injected electrons (�
) is called the quantum efficiency 

(���), as shown in equation (1.10).  The quantum efficiency is affected by the probability 

of an injected electron recombining with a hole (γEL), the rate constant of radiative 

recombination (κR), the rate constant of non-radiative decay (κNR), and the chances that 

an emitted photon is not re-absorbed before escaping the LED (γRA). 

  ��� = �� �
� = ��� × �	

�	��
	
× ���  (1.10) 

 

1.3.2 Photovoltaics 

A p-n junction can be used in photovoltaic (PV) cells for the conversion of light 

into electricity.  As it has been explained, a semiconductor diode consisting of a p-n 

junction operating under an applied forward bias is an LED.  However, the same 

semiconductor diode consisting of a p-n junction operating under no bias will not emit 

light, but instead act as a photovoltaic. 

Even with no bias applied across a photovoltaic, there still exists a built-in electric 

field from the p-n junction’s depletion region.  A photovoltaic can absorb light with 

energy significant enough to excite an electron from the semiconductor’s valence band to 

the conduction band, forming an electron-hole pair.  If an electron-hole pair is formed 

within one diffusion length from the depletion region then the built-in electric field can 
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ionize the exciton and sweep the charge carriers in opposite directions.  The built-in 

electric field will sweep dissociated holes toward the p-doped region and dissociated 

electrons toward the n-doped region, resulting in a current through the device.  This 

photocurrent is proportional to the generation rate of minority charge carriers (GL), the 

width of the depletion region (W), and the diffusion lengths of electrons and holes (Ln, 

Lp) according to the equation below [6]. 

   ��� = ���(� + �� + ��)  (1.11) 

VOC is the open-circuit voltage and is the voltage produced by the photovoltaic 

when the net current through the device is zero.  This means the photogenerated current is 

just balanced by the forward-biased junction current as a function of the voltage [6].  The 

open-circuit voltage can be found using the equation below, where I0 represents the 

reverse bias saturation current, k is Boltzmann’s constant, T is the temperature, and e is 

the elementary charge of an electron. 

��� =
��



ln �1 +

���

�
�    (1.12) 

ISC is the short-circuit current of a photovoltaic and is equivalent to the 

photogenerated current that occurs when the two electrodes of the photovoltaic are 

shorted together so that the voltage drop across the device is zero.  Figure 1.4 

demonstrates the typical I-V relationship of a photovoltaic under illumination. 
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Figure 1.4: Typical I-V relationship of a photovoltaic under illumination. 

 

1.4 Polymer Semiconductors 

Though typically thought of as insulators, polymers and other organic materials 

have been studied for their conducting and semiconducting properties since the discovery 

of the electroluminescent properties of anthracene in 1963 [10].  Conducting polymers 

were studied greatly in the 1980’s [11–13], leading to the first polymer light emitting 

device (PLED) being published by a group from Cambridge in 1990 [14]. 

 

1.4.1 Conjugation and Molecular Orbitals 

Certain organic polymers are conductors due to their unique chemical structure, 

which stems from carbon atoms and the way they form double-bonds.  Since a carbon 

atom has 4 valence electrons, when it forms covalent bonds with other atoms its valence 

electron orbitals undergo hybridization.  In order to form 4 σ bonds, s and p orbitals of a 

carbon atom hybridize to form 4 equivalent sp3 orbitals that have a tetrahedral orientation 

around the carbon atom.  For two carbon atoms to form a double bond, like in the case of 
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ethylene (C2H4), their atomic orbitals will hybridize to sp2 orbitals, leaving behind one 

un-hybridized p orbital in the orthogonal direction, as it is illustrated in Figure 1.5. 

 

Figure 1.5: (a) Molecular structure of an ethylene (C2H4) molecule. (b) The hybridization of the 
atomic orbitals of each carbon atom in ethylene. The p orbital is perpendicular to the plane in 
which the sp2 orbitals lie [15]. 

 

The overlap of hybridized sp2 orbitals forms a strong σ bond between two 

neighbouring carbon atoms, and the overlap of the remaining pz orbitals form a π bond.  

The σ bonds and π bonds are no longer atomic orbitals, but instead molecular orbitals, 

and depending on their overlap can form bonding or anti-bonding orbitals.  For a polymer 

chain with alternating single and double bonds, such as polyacetylene, a greater degree of 

polymerization leads to greater conjugation.  Due to Peierls instability, adjacent carbon 

atoms will find it more energetically favourable to form dimers, creating alternating 

shorter and longer bonds [16].  This results in electrons from the un-hybridized pz orbitals 

overlapping to fill low energy π bonding orbitals and leaving higher energy π* anti-

bonding orbitals unfilled.  This is referred to as energy level splitting and for each 

additional conjugated carbon atom the number of energy levels increases.  For large 

polymer chains these energy levels split into a completely filled low energy band of π 
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bonding levels and an unfilled high energy band of π* anti-bonding levels.  The π 

bonding energy band is akin to the valence band of inorganic semiconductors and π* anti-

bonding is akin to the conduction band.  For π and π* molecular orbitals to exist the 

interacting carbon atoms must be planar so that their pz orbitals can overlap.  It is for this 

reason that the majority of organic semiconductors have flat molecular geometries, and 

why benzene rings are so predominant in organic and polymer semiconductors.  Benzene 

in particular, as illustrated in Figure 1.6, which has a conjugated structure and flat 

geometry, exhibits strong electron delocalization of the π molecular orbitals.  This 

resonance hybrid structure of benzene appears as the alternating pattern of single and 

double bonds rotating around the ring of carbon atoms. 

 

Figure 1.6: Diagram of the delocalized electron cloud of π molecular orbitals in a benzene 
molecule [17]. 

 

The sp2 atomic orbitals that form σ bonds also undergo energy level splitting, 

however the energy difference between anti-bonding and bonding σ bonds (σ* − σ) is 

much greater than the energy difference between anti-bonding and bonding π bonds (π* 

− π).  The highest occupied bonding molecular orbital is called the HOMO and is akin to 

the highest energy level of the valence band of an inorganic semiconductor.  The lowest 
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unoccupied anti-bonding molecular orbital is called the LUMO and is akin to the lowest 

energy level of the conduction band of an inorganic semiconductor.  The energy gap 

between a polymer’s HOMO energy and LUMO energy is akin to the band gap energy of 

inorganic semiconductors, and for highly conjugated polymers HOMO-LUMO gap 

generally ranges from 1.5 to 3.5 eV, which corresponds to the energy of a photon in the 

visible spectrum.  As the degree of conjugation in a polymer or organic molecule 

increases, the HOMO-LUMO energy gap decreases [17]. 

Like inorganic semiconductors, certain polymers can also be light emitting.  

Luminescent varieties of semiconductive polymers act similarly to luminescent inorganic 

semiconductors.  When exposed to high energy light, those photons are absorbed and 

excite electrons from the HOMO to a high energy anti-bonding molecular orbital.  A host 

of competing processes can follow, including the very rapid vibrational relaxation of the 

electron that drops it down to the LUMO, after which fluorescence can occur by dropping 

the singlet electron back down to a bonding orbital, releasing the change in energy as a 

photon.  The electron also has a chance to undergo non-radiative decay and simply return 

to the π band without emitting any kind of photon by instead dissipating its energy 

kinetically or thermally [18]. 

 

1.4.2 Polymer Doping and Charge Transport 

Similar to inorganic semiconductors, polymer semiconductors can also be doped 

by adding impurities.  In conjugated polymers, n-doping is caused by reduction of the 

polymer chain while positively charged dopant ions incorporate themselves onto the 

polymer chains to compensate the reduced electronic charge.  Similarly, p-doping is 
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caused by oxidizing polymer chains and compensating the increased charge by 

incorporating negatively charged dopant ions.  These doping processes can occur 

chemically or electrochemically.  Chemical doping is performed by mixing un-ionized 

dopant molecules with the polymer.  The charge transfer will ionize the dopant molecule 

and reduce or oxidize the polymer.  Electrochemical doping is performed by mixing the 

polymer with an electrolyte containing dopant ions.  Application of a voltage through the 

solution results in reduction of the polymer near the cathode and oxidation near the 

anode.  Electrochemical doping has the advantage of better control over the amount of 

doping that occurs by controlling the voltage bias. 

  A simplified reaction mechanism for the doping of MEH-PPV by lithium 

trifluoromethanesulfonate can be seen in Figure1.7. 

 

Figure 1.7: Visualization of the reaction mechanism that governs electrochemical doping of 
MEH-PPV by lithium trifluoromethanesulfonate (triflate).  Mechanism is initiated by the 
injection of charges from an applied voltage bias. 

 

Polymer doping does not break any chemical bonds as in silicon doping.  

Inorganic semiconductors are doped by introducing foreign atoms which typically replace 

intrinsic atoms in the crystal lattice. 
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The conductivity of inorganic semiconductors is governed by band transport, 

which allows for high carrier mobility due to their highly ordered crystal lattice 

structures.  Most polymer semiconductors and other organic molecules are more 

amorphous or perhaps poly-crystalline.  Carrier transport in organic semiconductors is 

governed by hopping which, due to their larger intermolecular distances, results in lower 

conductivities.  Planar conjugated molecules can undergo π-π stacking, where the 

delocalized π-bonds from two conjugated chains can stack one on top of the other and 

decrease the energy barrier for intermolecular electron hopping [19]. 

More effective at increasing conductivity however is through chemical or 

electrochemical doping of a conjugated polymer.  Doping a conductive polymer causes 

new energy levels to form within the π − π* energy gap, increasing the amount of 

partially filled energy levels and possible energy transitions [20].  Sufficient doping 

allows for the newly attributed energy levels to form a partially filled energy band, which 

can greatly increase the intermolecular conductivity.  The new energy levels gained from 

doping also result in different energy transitions occurring during photoluminescence.  

Smaller energy transitions can result in complete or partial fluorescence quenching, since 

additional energy levels may result in non-radiative recombination processes [20]. 

 

1.5 Polymer Light Emitting Electrochemical Cells 

Polymer light Emitting Electrochemical Cells (LECs) were invented in 1995 by 

Qibing Pei and Alan Heeger’s group at Santa Barbara [21].  Polymer LECs are 

fundamentally different from polymer LEDs due to their incorporation of a solid-state 

polymer electrolyte along with a luminescent polymer in the active layer of the device.  
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The addition of an electrolyte to the active layer allows LECs to be ionic conductors as 

well as electronic conductors.  Pei demonstrated in 1996 how the characteristics of an 

LEC differ from those of an LED (Figure 1.8).  Light output from an LEC is proportional 

to current, but unlike LEDs, LECs can emit light in both forward and reverse bias 

regimes [22].   Furthermore, unlike organic and polymer LEDs, LECs are insensitive to 

the thickness of the active layer polymer film and to electrode materials [21]. 

 

Figure 1.8: Current and light output versus voltage characteristics of (a) an ITO/MEH-PPV + 
PEO/Al LEC, and (b) an ITO/MEH-PPV/Ca LED [21], [23]. 

 

1.5.1 Electrochemical Doping Model 

In order to explain the observed characteristics of LECs, Pei and Heeger proposed 

that the operating mechanism behind LECs is governed by electrochemical doping [21].  

The electrochemical doping model states that, “a p-n junction diode is created in situ 

through simultaneous p-type and n-type electrochemical doping on opposite sides of a 

thin film of conjugated polymer that contains added electrolyte to provide the necessary 

counterions for doping” [21].   The process of in situ electrochemical doping can be 

understood using Figure 1.9 [21]. 
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Figure 1.9: Diagram of electrochemical doping and junction formation in an LEC [21]. 

 

The active layer of a polymer LEC consists of a luminescent polymer and a 

polymer electrolyte.  The polymer electrolyte allows for ions to easily migrate throughout 

the polymer film.  Before the LEC is turned on, anions and cations from the electrolyte 

are randomly distributed throughout the film.  Applying a voltage bias above the band 

gap of the luminescent polymer initiates the turn-on process.  Once the bias is applied, 

electrons are injected from the cathode into the polymer film.  Injected electrons reduce 

the luminescent polymer chains situated near the cathode.  Due to the electric field 

caused by the applied voltage bias, cations from the polymer electrolyte are pushed 

towards the cathode and insert themselves among the reduced polymer chains in order to 

compensate the injected charges.  This results in the luminescent polymer becoming n-

doped near the cathode of the LEC device.  Concurrently, holes are injected from the 

anode into the polymer film and oxidize the luminescent polymer chains near the anode.  

The applied electric field forces anions toward the anode which neutralize the oxidized 

polymer chains, thereby stabilizing them.  This process p-dopes the luminescent polymer 

near the anode.  As the voltage bias continues to be applied, electrons and holes continue 
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to be injected into the polymer film.  P- and n-doping continues to occur and propagates 

away from the electrodes, eventually meeting and forming a p-n junction.  Light is 

emitted when the injected electrons and holes recombine radiatively in the vicinity of the 

junction. 

Since a doped polymer is highly conductive, the interface between an electrode 

and the doped polymer tends to form an ohmic contact leading to more efficient charge 

carrier injection.  Doping therefore makes LECs much less sensitive to the work 

functions of each electrode and to the thickness of the active layer. 

In analogy to a conventional p-n junction, the applied voltage drop will mostly 

fall across the p-n junction which is more resistive due to the depletion of charge carriers.  

Figure 1.10a illustrates the approximate potential drop across an LEC as predicted by the 

electrochemical doping model [24]. 

If the potential of an LEC is obtained, then differentiating the potential profile 

leads to a profile of the built-in electric field.  Since the largest potential drop is expected 

to be over the p-n junction, the junction is expected to be the source of the greatest built-

in electric field of an LEC, as shown in Figure 1.10b [25].  In the neutral p-doped and n-

doped regions of an LEC, the built-in electric field is expected to be nearly zero. 

 

Figure 1.10: (a) Potential drop across an LEC, and (b) built-in electric field of an LEC.  As 
predicted according to the Electrochemical Doping Model [24], [25]. 
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1.5.2 Electrodynamic Model 

After the invention of LECs, there was much debate about their operating 

mechanism.  Additional studies provided strong support to the original operating 

mechanism based on electrochemical doping [22, 26–30].  However, in 1998, John 

deMello and Richard Friend from Cambridge published a paper proposing a seemingly 

plausible, yet contradictory model to the mechanism behind how LECs are formed and 

operate [31].  This is the electrodynamic model of LECs. 

The electrodynamic model states that, “movement of the ions, rather than 

electrons or holes, is responsible for the ohmic electrode-polymer contacts […and…] the 

electric field is very low in the bulk of the polymer” [31].  This claims that no 

electrochemical doping occurs hence no p-n junction ever forms.  Instead, once a bias is 

applied across an LEC the applied electric field forces cations from the electrolyte 

towards the cathode and anions towards the anode.  Ohmic contact with the electrodes is 

said to be due to the formation of electrical double layers (EDL) near the electrodes [31]. 

Under forward bias, the electrodynamic model predicts that potential drop across 

an LEC occurs only over the two electrical double layers near the two electrodes, as 

illustrated in Figure 1.11a [24].  By differentiating the potential profile, the built-in 

electric field distribution can be seen.  As illustrated in Figure 1.11b [25], according to 

the electrodynamic model, there should only exist a built-in electric field near the 

electrodes.  Under steady-state operation, the electric field is predicted to be very low in 

the bulk of the polymer since it is being screened by the electrical double layers near the 

electrodes.  The results from this study however will refute the assertion that no built-in 
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electric field is present in the bulk of the active layer, thereby repudiating the 

electrodynamic model as the operating mechanism that governs LECs. 

 

Figure 1.11: (a) Potential drop across an LEC, and (b) built-in electric field of an LEC.  As 
predicted according to the Electrodynamic Model [24], [25]. 

 

1.5.3 Frozen Junction LECs 

In general, LECs possess many appealing characteristics, including high 

efficiency, low operating voltage, and insensitivity to electrode work function and active 

layer thickness compared to PLEDs [32].  However, LECs suffer from some significant 

shortcomings, including short operating lifetimes and slow response times.  These are due 

to the dynamic nature of the p-n junction formed [33].  Once an LEC’s bias is removed, 

the in situ electrochemical doping and the p-n junction will immediately begin to relax as 

ions are redistributed and the doped polymer chains return to their undoped ground state.  

In order to make LECs suitable for lighting and more accessible for study, this drawback 

of the dynamic junction must be addressed.  A simple and very reliable technique for 

stabilizing a p-n junction is to form the junction at or higher than room temperature, then 

quickly cool the device to below the glass transition temperature of the ion-solvating 

polymer [27, 34, 35].  Above the ion-solvating polymer’s glass transition temperature, the 

polymer is free to move and contort in ways that give rise to high ion mobility [36].  
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Below the glass transition temperature, polymer motion freezes and ion mobility is 

greatly inhibited.  This effectively immobilizes the ions so that when external bias is 

removed from the device the p-n junction will be frozen. 

The devices used in this study all utilize poly(ethylene oxide) (PEO) as the ion-

solvating polymer.  The glass transition temperature of PEO is 208 K, so in order to 

appropriately freeze the p-n junction, devices in this study were cooled to 200 K, which 

has been shown to be very stable for devices made of similar materials [37].  Once 

frozen, the applied bias can be removed, and a frozen-junction LEC exhibits the same fast 

response time as a PLED, as well as a photovoltaic effect originating from the stabilized 

p-n junction.  The characterization techniques used in this study exploit this photovoltaic 

effect in order to explore the built-in electric field profile of LECs. 

 

1.5.4 Planar Cells 

Traditionally, LECs have been manufactured in a sandwich configuration, as 

shown in Figure 1.12a, where the active layer of the LEC is sandwiched between a metal 

cathode and a transparent conductive anode (i.e. Indium Tin Oxide) [21].  While 

sandwich LECs are easy to fabricate and effective light emitters, it is difficult to visualize 

the dynamic doping process.  Fortunately, LECs can also operate in a planar 

configuration, as illustrated in Figure 1.12b.  In a planar LEC, the active layer is 

deposited directly onto an insulating substrate, such as sapphire or glass, and then 

metallic electrodes are deposited on top of the LEC film.  In this configuration, the 

direction of an applied electric field is perpendicular to the direction of light emission, 

whereas in a sandwich cell the applied electric field is parallel to the direction of light 
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emission.  The planar cell configuration essentially lends a representative cross sectional 

view inside the LEC. 

 

Figure 1.12: (a) Sandwich cell, and (b) Planar cell configurations of LECs.  Active polymer layers 
have been colour-coded to illustrate predicted p- and n-doped regions and electroluminescence 
(EL) location. 

 

Planar LECs can be fabricated with a very large interelectrode gap, making it 

relatively simple to see the doping propagation and junction formation during turn-on.  It 

is also simple to optically or electrically affect a planar device after it has been turned on.  

Our group, led by professor Jun Gao, was the first to build an extremely large planar 

LEC, which had an interelectrode spacing of 1.5 mm [38].  That device was large enough 

that photoluminescent quenching and junction formation could be easily imaged.  An 

image of the device is shown in Figure 1.13. 
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Figure 1.13: Photograph of two working 1.5 mm planar LECs in series under 800 V. Also shown 
is the device configuration and biasing condition. The green-emitting device is made with 
poly[{9,9-dioctyl-2,7-divinylene-fluorenylene}-alt-co-{2-methoxy-5-(2-ethylhexyloxy)-1, 4-
phenylene}]; and the orange- emitting device is made with MEH-PPV.  Polymer films are coated 
on top of the aluminum electrodes [38]. 

 

Since then, our group has performed several studies on planar LECs [32, 37,     

39–46], including the world’s largest, which has an interelectrode spacing of 11 mm [47].  

Being able to directly observe in situ electrochemical doping during the turn-on of an 

LEC has allowed us to investigate the effect of different temperatures and different 

polymer electrolyte combinations on the propagation speeds of p- and n-type doping [39], 

[40].  It has even been observed that different electrode materials have an effect on 

doping propagation speed and uniformity [32]. 

The imaging of planar LECs reveals that no electroluminescence occurs until a p-

n junction is formed, and the only electroluminescence from the device comes from the 

p-n junction [38, 42, 47–49].  This observation, along with the observation of quenched 

photoluminescence, strongly supports the electrochemical doping as the LEC’s operating 

mechanism.  Figure 1.14 shows the process of photoluminescence quenching as the 

junction is being formed, and Figure 1.14d exhibits electroluminescence from the p-n 
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junction [42].  Additionally, we can see how rapidly the junction relaxes when the 

external bias is removed [45–47], as it is shown in Figure 1.15.  Figure 1.15a-b shows 

fluorescent images of an LEC during turn-on, where the junction takes about 2 minutes to 

form.  Within 30 seconds after removing the bias, there is noticeable doping relaxation, 

indicated by the diminished photoluminescence quenching near the junction (Figure 

1.15f) [47].  We can also observe the cessation of doping propagation and no junction 

relaxation after an LEC is cooled to 200 K, confirming that the p-n junction can be frozen 

by constraining ion mobility below the glass transition temperature of the polymer 

electrolyte [41]. 

 

Figure 1.14: Photographs of a working 1.5 mm 
MEH-PPV pLEC under 365 nm UV 
illumination.  The device was tested at 310 K 
under a voltage bias of 140 V.  The left electrode 
is positively biased relative to the right electrode.  
The photographs were taken at different times 
after the application of the voltage bias: (a) 8 
min; (b) 13 min; (c) 18 min; (d) 43 min. 
Electroluminescence is present once the junction 
is formed in (d) [42]. 

 

Figure 1.15:  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 after the 800 V 
bias is removed: (c) <4s, (d) 16 s, (e) 22 s, 
and (f) 32 s [47].
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The ability to make visual observations of the dynamic junction formation is not 

the only advantage of planar LECs.  Due to their exposed nature, planar LECs can be 

probed optically, electrically, or even physically in order to investigate various electrical 

or optical properties.  This advantage of planar LECs has been exploited recently by our 

group to perform Optical Beam Induced Current (OBIC) analysis on planar LEC devices 

in order to characterize their built-in electric field [50].  This study will further expand 

upon those findings. 

 

1.6 Motivation and Organization 

One of the driving motivations behind this current study is to garner a better 

understanding of the operating mechanism of LECs.  A major distinction between the 

electrochemical doping model and the electrodynamic model is the electric field 

distribution within an LEC.  Knowledge of the built-in electric field profile can help 

determine which model of the LEC is correct.  Probing the built-in electric field of frozen 

junction LECs is accomplished through optical beam induced current (OBIC) 

measurements.  Direct imaging and photoluminescence scans of frozen junction planar 

LECs are used to corroborate the existence of electrochemical doping. 

Another motivation of this study is to demonstrate the effectiveness of the OBIC 

experimental technique that was used herein.  This OBIC technique can perform 

simultaneous photocurrent and photoluminescence measurements.  This study represents 

only the third ever OBIC study of planar frozen-junction LECs. 

Chapter 2 of this thesis gives a detailed description of the experimental 

instruments and materials used.  This consists of all relevant information on the 
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fabrication process of planar LECs including the composition of materials used.  Each 

major piece of equipment used during fabrication and testing devices is also discussed in 

Chapter 2. 

The theory and applications of OBIC techniques will be explored in Chapter 3.  

Some background information on the theory of OBIC technology will be given.  This is 

followed by a comparison of OBIC to some alternative probing techniques.  Previous 

OBIC studies of LECs are also outlined in Chapter 3.  Finally, the advantages of the 

experimental set-up used in this study will be discussed. 

Chapter 4 provides a simulation of OBIC results using Matlab.  This chapter 

attempts to predict the minimum depletion region width of the LECs examined in this 

study.  Matlab is also used to simulate the results of OBIC measurements performed on 

LECs by taking into consideration the shape of the excitation beam. 

The results from this study are outlined in Chapter 5.  Several LEC devices were 

examined using OBIC and they all exhibit a p-n junction formed in situ through 

electrochemical doping.  OBIC measurements indicate that the built-in electric field of 

these LECs arises from the p-n junction, and there is ohmic contact between the doped 

polymer and the electrodes.  These results reinforce that LECs operate according to the 

electrochemical doping model and not the electrodynamic model. 

Conclusions and future work are summarized in Chapter 6. 
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Chapter 2    Experimental Methods 

 

This chapter will outline the details of LEC preparation, including both materials 

and device processing procedures.  The experimental setup used to test LECs will also be 

described. 

 

2.1 LEC Materials and Solutions 

The active layer of an LEC is composed of three main components.  The 

luminescent polymer has a HOMO-LUMO energy gap where radiative electron-hole 

recombination occurs.  An ion-solvating polymer is used to solvate a molecular salt into 

free cations and anions.  Finally, the third main component is the molecular salt, which 

provides the counter-ions for in situ electrochemical doping. 

The luminescent polymer used in this study is poly[2-methoxy-5-(2-

ethylhexyloxy)-1,4-phenylenevinylene] (MEH-PPV), which is one of the most common 

light-emitting polymers used in both PLEDs and LECs and whose molecular structure 

and absorption and photoluminescence spectra are shown in Figure 2.1. 

 

Figure 2.1: The molecular structure of MEH-PPV and its absorption (blue) and emission (orange) 
spectra [51]. 
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The peak photoluminescent emission of MEH-PPV occurs at 585 nm, resulting in 

the polymer emitting orange light while under ultraviolet (UV) illumination.  The energy 

bandgap of MEH-PPV is 2.17 eV [52].  MEH-PPV is an ideal luminescent polymer for 

use in LECs because it can easily be reduced and oxidized making it suitable for 

simultaneous n- and p-doping.  MEH-PPV also has good solubility in many organic 

solvents and has been thoroughly studied in the past making it a good reference material 

[53].  Throughout this research, the MEH-PPV used was obtained from Canton 

OLEDKING Optoelectronic Materials co.  The number average molecular weight and 

polydispersity index of this MEH-PPV were determined in house using gel permeation 

chromatography to be 2.3x105 g/mol and 1.40 respectively. 

The ion-solvating polymer used in this study is poly(ethylene oxide) (PEO).  PEO 

can easily form complexes with metallic cations, which involves the interaction of 

cations with the lone pairs of the ether oxygen atoms on the PEO chain.  The process of 

ion transportation throughout PEO chains is facilitated by the chain segmental motion 

[36].  The PEO used in this study were obtained from Sigma-Aldrich.  The two PEO 

variations used had molecular weights of 1x105 g/mol and 2x106 g/mol. 

To complete the polymer electrolyte, a salt is combined with PEO in solution.  In 

general large molecular salts are preferred since they more easily dissociate.  A few 

experiments undertaken by this study used lithium trifluoromethanesulfonate (LiTf) or 

cesium perchlorate (CsClO4), which have been used since the earliest days of LEC 

research [21].  Throughout this work however, the most prominent salt used is potassium 

trifluoromethanesulfonate (KTf), also known as potassium triflate, for the main reason 
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that LECs made with potassium triflate tend to require smaller turn-on voltages and have 

been seen to have slightly more balanced p- and n-doping propagation speeds compared 

to lithium triflate [54].  The molecular structures of these salts along with PEO are shown 

in Figure 2.2. 

 

Figure 2.2: Molecular structures of Lithium Triflate, Cesium Perchlorate, Potassium Triflate, and 
Poly(ethylene) Oxide. 

 

The final LEC solution is made by mixing the luminescent polymer solution and 

the polymer electrolyte solution.  A common solvent is used to dissolve all three 

materials.  There are very few options in appropriate solvents since luminescent polymers 

are typically non-polar and polymer electrolytes are typically polar.  For the LECs used 

in this study, cyclohexanone was used as the common solvent for dissolving MEH-PPV 

and the various PEO based polymer electrolytes.  The separate luminescent polymer and 

polymer electrolyte master solutions are made by weighing out the dry components in air 

and dissolving them in cyclohexanone inside the glovebox.  MEH-PPV is dissolved in 
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cyclohexanone so that each milliliter of solution contains 10 mg of MEH-PPV.  For a 

polymer electrolyte made of PEO and KTf, 50 mg of PEO and 12 mg of KTf are 

dissolved in 1 ml of cyclohexanone.  For a polymer electrolyte made of PEO and LiTf, 50 

mg of PEO and 10 mg of LiTf are dissolved in 1 ml of cyclohexanone.  This is done 

because the molecular weight of KTf is 188.17 g/mol and the molecular weight of LiTf is 

156.01 g/mol.  Since KTf has a molecular weight 20% larger than the molecular weight 

of LiTf, using 20% more KTf by weight in a polymer electrolyte ensures that the molar 

ratio of PEO to salt (whether it be KTf or LiTF) remains consistent.  The final LEC 

solution is created by mixing appropriate amounts of the MEH-PPV solution and the 

polymer electrolyte solution so that the mass ratio is MEH-PPV(5):PEO(5):KTf(1.2) (or 

MEH-PPV(5):PEO(5):LiTf(1)). 

 

2.2 Device Fabrication 

This section outlines all of the steps taken for fabricating planar LECs, including 

substrate preparation, polymer film spin casting, and electrode deposition.  

 

2.2.1 Substrate Preparation 

The substrate material used for the planar LECs in this study is sapphire.  

Sapphire is chemically inert, has a high thermal conductivity of 3.6 kJ/s·m2, and has a 

high resistivity of 100 TΩ·m at room temperature.  Additionally, sapphire is chemically 

inert and up to 98.5% optically transparent [55].  The substrates used for fabrication are 

15.3 mm by 15.3 mm squares of sapphire that are 1.0 mm thick.  LECs built on these 

sapphire substrates can be etched away so that the substrates can be re-used to make new 
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devices.  This recycling process involves submerging the sapphire substrates in piranha 

solution, which is a solution made by mixing sulfuric acid and hydrogen peroxide in a 3:1 

ratio by volume.  Piranha solution is very caustic and can easily remove any organics or 

metals from the surface of sapphire.  After being rinsed thoroughly, the sapphire 

substrates undergo a series of 15 minute long ultrasonication baths, beginning with 

deionized water, followed by cyclohexanone, acetone, and then isopropanol.  The 

sapphire substrates are dried quickly using a nitrogen blower and then stored in a 120 °C 

oven in order to remove latent residual solvents. 

 

2.2.2 Spin Casting 

Due to the sensitive nature of MEH-PPV, PEO, and other components of a planar 

polymer LEC device [56], all device fabrication takes place within an MBraun double 

glovebox system under a dry nitrogen environment, an image of which is shown in 

Figure 2.3.  The left hand side glovebox is used for wet processing such as spin casting 

films onto substrates.  The right hand side glovebox has a built-in thermal evaporator and 

is used to deposit metal electrodes.  The two gloveboxes are connected by a mini-T 

chamber so that the polymer films can be transferred between them without being 

exposed to air.  Oxygen and water vapour levels are kept at or below 1 ppm inside each 

glovebox. 
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Figure 2.3: MBraun Glovebox system. 

 

After allowing the mixed LEC solution to stir for at least a day at 50 °C on a 

stirring hotplate, approximately 80 µl of the LEC solution is dispensed onto a sapphire 

substrate which was spun by a Chemat Technology KW-4A spin coater.  The substrate is 

first spun for 1 minute at approximately 1800 revolutions per minute (rpm) to spread the 

solution.  This is followed by 1 minute at approximately 3000 rpm and another minute at 

approximately 4000 rpm to dry the polymer film.  After spinning, the LEC films are dried 

at 50 °C on the hotplate for at least 3 hours in order to remove any residual solvent.  This 

process resulted in polymer films with thicknesses that ranged from 150 nm to 300 nm, 

depending on the viscosity of the polymer solution used.  The thickness of each polymer 

film is measured using optical interferometry. 

For some LEC films, especially films cast from a solution with KTf, after being 

spin coated onto a sapphire substrate, phase separation of the film’s components can 

occur and manifest as white inhomogeneities on the film’s surface.  In this case the films 
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are annealed at 100 °C for 15 minutes and then quickly cooled by being placed on a large 

copper heat sink so that better film morphology is achieved [57]. 

 

2.2.3 Vapour Deposition of Electrodes 

The dried LEC films are transported to the right hand side glovebox where metal 

electrodes are deposited on top of the polymer films through the process of physical 

vapour deposition (PVD).  This process consists of thermally evaporating solid metal 

inside a vacuum chamber and allowing the vapour to be deposited onto the polymer 

surface through a shadow mask. 

The thermal evaporator (BOC Edwards AUTO500) is integrated into the 

glovebox so that the vacuum chamber is never vented to air but only to nitrogen.  The 

high vacuum is achieved with a vapour diffusion pump backed by a BOC Edwards RV12 

Rotary Vane Pump.  The pump down sequence is automated except for the manual filling 

of the liquid nitrogen cold trap which prevents oil backstreaming.  The vacuum can reach 

2x10-6 torr in about 20 minutes. 

First, appropriate shadow masks are selected which will determine the shape of 

the electrodes.  The shadow masks are precision machined brass pieces with various 

openings that allow for different interelectrode spacings and are approximately 0.5 mm 

thick.  For devices utilizing only one type of metal for each electrode, the shadow mask 

illustrated in Figure 2.4a is used.  The placement of electrodes provided by this shadow 

mask creates two devices on each substrate, and the interelectrode spacing of each device 

can range from 0.5 to 2.0 mm.  For devices with two different electrode materials, two 

shadow masks are used in two separate evaporations as shown Figure 2.4b.  One shadow 
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mask is used when depositing aluminum and a second shadow mask is used when 

depositing gold. 

 

Figure 2.4: Possible shadow masks and the resulting electrodes from PVD, including (a) single 
three-electrode shadow mask used to deposit aluminum, and (b) a one-electrode shadow mask 
and a two-electrode shadow mask used in two separate evaporations.  Aluminum is deposited 
using the one-electrode mask then gold is deposited using the two-electrode mask. 

 

After a shadow mask has been selected, the substrate is placed polymer film side 

down on top of the shadow mask, which is then loaded onto a platform above the 

evaporation source inside the vacuum chamber.  The evaporation source consists of a 

tungsten filament wound in the shape of a coil.  Small segments of metallic wire, be it 

gold or aluminum, are hung from or placed within the coil of the tungsten filament.  

When a current is passed through the tungsten filament, the filament heats up and 

vaporizes the contacted aluminum or gold wire segments.  The thickness of deposited 

material is monitored using a quartz crystal microbalance, and the rate of deposition is 

controlled by varying the applied current.  For devices built during this study, aluminum 
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electrodes were between 100 nm and 200 nm thick, and gold electrodes were between 50 

nm and 100 nm thick. 

 

2.3 Experimental Set-up and Components 

After electrodes are deposited onto the polymer film, the planar LECs are ready 

for testing under vacuum without encapsulation. 

 

2.3.1 The Cryostat 

The planar LECs are loaded into a Cryo-Industries of America microscopy 

cryostat (custom ST-500) while inside the glovebox. The ST-500 is then sealed and 

brought out of the glovebox and mounted onto an x-y translational stage on an optical 

table under a Nikon fluorescence microscope.  The ST-500 has a low profile design and 

is intended to work with a microscope.  The cryostat has a custom-made piece of 

aluminum designed to hold the sample device in place and make contact with each of its 

electrodes.  This custom-made contacting device is just less than 4 mm thick and contains 

6 gold-plated contacting pins approximately 2.6 mm apart.  These 6 pins can contact up 

to 6 electrodes on the device’s surface.  When screwed into place, the contacting device 

secures the planar LEC on top of a partly hollowed out copper cold finger.  Copper is 

thermally conductive, allowing the cryostat to control the temperature of the mounted 

LEC.  Since the copper cold finger is partly hollowed out, it lets light enter and escape 

the planar LEC from above and below, allowing more options in designing the 

experiment.  The image of a planar device mounted inside the cryostat, and the cryostat 

itself, are shown in Figure 2.5. 
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Figure 2.5: (left) Planar device imaged through cryostat window, held in place by 6-pin custom-
made contacting appliance. (right) Cryo-Industries of America custom ST-500 microscopy 
cryostat. 

 

A vacuum inside the cryostat chamber of approximately 5 x 10-5 torr is 

maintained by an oil-free Varian Turbo-V 70 pumping station.  The temperature of the 

LEC is controlled by a Cryocon 32B temperature controller.  The temperature controller 

and a supply of liquid nitrogen are connected to the cryostat which allows the 

temperature of the sample to be controlled between 200 K and 330 K.  The temperature 

controller display has an uncertainty of approximately 0.1 K. 

 

2.3.2 The Microscope 

The instrument used to observe samples inside the cryostat is a Nikon 

fluorescence microscope.  Light from the microscope is generated by a mercury lamp.  

This light passes through an adjustable octagon shaped aperture that is approximately 1 

mm to 2 mm wide.  The light then passes through a filter that rejects all wavelengths 

except 448 nm to 497 nm.  The spectrum of the light passed by this filter was measured 

using an Ocean Optics HR2000 spectrometer, and is shown in Figure 2.6. 
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Figure 2.6: Spectrum of the blue light used for exciting the surface of planar devices.  Spectrum 
includes light from 448 nm to 497 nm, with the center wavelength calculated to be approximately 
473 nm. 

 

An objective lens (5x, 10x or 40x) focuses incident light from the microscope 

through the top window of the cryostat onto the surface of a planar LEC.  The 

microscope also has a camera attachment that can image the LEC surface through the 

objective.  A photograph of the experimental set-up is shown in Figure 2.7. 

 

Figure 2.7: Photograph of the experimental set-up. 
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2.3.3 Electronics and Software 

In order to apply voltage to a sample LEC and measure the current through the 

device, a Keithley 237 high voltage source measurement unit (SMU) is connected to the 

contacting pins of the cryostat.  The Keithley SMU has a high current sensitivity and a 

high input resistance.  A great benefit of the Keithley SMU is that it can apply a voltage 

and measure current, or apply a current and measure voltage, simultaneously.  The 

applied voltage/current can be controlled and monitored over time using a Labview 

program, the front panel of which is shown in Figure 2.8.  A failsafe is in place that will 

remove all applied bias if a specified current or voltage threshold is exceeded.  This 

Labview program also communicates with the Cryocon 32B temperature controller, 

allowing the temperature of the LEC to be changed and monitored over time.  Light 

intensity information from a photodiode can also be monitored by this Labview program. 

 

Figure 2.8: Front panel of a Labview program that controls and monitors the Keithley SMU, 
Cryocon 32B temperature controller, and photodiode. 
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Chapter 3    Optical Beam Induced Current (OBIC) 
Methodology 

 

This chapter will introduce the theory and methodology behind traditional Optical 

Beam Induced Current (OBIC) experimentation techniques.  Other scanning probe based 

techniques relevant to the purposes of this study will also be briefly mentioned.  Finally, 

the adapted OBIC experimental set-up used in this study will be outlined and its 

advantages and drawbacks will be discussed. 

 

3.1 Background 

Optical Beam Induced Current (OBIC) analysis was first demonstrated in 1979, 

and is used to investigate electrically active regions in semiconductors.  OBIC imaging is 

commonly used to detect defects or anomalies in semiconductor samples [58–60].  Areas 

of a semiconductor that have an increased electric field are easily detectable using OBIC 

analysis, which is why this technique is being used to study the built-in electric field of 

LECs in this report.  Traditionally, OBIC analysis is performed by scanning a laser beam 

across the surface of a semiconductive sample while simultaneously measuring the 

current through the device.  Figure 3.1 contains a schematic of a typical OBIC 

experiment setup.  Figure 3.1 also contains an image derived from performing OBIC 

scans over the surface of a gallium arsenide/germanium (GaAs/Ge) solar cell.  Gallium 

arsenide deposited onto germanium generates extended defects called antiphase 
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boundaries which contain trapping centers for photogenerated carriers.  These defects are 

identified by the dark loops in the OBIC image [60]. 

 

Figure 3.1: (left) Schematic of an OBIC experimental setup used to detect defects in 
semiconductor samples.  (right) OBIC image of Gallium Arsenide on a Germanium substrate.  
The dark loops are antiphase boundary defects [60]. 

 

The energy of the laser beam is chosen to be significant enough to excite electrons 

into the conductive band of the semiconductor sample.  Therefore, the scanning laser 

beam creates excited electron-hole pairs in the area of the semiconductor sample under 

illumination.  If there is a built-in electric field present in the area under illumination, or 

within one diffusion length of the material, then the built-in electric field will separate the 

electron-hole pairs and send electrons to the cathode and holes to the anode, thereby 

resulting in a measurable photocurrent through the device.  The stronger the built-in 

electric field is at the point of illumination, the greater the measured photocurrent will be.  

Hence a profile of the built-in electric field present in a semiconductor sample can be 

obtained by graphing the induced photocurrent as a function of the laser beam’s position 

[26], [61]. 
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3.2 Alternatives to OBIC 

OBIC imaging is not the only technique that has been used to investigate the 

built-in potential of LECs.  Whereas OBIC imaging measures induced photocurrent 

which is in direct proportion to the built-in electric field, Scanning Kelvin Probe 

Microscopy (SKPM) has been used to measure the total potential drop across an LEC 

from which the combination of applied and built-in electric field can be deduced through 

differentiation.  SKPM is a method of measuring the potential drop across a cell as a 

function of position.  A schematic of the technique involved in SKPM and the results 

from an SKPM scan performed over an MEH-PPV LEC are shown in Figure 3.2 [62].  

The technique involves applying a bias and scanning an Atomic Force Microscope 

(AFM) tip across the surface in non-contact mode.  The vibration of the AFM tip changes 

as a function of the potential difference from the tip’s position and the reference 

electrode.  The total electric field inside the cell is calculated by performing numerical 

differentiation on the potential profile.  The greatest built-in potential is associated with 

the steepest part of the potential profile.  As it was shown by Matyba in 2009, the steepest 

part of the potential profile occurred over the p-n junction of an LEC [62]. 
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Figure 3.2: (a) Micrograph showing the light emission from a planar MEH-PPV:PEO:KTf LEC 
device during steady-state operation at 5 V. (b) Schematic diagram illustrating the probing of a 
planar LEC with SKPM. The solid line marks the topographic scan and the dashed line indicates 
the SKPM scan in lift mode. (c) Steady-state potential profile recorded at 5 V of the planar LEC 
from (a) [62]. 

 

Alternatively to SKPM, our group has performed direct probing of the potential 

drop across biased LECs [63].  Direct probing involves applying a bias between the 

electrodes of a cell and measuring the potential drop at specific points by directly 

contacting the surface.  Similar to SKPM studies, the steepest part of the potential profile 

is indicative of the location of the largest built-in potential barrier within the device.  This 

technique of direct contact probing allowed for certainty in knowing that the greatest 

built-in potential of an LEC is across the p-n junction, however it is difficult to deduce 

information on the width of the depletion region.  Results and a schematic of the direct 

contact probing method are shown in Figure 3.3 [63]. 
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Figure 3.3: (a) Image of electroluminescence from an MEH-PPV:PEO:CsClO4 planar LEC.  A 
35V bias is applied between the two gold-coated tungsten probes. (b) Illustration of the direct 
contact probing technique.  A bias is applied between the gold and aluminum electrodes.  The 
potential difference is measured between P1 and P2 as P2 is moved across the surface. (c) The 
potential profile obtained from scanning the device in (a) with an applied bias voltage of 20.65 V 
and current of 25 µA [63]. 

 

OBIC studies have the advantages of not damaging the surface of LEC devices 

and of being able to directly probe the built-in electric field without the interference of an 

applied field.  OBIC experimentation is also simpler to implement since it does not 

require the labour intensive manual placements of probes for each measurement that 

direct contact probing requires.  The first OBIC imaging of LECs was carried out on a 

micrometer-sized, quasi-frozen planar LEC, and only yielded photovoltages on the order 

of µV and no photocurrent [26].  The location of the peak photovoltage position, 

however, is consistent with the junction position as inferred from the scanning 

photoluminescence profile. 
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3.3 Previous OBIC Studies 

OBIC technique was first applied to LECs in 1996 with David Dick and Alan 

Heeger, where they used a 488 nm laser beam to measure the induced photovoltage from 

a 20 µm wide PPV:PEO:LiTf planar LEC.  The LEC was turned on at 300 K before being 

cooled to 250 K.  After turning on the device and forming a p-n junction, the 

interelectrode space was scanned using a 488 nm laser with a beam diameter of 

approximately 1 µm.  The photovoltage was measured as a function of beam position and 

is shown in Figure 3.4a.  An image of the p-n junction undergoing electroluminescence is 

shown in Figure 3.4b and the fluorescence profile of the device is shown in Figure 3.4c.  

Looking at the photovoltage profile from Figure 3.4a and the photoluminescence profile 

from Figure 3.4c shows that the peak in photovoltage is centered at the p-n junction.  

There is no observed photovoltage in the neutral regions next to the electrodes.  

Additionally, it was observed that a larger turn-on voltage used to form the junction 

resulted in a larger photovoltage response from the laser beam [26]. 

 

Figure 3.4: OBIC results from Dick et al. (a) Photovoltage vs. position across 22 µm LECs turned 
on with 3, 4, and 5V.  (b) Photograph of the EL emission from the p-n junction of a different 
device turned on with 4 V. Width of the EL emission is approximately 1.9 µm. (c) PL scans at a) 
0 min, b) 1 min, c) 10 min, and d) 30 minutes following application of 4 V at room temperature.  
Location of the p-n junction can be seen where the less photoluminescent (p-doped) region and 
the slightly more photoluminescent (n-doped) region meet [26]. 
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This result from Dick et al. confirms that the built-in electric field exists only near 

the p-n junction and not in the doped regions near the electrodes.  This is consistent with 

the electrochemical doping model and junction formation.  However, there were several 

drawbacks to this study.  The device from Figure 3.4 was only cooled to 250 K, a 

temperature not sufficiently low enough to adequately freeze the p-n junction of an LEC 

containing PEO [34].  Additionally, only the photovoltage and no photocurrent was 

measured during the OBIC scans performed by Dick et al.  Photovoltage is not directly 

proportional to the electric field.  It does not fall off as quickly as photocurrent so a 

photovoltage profile is consistently wider than a photocurrent profile [50]. 

With the advent of millimeter sized planar LECs, Yufeng Hu of our group 

conducted the second ever OBIC study of planar frozen-junction LECs using a different 

experimental set-up [50].  The LEC under examination had asymmetric electrodes of 

gold and aluminum with an interelectrode spacing of 3.1 mm and 4.6 mm, and an active 

layer composed of MEH-PPV, PEO, and CsClO4.  The device was turned on by applying 

300 V and then frozen while in a micro-manipulated cryogenic probe station.  A scanning 

optical fiber coupled to a 442 nm He-Cd laser was scanned across different locations of 

the frozen-junction LEC in order to provide localized excitation.  Peak photocurrent of 

approximately 20 nA and peak photovoltage of approximately 0.6 V were detected in the 

exact location of the p-n junction as corroborated by the fluorescence images of the cell 

[50].  An OBIC scan of this LEC is shown in Figure 3.5 along with an image of the LEC 

at 200 K under UV illumination. 
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Figure 3.5: (left) OBIC photocurrent and photovoltage profiles of a frozen junction LEC in the 
3.1mm spacing region. Top: portion of the cell under UV. The vertical white lines indicate the 
electrode/polymer film interfaces. The yellow line and arrow depict the scan path and direction. 
Bottom: photocurrent and photovoltage profiles for the scan path shown at the top. (right) 
Photocurrent profile and Gaussian fit of another scan on the same device. Also shown is the 
electrostatic potential profile generated by integrating the photocurrent profile [50]. 

 

The results of this study were significant because scans to measure photocurrent 

in addition to photovoltage were performed on an LEC with a completely frozen junction.  

The measured photovoltage was as high as 0.6 V, much higher than the µV results from 

the first study by Dick et al.  Also imaging and the photoluminescence scan was 

performed on the same device as the OBIC scan.  It is apparent that the peaks in 

photocurrent and photovoltage visually line up with the p-n junction.  Another significant 

result is the lack of OBIC response near each electrode, which supports the 

electrochemical doping model of LECs.  The electrostatic potential profile, obtained by 

integrating the OBIC profile and shown in Figure 3.5, resembles the electrostatic 

potential profile of a graded p-n junction, providing evidence that there is a gradient in 

the p- and n-doping of LECs. 
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However, the OBIC scanning resolution was limited by the nature of the 

instruments.  The experiments were performed in a cryogenic probe station (Figure 3.6) 

where device contact probes and a fiberoptic had to be precisely and manually positioned 

above the device.  The fiberoptic was responsible for guiding the excitation laser light to 

the surface of the LEC and scanning it across the interelectrode spacing in 50 µm steps.  

The fiberoptic had a diameter of 200 µm, making this the minimum width of the 

excitation beam.  The spatial resolution of this technique was therefore limited and the 

width of the depletion region was not determined. 

 

Figure 3.6: Janis ST-500-1 micron-manipulated cryogenic probe station. 

 

Despite showing that the peak OBIC signal occurs at the location of the p-n 

junction in an LEC, the results of our group’s previous study has a non-trivial 

shortcoming.  The Full-Width Half-Maximum (FWHM) of the peak photocurrent is 460 

µm and the FWHM of the peak photovoltage is 820 µm.  Both of these values are larger 

than the 200 µm diameter of the beam used.  These values are also too large to represent 

the width of the depletion region of the p-n junction, meaning there are possible factors 

affecting the OBIC results causing the photocurrent peak to be artificially broad.  These 
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possible factors include an uneven p-n junction, the width of the excitation beam, non-

uniform doping concentration in the p- and n-doped regions, and excitation of the p-n 

junction by waveguided or scattered light as opposed to direct excitation from the optical 

beam [50].  The non-zero OBIC signal in areas far from the p-n junction illustrated in 

Figure 3.5 can be explained by non-uniform doping concentrations and/or 

waveguided/scattered light; however it is impossible to determine how much each of 

these factors contributes to the broad OBIC peak. 

 

3.4 Experimental Set-up for Simultaneous OBIC and Fluorescence Scan 

In order to address the issues from our last study [50], an alternative experimental 

setup was devised that utilizes a more precise optical beam, a more precise translational 

sample stage, and the ability to easily image the LEC device while concurrently 

measuring fluorescence and OBIC information.  The experimental components have been 

outlined in section 2.3 of this report.  The set-up consists of an LEC loaded into a 

microscopy cryostat which is mounted on a motorized x-y translational stage beneath a 

Nikon fluorescence microscope.  Underneath the bottom window of the cryostat there is a 

Thorlabs FELH0550 550 nm longpass filter and a photodiode.  This allows 

photoluminescence intensity to be measured from underneath the cryostat while the LEC 

is optically excited from above. 

Excitation light from a mercury source is passed through an octagonal aperture, 

then through a blue filter (448 nm to 497 nm), then focussed through the top window of 

the cryostat and onto the LEC surface using a Plan Fluor ELWD 40x objective, which has 

a working distance of approximately 3.5 mm.  Fluorescence from the LEC and any 
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unabsorbed incident light passes through the bottom window of the cryostat.  The 

Thorlabs filter has a rejection region of 200 nm to 550 +/- 3 nm, which adequately 

prohibits unabsorbed incident light from being detected by the photodiode.  This ensures 

that the only light intensity measurements made by the photodiode are from fluorescence 

and electroluminescence of the planar LEC device.  A schematic illustrating this 

experimental set-up is shown in Figure 3.7. 

 

Figure 3.7: Schematic of the experimental set-up.  Incident light travels through the cryostat 
window and excites the surface of the device.  Unabsorbed blue light and photoluminescence 
from the LEC travel through the bottom window of the cryostat.  A 550 nm longpass filter 
removes unabsorbed blue light. The photodiode detects the photoluminescence intensity of the 
LEC film. The LEC is mounted in a microscopy cryostat and kept under vacuum. 

 

This experimental set-up can perform simultaneous photocurrent and 

photoluminescence scans.  In lieu of moving the optical beam across the surface of the 

LEC, the cryostat is mounted onto a motorized translational stage.  A Labview program 
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designed and written by Bryce Dorin controls the translational stage and allows the LEC 

to be moved laterally underneath the stationary microscope in 10 µm increments, at a rate 

of 1 step every 5 seconds.  This allows for OBIC scans to be very precise and 

reproducible. 

Since it has been shown before that electrochemical p-doping more greatly 

quenches the photoluminescence of MEH-PPV than n-doping [42, 43], the transition 

between these two regions of the photoluminescence profile is clearly indicative of the 

junction position.  Comparing the photoluminescence profile to the OBIC profile 

provides additional information about the junction position and built-in electric field 

distribution. 

A major benefit of our new experimental set-up is that it has a smaller excitation 

beam and a precise translational stage.  Figure 3.8 shows the relative size of the 

excitation beams produced using the 10x objective lens and the 40x objective lens.  The 

width of the 40x objective beam is only approximately 35 µm, which is much smaller 

than the 200 µm wide excitation beam used in our previous OBIC study [50].  The power 

supplied by this illumination spot is 0.011 +/- 0.004 mW which was measured using a 

Thorlabs PM100D optical power meter.  The smaller excitation spot results in a more 

well-defined OBIC profile and allows for a potentially more precise examination of fine 

junction details. 
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Figure 3.8: Image of an undoped MEH-PPV:PEO:KTf planar LEC with a 1.0 mm interelectrode 
gap.  Also shown are the fluorescent illumination spots created using a 10x objective lens and a 
40x objective lens. 

 

Finally, the experimental set-up also has a camera attachment which allows 

images to be taken at any time.  Images of the device, like the images shown in Figure 

3.9, can be taken concurrently with OBIC and photoluminescence measurements, 

allowing for greater confidence in the excitation beam’s location for each data point 

gathered. 

 

Figure 3.9: Images of p-n junctions from two different LECs taken during OBIC scans.  (left) 
Straight junction from an MEH-PPV:PEO(100k):KTf LEC (device B5D4b). (right) Jagged 
junction from an MEH-PPV:PEO(2M):KTf LEC (device B5D8a). 
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3.5 Initial Device Characterization 

After a new device is loaded into the cryostat, some initial imaging scans are 

conducted before turning on the device.  This entails qualitative observations of the 

polymer film’s surface, measurement of the interelectrode spacing, initial fluorescence 

measurements and imaging of the device. 

Using the digital camera attached to the fluorescence microscope and either the 5x 

or 10x objective lens, the surface of the device is visually scanned to find a location with 

minimal imperfections or artefacts.  Imperfections usually present as dark spots or 

discolourations in fluorescent images of the device and they can possibly occur due to 

phase separation of the polymer film, scratches on the polymer film, inconsistent metal 

deposition, or other unforeseen sources of experimental error. 

Once a suitable location for performing scans is chosen, the device is imaged 

while being illuminated under blue light.  The interelectrode spacing is measured by 

applying the octagonal aperture to the light source and focusing the microscope so that 

only a solid octagonal area of the device is undergoing fluorescence.  The stage, which 

has a 10 µm precise scale, is then adjusted so that this illumination spot is just touching 

one electrode of the device.  The position of the stage is recorded then adjusted again so 

that the illumination spot is over the other electrode.  The difference between the 

recorded positions of the two electrodes is the interelectrode spacing. 

To confirm this measurement, and also to gain a baseline of the device’s 

fluorescence intensity, the 35 µm beam is scanned across the surface of the undoped 

polymer film.  The photodiode underneath the cryostat measures fluorescence from the 
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device as it is being scanned.  The result is a fluorescence profile of the undoped device 

clearly indicating where the electrodes are in relation to each other.  Figure 3.10 shows an 

image of the undoped device and initial fluorescence profile. 

 

Figure 3.10: (a) Image of undoped MEH-PPV:PEO:KTf planar LEC with a 1.0 mm interelectrode 
gap illuminated under 448 – 497 nm blue light and fluorescent room light using a 10x objective.  
(b) Fluorescence profile of undoped MEH-PPV:PEO:KTf planar LEC with a 1.0 mm 
interelectrode gap. 

 

The main advantage of using this experimental set-up is the versatility for which 

it allows.  Photocurrent and photoluminescence can simultaneously be measured while 

surface images of the device are being captured.  Finally, this experimental set-up is 

simple to use and utilizes components already available in the lab. 
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Chapter 4    Matlab Simulation of Photocurrent 

 

Before discussing the results directly, this chapter will provide context for the 

results by utilizing Matlab and making some reasonable assumptions to simulate the 

outcomes of OBIC experimentation. 

The main purpose for writing a Matlab program to simulate the results of the 

aforementioned OBIC experiments is to provide context in which to understand these 

results.  The Matlab model described in this section is designed to simulate the shape of 

the photocurrent peak that comes as a result of scanning an octagonal excitation beam 

across the p-n junction of an MEH-PPV LEC.  The first two parameters for this model 

are the width of the octagonal beam and its angle of rotation, both of which will be 

explored in section 4.2.  The scanning step size is also a parameter for the model, as well 

as the predicted width of the p-n junction’s depletion.  Parameters concerning the optical 

beam’s size and rotation, as well as the scanning step size, are known.  However, 

assumptions must be made about the junction width.  The OBIC profiles generated using 

the Matlab simulation will be compared to the experimental profiles. 

 

 

4.1 Estimating the Junction Width of a Planar LEC 

According to the electrochemical doping model of LECs, once a voltage bias is 

applied across an LEC, electrochemical p- and n-doping propagates within the polymer 

film until a dynamic p-n junction is formed.  Attempts have been made to model this 
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junction formation; however several simplifying assumptions have had to be made.  In 

1998, Manzanares et al. performed a theoretical study on the junction formation of 

polymer LECs [29].  In order to calculate the electric field, a local electroneutrality 

assumption had to be made, but it was determined that this assumption becomes 

questionable in the cases of low salt content, large recombination rate constant, and large 

bias potential.  So the salt content was assumed to be high, and the recombination rate 

constant and bias potential were assumed to be low.  Also, in order to simplify the 

calculations, it was assumed that the mobilities of holes and electrons are independent of 

doping level and equal to each other [29].  Although, it has been observed that holes have 

greater mobility than electrons in MEH-PPV [64]. 

When a p-n junction is illuminated, excess charge carriers generated within the 

space charge region are swept out of the depletion region very quickly assuming that the 

electric field present is sufficient enough to do so.  Depending on the photogeneration 

rate of excess charge carriers throughout the film, the photoinduced current Iph is given 

by the equation below [6]. 

��� = � ��� � 	⟹	 
�� = �∭�� � �� �   (4.1) 

In the above equation, Jph is the photocurrent density, e is the elementary charge, 

and GL is the generation rate of excess carriers which has units of number of carriers per 

µm3 per second.  In order to determine the rate at which the optical beam excites charge 

carriers within MEH-PPV, we need to know the photon flux (Φ0) on the surface of the 

planar cell and the absorption coefficient (α(λ)) of MEH-PPV at approximately 473 nm.  

Assuming that each absorbed photon creates an electron-hole pair, the number of photons 
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absorbed per unit volume per second, hence the charge carrier generation rate, as a 

function of distance   from the surface is, 

�� = !(")Φ�� !(")#     (4.2) 

The absorption coefficient of MEH-PPV varies with wavelength.  The wavelength 

of light used to excite the polymer surface ranges from 448 nm to 497 nm.  The average 

absorption coefficient for these wavelengths of light is approximately 11.2 µm-1 [65]. 

The photon flux on the surface of the planar cell can be calculated from the power 

supplied by the optical beam, which was determined (in section 3.4) to be 0.011 ± 0.004 

mW.  The width of the octagonal illumination spot is 35 µm, meaning the area of the 

illumination spot is approximately 1000 µm2.  The frequency of light used to excite 

charge carriers in the LEC averages to be about 634 THz.  Multiplying this frequency by 

Planck’s constant means the average photon energy is 2.62 eV.  Dividing the optical 

beam’s power by the photon energy and the area of the illumination spot gives a photon 

flux of 2.64*1010 µm-2s-1 on the surface of the polymer film, but given uncertainty, this 

value is approximated to (3 ± 1)*1010 µm-2s-1. 

The polymer film is made up of MEH-PPV and PEO in a bulk heterogeneous 

mixture.  PEO does not absorb the excitation light used in this experiment, so only light 

absorbed by MEH-PPV will contribute to photocurrent.  The polymer film is prepared 

with MEH-PPV and PEO in equal proportions by weight, so we will assume they have 

approximately equal proportions by volume once deposited as a thin film onto a 

substrate.  This means that the MEH-PPV film is effectively diluted to 50% concentration 

by PEO.  This dilution is accounted for by halving the absorption coefficient in equation 

(4.2). 
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The reflectivity of the polymer film must also be taken into account since some of 

the light incident to the surface will be reflected and some will be transmitted.  The ratio 

of transmitted and reflected light will be dependent on the indices of refraction of the two 

media that form a boundary and on the angle of incidence that light hits that boundary.  

Assuming that light hits the polymer surface at normal incidence, the coefficient of 

transmission, which is the ratio between the intensities of transmitted light waves and 

incident light waves, is found using the following equation [66]. 

# =
��

��
� ���

�����
�� = �����

$�����%
�
    (4.3) 

In equation (4.3) �& represents the index of refraction of the medium of the 

incident light waves and �� represents the index of refraction of the medium of the 

transmitted light waves.  In this case, �& is the index of refraction of air (~1), and �� is 

the index of refraction of the LEC film.  For light with an energy of 2.62 eV, MEH-PPV 

has an index of refraction of approximately 1.41 [67].  The index of refraction of PEO is 

1.45 [68].  This means the transmission between MEH-PPV and PEO is 99.98%, so the 

reflection between these two media is negligible.  Considering a thin film of MEH-PPV 

and PEO, the average transmission coefficient is calculated to be 0.969.  This means that 

96.9% of light intensity incident to the polymer surface is transmitted and only 3.1% is 

reflected. 

The index of refraction of sapphire for the incident light is approximately 1.77, 

meaning reflection off the sapphire substrate is only about 1%.  Reflection from the 

sapphire substrate can potentially increase the amount of light that is absorbed by the 

polymer film, but given the relatively high absorption coefficient of MEH-PPV and low 

reflectivity of sapphire, the relative increase in absorbed photons is less than 1%. 
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Factoring reflection in to the already calculated incident photon flux gives a slightly 

modified value of 2.56*1010 µm-2s-1, however the uncertainty of this value remains at 

approximately 1*1010 µm-2s-1.  

The largest induced photocurrent measured during this study was -13.4 nA, on a 

device with a polymer film thickness of 260 nm, referred to later as device B5D2a.  

Using these variables and combining equations (4.1) and (4.2), a reasonable 

approximation of the likely p-n junction width can be calculated. 


�� = � � � � !Φ�� !# � �� � �
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�� = �Φ��1 − � !����     (4.4) 

13.4	�$ = � × 2.56 × 10&� �1 − � &&.�� ×�.�(�� × 35�% ×� 

Solving the above equation for W yields a junction width of 0.12 ± 0.05 µm.  This 

calculation provides a lower limit for the width of the p-n junction because the derivation 

assumes that the electric field within the depletion region is significant enough to very 

quickly sweep excess charge carriers to the electrodes. 

In actuality, the photogenerated current will depend on the local built-in electric 

field and field dependent carrier mobilities.  A more accurate estimate of the photocurrent 

(and therefore the built-in electric field) profile might be obtained by numerically solving 

the coupled Poisson’s equation and continuity equations.  This approach is not exploited 

as it is beyond the scope of this thesis. 

 

4.2 Shape of the Current-Inducing Optical Beam 

To predict the photocurrent profile the shape and size of the excitation beam are 

accounted for.  As seen in Figure 3.8, the excitation beam is not circular, but instead is 
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shaped like an octagon.  A Matlab program was written to account for different 

orientations of the octagonal beam.  A comparison of how the beam’s orientation can 

affect the shape of the photocurrent peak is shown in Figure 4.1. 

 

Figure 4.1: Blue lines represent the hypothetical shape of a photocurrent peak from scanning an 
infinitesimally thin junction using an infinitesimally small step size with an octagonal excitation 
beam that’s been rotated (a) 0°, (b) 7.5°, or (c) 22.5°.  The dotted green lines represent the 
hypothetical result of using a purely circular excitation beam for comparison. 

 

If the beam is not rotated at all, it approaches the junction at a flat angle, resulting 

in a trapezoid shaped peak.  If the beam approaches the junction rotated to its maximum 

angle of 22.5°, then the peak appears triangular.  A smaller rotation angle creates a larger 

opportunity for maximum photocurrent, depicted in Figure 4.1a by the flat tip of the 

peak.  Analyzing the illumination spot’s orientation in Figure 3.8 shows that the beam 

used in this study is rotated by 7.5°. 

Another important parameter is the step size of the OBIC scans.  The blue lines 

from the simulated scans shown in Figure 4.1 represent the predicted shape of the 

photocurrent peak if the scan utilized an infinitesimally small step size.  The OBIC scans 

performed in this study use a step size of 10 µm.  In Figure 4.2 below, the Matlab 

simulation shows a red dotted line overlaid on top of the blue solid line.  The red dotted 

line represents what the actual OBIC photocurrent peak will look like taking into account 
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the 10 µm step size.  By comparing the two graphs in Figure 4.2, it can be seen that the 

Matlab code is capable of accurately simulating the shape of an OBIC peak. 

 
Figure 4.2: (left) Matlab simulation of the shape of the photocurrent of planar device B5D2a.  The 
blue line represents the shape of a hypothetical peak with an infinitesimally small step size.  The 
red dotted line represents the shape of the peak using a 10 µm step size. (right) Results from an 
OBIC scan of device B5D2a, focusing on the shape of the OBIC peak. 

 

4.3 The Effect of Junction Width 

Assuming that the electric field within the space charge region is sufficient to 

very quickly sweep excited charge carriers to the electrodes, then the photocurrent will 

depend only on the generation rate of excess carriers within the space charge region 

according to equation (4.1).  To calculate the number of charge carriers excited within the 

space charge region per second, the Matlab code calculates the overlap of the octagonal 

illumination spot and the space charge region given a junction width.  By adjusting the 

junction width in the Matlab code, we can see how the shape of the photocurrent peak 

might change.  Figure 4.3 is a comparison between simulations made by changing the 

junction width, while assuming the other parameters of beam width, rotation, and step 

size remain as 35 µm, 7.5°, and 10 µm respectively.  The graphs in Figure 4.3 are meant 
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to compare the shapes of each peak and not the magnitudes, since the electric field is 

assumed to be significantly high for each simulation. 

 

Figure 4.3: Matlab simulations of photocurrent peaks resulting from OBIC scans using a 35 µm 
octagonal excitation beam. The widths of the p-n junctions for each simulation are (a) 0.12 µm, 
(b) 1.2 µm, (c) 10 µm, and (d) 50 µm. 

 

The simulated scans shown in Figures 4.3a and 4.3b have a similar shape, and 

they have the same FWHM, even though the width of the junction differs by an order of 

magnitude.  When the width of the p-n junction is significantly smaller than the width of 

the excitation beam, the FWHM of the peak is only representative of the beam’s size and 

gives very little information as to the actual size of the p-n junction.  However, the 
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photocurrent profile will broaden if the junction width is comparable to the beam size.  In 

Figure 4.3c, the junction width is closer to the beam size, but still too small to be 

measured without employing deconvolution techniques.  In the case where the junction is 

wider than the beam width, as in Figure 4.3d, the FWHM of the peak is equal to the 

junction width.  By decreasing the size of the excitation beam to be on the order of the 

junction width, it may be possible to observe the width of the depletion region from the 

OBIC peak. 
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Chapter 5    Simultaneous OBIC and 
Photoluminescence Imaging of Planar LECs 

 

This chapter will exhibit the results achieved from OBIC scans and discuss what 

properties of the LEC devices under examination can be inferred from these results.  The 

first section of this chapter outlines the process behind turning on and creating frozen 

junction devices, and defines the terminology used during this process.  Subsequently, 

results from OBIC scans of select devices will be exhibited and discussed in order to 

learn how certain aspects of the turn-on process affect junction formation, and to evaluate 

the effectiveness of the adapted OBIC experimentation setup described in Chapter 3. 

 

 

5.1 Process for Device Turn-on 

Once a planar LEC is loaded into the cryostat and initial device characterization is 

complete, as outlined in section 3.4, the device can be turned on.  Turning on an LEC 

consists of applying a bias between the two electrodes for a period of time to allow for 

electrochemical doping of the polymer film to occur.  This is typically done by applying a 

constant voltage; however it is also possible to turn on an LEC by applying a constant 

current bias.  Applying a constant current to turn on a device runs a lower risk of 

overdoping the polymer film and damaging the device, however it is exceedingly more 

difficult to get fluorescent images of the doping process because it generally happens 

much faster than turning on a device by applying a constant voltage bias. 
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Figure 5.1a shows the undoped surface of device B5D4b fluorescent at room 

temperature prior to the application of any bias.  The LEC is turned on by heating the 

substrate to 330 K, then by applying a 25 V bias across the electrodes.  Heating the 

substrate to 330 K increases the mobility of ions in the polymer electrolyte, allowing for 

electrochemical doping to occur more easily.  Figure 5.1b shows the device after 7 

seconds of being under a 25 V bias.  Illuminated by blue light (448 nm - 497 nm), 

photoluminescent quenching can clearly be observed near each electrode.  This is an 

indication of electrochemical doping, as previously described.  As the applied bias is kept 

constant, electrochemical p-doping propagates from the anode and n-doping expands 

from the cathode, until they meet to form a jagged p-n junction (Figure 5.1c).  This 

doping process increases the conductivity of the device; hence the current through the 

device increases as the applied voltage is kept constant.  As the bias continues to be 

applied, doping levels continue to increase causing more photoluminescent quenching in 

the n- and p-doped regions, and even higher measured current through the device.  After 

100 seconds, photoluminescent quenching starts slowing down and fluorescence from the 

device begins to plateau.  Additionally, the jagged p-n junction begins to smooth out and 

undergo electroluminescence (Figure 5.1d).  Continuing to apply bias after the p-n 

junction has smoothed out causes additional photoluminescence quenching to occur, 

especially in the n-doped region (Figure 5.1e).  This results in another period of 

decreasing fluorescence intensity (Figure 5.1g), until the point where nearly all of the 

LEC is quenched and the current has reached its peak.  This trend of increasing current 

and decreasing photoluminescence continues until the device is frozen so that no more 

doping occurs [69]. 
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The current through the device continues to rise until it reaches 448 µA, after 

400s of applying a constant voltage bias of 25 V.  At this point the device is cooled from 

330 K to 200 K over a period of 350 s, in order to freeze the ion-solvating polymer and 

prevent any relaxation of the p-n junction.  During the cooling process the bias is kept 

constant but the fluorescence slightly increases and the current significantly decreases 

since cooling the device causes it to become less conductive [70, 71].  Figure 5.1f shows 

an image of the frozen device after turn-on has been completed and the bias has been 

removed.  The separation between the dark p-doped region and the lighter n-doped region 

is the location of the p-n junction. 

 

Figure 5.1: Time-lapse fluorescence imaging of an MEH-PPV:PEO:KTf planar LEC with 1.0 mm 
interelectrode spacing (device B5D4b). The device is illuminated by blue light, and initially held 
at 330 K. The images were taken (a) 0 s, (b) 7 s, (c) 22 s, (d) 110 s and (e) 230 s after a 25 V bias 
was applied.  Image (f) shows the stabilized doping profile at 200 K without bias.  Image (g) is 
the cell current and photoluminescence intensity as a function of time during the turn-on and cool 
down process. In (b–e) the aluminum electrodes are coloured gray for visibility [72]. 
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Figure 5.1g shows the trend of the current and device fluorescence during the 

turn-on process.  The increase in device current under a constant voltage is characteristic 

to the LEC turn-on process; it is caused by the increase in doping level and therefore 

conductivity of the polymer film [50].  The inflection at point e in Figure 5.1g and the 

eventual drop in current are the results of cooling. The photodiode below the cryostat 

records the photoluminescence intensity of the illuminated LEC film during the turn-on 

process, providing a quantitative measure of the photoluminescence quenching.  Figure 

5.1g shows that the across-the-gap photoluminescence intensity decreased rapidly in the 

first 20 s (points a–c). This was obviously caused by the expansion of the dark 

electrochemically doped regions (Figures 5.1a–5.1c).  After the entire interelectrode gap 

was doped and a p-n junction had initially formed, the intensity drop slowed down, 

passing point c, and remained nearly constant until point d.  A small increase in intensity 

approaching point d was caused by the disappearance of the dark p-doped fingers as seen 

in Figure 5.1d.  Subsequently, the photoluminescence intensity decreased again toward 

point e.  This second drop was caused by the shifting of the p-n junction toward the 

cathode and darkening of the n-doped region near the cathode, as seen in Figure 5.1e.  

The photoluminescence intensity data, therefore, offer a quantitative and consistent 

description of the doping process that complements the images and the current data. 

In order to measure photoinduced current during an OBIC scan, the cell must be 

placed in a short-circuit configuration.  This means there will be no applied bias across 

the LEC, so for the junction to stay intact and not relax it must be frozen by lowering the 

temperature of the LEC to 200 K.  Once the p-n junction is frozen in place, the bias can 

safely be removed and the LEC can undergo OBIC scans. 
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5.2 Results from CsClO4 and LiTf Devices 

This section focuses on results from the B3 and B4 classifications of devices.  The 

B3 classification denotes devices that contain an active polymer layer consisting of 

MEH-PPV, PEO, and Cesium Perchlorate (CsClO4) in a 5:5:1.5 ratio by weight.  The B4 

classification denotes devices that contain an active polymer layer consisting of MEH-

PPV, PEO, and Lithium Triflate (LiTf) in a 5:5:1 ratio by weight.  In general, these two 

groups of devices were much more difficult to turn on than the devices examined in the 

next section and the device shown in Figure 5.1. 

The majority of B3 devices were turned on for too long or too fast, causing any 

junction that formed to breakdown.  The only device made using cesium perchlorate as 

the salt and was successfully turned on is device B3D2b.  Figure 5.2 shows device 

B3D2b being turned on and the OBIC scan that proceeded once the device was frozen at 

200 K.  To simply turn on a device containing CsClO4 required around 400 V, much 

higher than what is required to turn on devices containing KTf.  Additionally, most B3 

devices experienced a very uneven doping propagation process, as shown in Figures 5.2a 

and 5.2b.  The resulting junction, seen in Figure 5.2c, is also uneven.  Performing OBIC 

measurements on device B3D2b show that indeed the only major built-in electric field 

exists only at or near the p-n junction; however the fluorescence data appears to be noisy 

and less reliable.  Due to the difficulty of turning on and measuring devices consisting of 

CsClO4 salt, these devices were not pursued further while exploring the capabilities of the 

OBIC technique described within this report. 
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Figure 5.2: Time-lapse fluorescence imaging of an MEH-PPV:PEO:CsClO4 planar LEC with 1.9 
mm interelectrode spacing (device B3D2b). The device is illuminated by blue light, and initially 
held at 330 K. The images were taken approximately (a) 20 seconds, (b) 1.5 minutes, and (c) 5 
minutes after a 400 V bias was applied.  Image (d) shows the results of an OBIC scan performed 
at 200 K with no applied bias. 

 

Devices that utilize LiTf as the salt for the polymer electrolyte have been used 

extensively in past studies [21, 34, 42, 63].  The B4 class of devices are made using LiTf 

as the salt for the LECs’ electrolyte component.  In general, the voltage required to turn 

on these devices was much greater than the voltage required to turn on B5 devices which 

are covered in section 5.3.  Figure 5.3 exhibits images from device B4D1b, which was 

originally turned on by applying a 500 V bias at 340 K.  This applied voltage ended up 

being too large since the current through the device ended up exceeding the maximum 

threshold and aborting the turn-on process.  During the few seconds it took to restart the 

turn-on process with a smaller voltage some of the polymer film relaxed and became 

undoped.  Turn-on was continued by re-applying a 300 V bias, then cooling the device to 
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200 K once the current reached 7.6 mA.  During this reapplication of bias, it was noticed 

that this device exhibits very bright electroluminescence from its p-n junction.  In 

general, LECs composed with LiTf were much more electroluminescent than devices 

composed with KTf.  Reapplying the bias for a longer period of time also seemed to 

cause the jagged p-n junction to smooth out and shift in the direction of the anode, closer 

to the center of the device, as seen in Figure 5.3f.  After freezing the junction by lowering 

the device to 200 K, a section in the center of the device spanning from where the jagged 

junction originally formed to where it eventually shifted remained slightly discoloured, as 

it can be seen in Figure 5.3g. 

 

Figure 5.3: Time-lapse fluorescence imaging of an MEH-PPV:PEO:LiTf planar LEC with 1.07 
mm interelectrode spacing (device B4D1b). The device is illuminated by blue light, and initially 
held at 340 K. The images were taken approximately (a) 7 seconds, (b) 22 seconds, and (c) 70 
seconds after a 500 V bias was applied.  After approximately 85 seconds the current overloaded 
and the voltage bias was automatically removed.  Image (d) shows the reversal of electrochemical 
doping and the waning fluorescence quenching near the junction after the bias was removed.  To 
complete turn-on, 300 V was then applied and images approximately (e) 20 seconds and (f) 60 
seconds later were taken.  Image (g) shows the junction frozen at 200 K. 

 

Results from performing an OBIC scan across device B4D1b are shown in Figure 

5.4.  After the junction appeared to shift during turn-on, the photocurrent peak is aligned 

with the junction’s final position.  As expected, the only significant built-in electric field 

is detected over the p-n junction, where electroluminescence occurs.  What makes the 
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device documented in Figures 5.3 and 5.4 different from the other devices tested is that 

the electrochemical doping underwent a short period of relaxation during the turn-on 

process.  This resulted in a discoloured region midway between the electrodes.  Looking 

at Figure 5.3g, the discoloured region appears to be slightly more photoluminescent than 

the rest of the device.  Although this might appear to be a very wide “intrinsic” region, 

the photoluminescence scan in Figure 5.4 seems to refute that observation.  According to 

the photoluminescence scan, the discoloured region has less fluorescence intensity than 

both the p- and n-doped regions of the device.  The discoloured region is still n-doped, so 

it is unclear why it appears to be less photoluminescent than the p-doped region of this 

device.  In every other device tested during this study, p-doped regions have been 

observed as less fluorescent than n-doped regions.  This result is an example of the 

effectiveness of the OBIC scan.  The real p-n junction is located where the photocurrent 

peak occurs. 

 

Figure 5.4: OBIC photocurrent and photoluminescence intensity profiles of the frozen junction 
cell shown in Figure 5.3g; device B4D1b.  Top: portion of the cell illuminated under blue light 
(full cell is not illuminated during OBIC scan). The blue lines depict the area of the cell exposed 
to light during the scan and the blue arrow indicates the direction of the scanning optical beam.  
Bottom: photocurrent and fluorescence intensity profiles for the scan path shown at top. 
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To avoid overdoping, the device exhibited in Figure 5.5, device D4B4a, was 

turned on by applying a constant current across the electrodes instead of a constant 

voltage.  Turning on a device with constant current allows for the initial voltage bias to 

be high enough to initiate the electrochemical doping process; then as doping increases 

and the device becomes more conductive the voltage bias decreases so as not to overdope 

the device.  Figure 5.5e shows device D4B4a frozen at 200 K after turn-on with a 

constant current is complete. 

 

Figure 5.5: Time-lapse fluorescence images of an MEH-PPV:PEO:LiTf planar LEC with 0.70 
mm interelectrode spacing (device B4D4a). The device is illuminated by blue light, and initially 
held at 330 K. The images were taken approximately (a) 0 seconds, (b) 12 seconds, (c) 120 
seconds, and (d) 180 seconds after a 4 mA current was applied.  Image (e) shows the junction 
frozen at 200 K with no applied bias. 

 

Device D4B4b was also turned on with a constant current, however the turn-on 

was so rapid that there was no chance for the computer to capture any images of the 

electrochemical doping process.  During the turn-on process of a typical device, if a large 

constant voltage is applied for too long, the increase in current can cause the polymer to 

become overdoped which degrades the device and limits the potential for 

electroluminescence [34].  Using a constant current to turn on an LEC prevents the 

current from increasing and makes it much less likely that the polymer film will be 
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overdoped.  The drawback is that sometimes device turn-on occurs too quickly for 

pictures to be captured, making it difficult to observe the electrochemical doping process. 

OBIC scans of devices B4D4a and B4D4b are shown in Figure 5.6.  As expected, 

there is a peak in photocurrent that occurs when the optical beam crosses the p-n junction.  

Additionally, there is no OBIC response in the neutral p-doped and n-doped regions, and 

there is no OBIC response from the polymer film where it contacts the aluminum 

electrodes.  It is clear that the built-in electric field of these LECs is localized at the p-n 

junction.  These observations lend additional credence to the electrochemical doping 

model of LECs. 

 

Figure 5.6: OBIC photocurrent and photoluminescence intensity profiles of devices (a) B4D4a 
(turned on with a constant current of 4 mA) and (b) B4D4b (turned on with a constant current of 
2 mA).  Top: portion of the cells illuminated under blue light with the scan paths and direction 
shown by the blue lines and arrows.  Bottom: photocurrent and fluorescence intensity profiles for 
the two scan paths shown at top. 

 

A unique characteristic of devices B4D4a and B4D4b that has been observed is 

the gradient in fluorescent intensity profiles observed in Figure 5.6.  It is expected that 

the fluorescence intensity measured over the p-doped region is less than the fluorescence 
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from the n-doped region, since looking at the image of the cell at the top of Figure 5.6b 

shows that the p-doped region appears darker than the n-doped region.  The 

photoluminescence profile in the n-doped region of Figure 5.6b appears highest near the 

cathode, and then decreases as the beam approaches the junction near the center of the 

cell.  However, the image of the cell at the top of Figure 5.6b indicates that the portion of 

the n-doped region closest to the cathode appears darker and more quenched than the rest 

of the n-doped region.  This observation of a more quenched region indicating a greater 

fluorescence intensity measurement is similar to the observation made concerning device 

B4D1b where the apparently less quenched center portion of the cell was computed to 

have less fluorescence intensity when measured by a photodiode.  Device B4D4a also 

exhibits greater fluorescence intensity near the cathode in Figure 5.6a.  This unexpected 

gradient in photoluminescence was only observed in devices that utilized lithium triflate 

salt.  Devices that used potassium triflate salt are discussed in the next section and did not 

appear to follow the same trends in photoluminescence. 

 

5.3 Results from KTf Devices 

This section focuses on results from the B5 classification of devices, which 

denotes devices that contain an active polymer layer consisting of MEH-PPV, PEO, and 

Potassium Triflate (KTf) in a 5:5:1.2 ratio by weight.  One of the best performing devices 

from this group is device B5D4b, which has a polymer film thickness of approximately 

130 nm and an interelectrode spacing of 1.0 mm.  The turn-on process for this device was 

described in great detail in section 5.1.  In short, device B5D4b was turned on with a 

constant voltage of 25V, and began cooling when its current reached 448 µA. 
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Figure 5.7 illustrates the results of an OBIC scan of device B5D4b, where the blue 

arrowed line in the image indicates the direction, location, and approximate width of the 

scanning optical beam.  The photodiode recorded local, rather than global, 

photoluminescence intensity during the scan since the beam size of 35 µm is much 

smaller than the interelectrode gap.  The OBIC photocurrent is negligible throughout 

much of the interelectrode spacing, but peaks sharply at approximately 0.26 mm away 

from the negative electrode.  This photocurrent has a peak magnitude of 6.7 nA and, as 

expected for a p-n junction, the photocurrent is negative.  The photoluminescence profile 

is also shown in Figure 5.7a.  Since the scan began while the beam was still entirely on 

the aluminum anode, a sharp rise in photoluminescence intensity was detected when the 

beam first entered the interelectrode gap.  This provides a reliable marker for the edges of 

the electrodes.  The rise is not completely vertical since the optical beam is bigger than 

the step size of 10 µm.  The photoluminescence intensity is mostly constant for nearly 

0.74 mm after crossing over the positive electrode.  A sharp rise in fluorescence intensity 

then occurs and the intensity stays approximately constant before falling off when the 

beam reaches the negative electrode and exits the interelectrode spacing.  This “step” in 

fluorescence intensity indicates a transition from the heavily quenched p-doped region to 

the less quenched n-doped region. 
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Figure 5.7: OBIC photocurrent and photoluminescence intensity profiles of the frozen junction 
cell shown in Figure 5.1; device B5D4b, an MEH-PPV:PEO:KTf planar LEC with a 1.0 mm 
interelectrode gap turned on with 25 V and cooled to 200 K.  Top: portion of the cell illuminated 
under blue light (full cell is not illuminated during OBIC scan). The blue lines depict the area of 
the cell exposed to light during the scan and the blue arrow indicates the direction of the scanning 
optical beam.  (a) Photocurrent and fluorescence intensity profiles for the scan path shown at top.  
(b) Photocurrent and differential change in fluorescence intensity profiles for the same scan path 
[72]. 

 

As expected, Figure 5.7a demonstrates that the peak in photocurrent occurs 

directly at the junction between the p-doped and n-doped regions.  Differentiating the 

photoluminescence intensity generated a profile that is nearly identical to the OBIC 

profile.  Figure 5.7b is further proof that the photocurrent peak occurs directly over the p-

n junction, for it compares the short circuit photocurrent to the differential change in 

fluorescence over the width of the device.  The photocurrent peak lines up precisely with 

the peak in differential fluorescence, indicating that the photocurrent peaks at the moment 
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that the area excited by the optical beam transitions from mostly n-doped to mostly p-

doped.  The photocurrent is highest when the p-n junction is right in the middle of the 

optical beam.  This further aligns with the Matlab simulation, which states that the 

strongest photocurrent response occurs when the excitation beam is directly over the 

junction region. 

There is no other significant measure of photocurrent throughout device B5D4b 

except for the peak over the p-n junction.  It can be concluded that the peak OBIC signal 

originated from the built-in electric field of the frozen polymer p-n junction.  The FWHM 

of the OBIC peak is 27.1 µm, which is much larger than the expected width of the 

junction’s depletion region, but it is close to the simulated width of 28.1 µm from the 

Matlab code, the comparison of which can be observed in Figure 5.8.  The OBIC peak 

width, therefore, is a consequence of the width of the excitation beam, not the width of 

the depletion region.  However, the peak width places an upper limit on the width of the 

depletion region. 

 

Figure 5.8: (left) Matlab simulation of the photocurrent response from planar device B5D4b.  
Presumed width of the junction is 0.09 µm.  The FWHM of the simulated peak is approximately 
28.1 µm. (right) Results from an OBIC scan of device B5D4b, focusing on the shape of the OBIC 
peak.  The FWHM of the OBIC peak is approximately 27.1 µm. 
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Another important observation to make about Figure 5.7 is that there is no 

measureable photocurrent peak near the interface of either electrode.  It can be concluded 

that the electrode contacts are ohmic and optically inactive. 

One final observation can be made about the nature of device B5D4b from Figure 

5.7.  Although it has been stated that there is no other significant measure of photocurrent 

throughout the device except for the peak over the p-n junction, there does appear to be a 

very small, nearly unnoticeable, consistent photocurrent response throughout the n-doped 

region of the device.  In order to better visualize this photocurrent response, a close-up of 

the measured photocurrent is shown in Figure 5.9.  This minuscule negative photocurrent 

could be indicative of a very mild electric field present in the n-doped region pointing 

toward the anode of the device.  This could possibly arise from a gradient in the 

concentration of doped molecules within this region.  If there occurs slightly more n-

doping nearer to the cathode, then the n-doped region nearer to the cathode will have a 

slightly higher concentration of dopant cations, thereby producing a minute electric field 

pointing from near the cathode to near the junction.  If this minuscule electric field is 

constant, as the constant yet paltry photocurrent seems to imply, then it would indicate 

that the doping gradient throughout the n-doped region is linear.  The slight slope to the 

fluorescence intensity observed over the n-doped region is another indication of a linearly 

graded doping concentration.  If there is a greater concentration of doping nearer to the 

cathode than to the junction, then the expectation is that there would be slightly more 

quenching, hence slightly less fluorescence nearer to the cathode within the n-doped 

region. 
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Figure 5.9: OBIC photocurrent and photoluminescence intensity profiles of the frozen junction 
cell shown in Figures 5.1 and 5.7; device B5D4b.  Photocurrent and fluorescence intensity 
profiles are identical to those from Figure 5.7, but focussed in on the n-doped region of the cell. 

 

Many OBIC scans were performed on other devices similar to device B5D4b.  

Figure 5.10 shows the results from OBIC scans performed on devices B5D1a, B5D2a, 

and B5D5a.  These three devices are made from the same mixture and have the same 

composition as device B5D4b.  Devices B5D1a and B5D2a differ from device B5D4b in 

that they were not annealed during the fabrication process.  For this reason, devices 

B5D1a and B5D2a exhibit morphological inhomogeneity.  This causes the 

photoluminescence profile of device B5D1a in Figure 5.10a to appear inconsistent in the 

n-doped region.  Device B5D5a however was annealed just like device B5D4b in order to 

promote better mixing of the polymer components. 
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Figure 5.10: OBIC photocurrent and photoluminescence intensity profiles of devices (a) B5D1a 
(turned on with 20V and began cooling at 891 µA), (b) B5D2a (turned on with 50V and began 
cooling at 1.57 mA), and (c) B5D5a (turned on with 25V and began cooling at 460 µA).  Top: 
portions of the cells illuminated under blue light with the scan paths and direction shown by the 
blue lines and arrows.  Bottom: photocurrent and fluorescence intensity profiles for the three scan 
paths shown at top. 

 

The OBIC scans from all three devices in Figure 5.10 indicate that the built-in 

electric field of each device is situated at the frozen polymer p-n junction.  Additionally, 

the contacts between the polymer film and the electrodes are ohmic and optically 

inactive.  The consequence of not annealing the polymer surface during fabrication can 

be observed in Figure 5.10a.  The nonhomogeneous morphology of device D5B1a affects 

its photoluminescence profile; however there does not seem to be an impact on its 

photocurrent profile.  The photocurrent profile for device D5B1a has a similar peak 

position and peak magnitude as the photocurrent profile for device D5B5a. 

The devices analysed in Figure 5.11 are devices B5D3a and B5D3b.  These 

devices were fabricated on the same substrate and share the same polymer film.  The 

OBIC results from these two devices however are different due to the slightly different 

turn-on procedures used.  Device B5D3a was turned on by applying a constant voltage of 

40 V at 330 K, then once the current reached 173 µA the device began cooling to 200 K.  

Device B5D3b was turned on by applying a constant voltage of 70 V at 330 K, then once 
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the current reached 1.46 mA the device began cooling to 200 K.  Device B5D3b was 

turned on for a longer period of time than device B5D3a and was subsequently doped to a 

greater extent.   The OBIC scans from devices B5D3a and B5D3b are in Figure 5.11. 

 

Figure 5.11: OBIC photocurrent and photoluminescence intensity profiles of devices (a) B5D3a 
(turned on with 40V and began cooling at 173 µA), and (b) B5D3b (turned on with 70V and 
began cooling at 1.46 mA).  Top: portions of the cells illuminated under blue light with the scan 
paths and direction shown by the blue lines and arrows.  Bottom: photocurrent and fluorescence 
intensity profiles for the two scan paths shown at top. 

 

The photocurrent profiles from Figure 5.11 show that the photocurrent peaks for 

both devices B5D3a and B5D3b occur over the p-n junction.  The magnitude of the 

photocurrent peak from device B5D3b is much larger than the magnitude of the 

photocurrent peak from device B5D3a.  According to Figure 5.11a, the n-doped region of 

device B5D3a has greater fluorescence intensity than the n-doped region of device 

B5D3b.  However, fluorescence from the p-doped regions of both devices appear to be 

about the same.  From comparing device B5D3b to device B5D3a, it appears that turning 

on an LEC device for a longer period of time causes the OBIC peak to increase in 

magnitude and causes additional quenching of the polymer film, especially in the n-

doped region. 
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Looking at the results from another device; Figure 5.12 depicts the OBIC results 

from device B5D7a, and it illustrates the sensitivity of this OBIC technique to the shape 

of the frozen junction and to the level of doping.  The planar LEC device B5D7a was 

made using PEO with a molecular weight of 2M, whereas the majority of other devices 

were made using PEO with a molecular weight of 100k.  During turn-on with a constant 

25 V bias, the doping front did not undergo a “smoothing” process as was seen in Figure 

5.1 for device B5D4b.  As a result the frozen junction in device B5D7a was significantly 

more jagged.  The OBIC profile was much broader, with a FWHM of 71 µm, due to the 

junction being far from vertical.  Unfortunately it is impossible to match the results from 

Figure 5.12 to the Matlab simulation since the current version of this code only takes into 

account vertically straight junctions. 

The magnitude of the OBIC photocurrent peak in Figure 5.12 was less than 1/10 

of the peak OBIC photocurrent in Figure 5.7.  Since the same optical excitation was 

applied in both devices, the variation in peak photocurrent must have been caused by the 

difference in junction properties.  Also observe that the photoluminescence intensity in 

the n-doped region of Figure 5.12 is stronger compared to the device in Figure 5.7, but 

the photoluminescence in the p-doped region appears to be completely quenched.  The p-

doped region in Figure 5.7, despite its dark appearance, has a photoluminescence 

intensity about half that of the n-doped region’s fluorescence.  If we use the fluorescence 

intensity as a measure of relative doping level, then device B5D4b in Figure 5.7 has more 

balanced p- and n-doping and device B5D7a in Figure 5.12 is more akin to a one-sided 

junction.  In addition, similar to the fluorescence gradient observed in Figure 5.7, the n-
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doped region’s fluorescence intensity in Figure 5.12 shows a gradient that is consistent 

with a graded doping profile [63]. 

 

Figure 5.12: Photocurrent and photoluminescence intensity profiles of device B5D7a, an MEH-
PPV:PEO(2M):KTf planar LEC with a 0.66 mm interelectrode gap turned on with 25 V and 
cooled to 200 K when the current reached 0.13 mA. The scan path and direction is shown by the 
blue lines and arrow on the image of the portion of the cell illuminated under blue light [72]. 

 

Figure 5.13 exhibits the OBIC results from device B5D11b, a device very similar 

to the one exhibited in Figure 5.7, device B5D4b.  Figure 5.13 shows two scans 

performed on device B5D11b, which has an interelectrode spacing of 0.65 mm and was 

turned on by applying 25 V at 300 K until the current reached 0.592 mA at which point it 

was cooled to 200 K.  Device B5D11b is special because during the turn-on process, the 

cooling process began during the darkening of the n-doped region, akin to what is shown 

in Figure 5.1e.  This resulted in a small section of the p-n junction emitting more brightly 

than the rest of the junction due to the n-region quenching propagating unevenly across 
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the device.  The images at the top of Figure 5.13 show where those OBIC scans were 

performed.  Compared to the images at the top of Figure 5.13b, the scan location chosen 

for Figure 5.13a was over a portion of the p-n junction that was seen to be emitting more 

brightly than the rest of the junction while the device was undergoing forward bias.  The 

scan location chosen for Figure 5.13b does not exhibit this same level of 

electroluminescence.  The fluorescence profiles of both Figures 5.13a and 5.13b have 

similar relative levels in the p-doped and n-doped regions.   

The photocurrent peaks from Figures 5.13a and 5.13b are both sharp as expected, 

with FWHMs of approximately 27 µm, meaning the width of the p-n junction is too small 

to be measured at both scan locations.  However the magnitude of the photocurrent peak 

in Figure 5.13b is almost 8 times larger than the photocurrent peak from Figure 5.13a.  It 

is clearly apparent then, according to the magnitudes of the OBIC peaks from Figure 

5.13, that an LEC device’s p-n junction will not necessarily be consistent throughout.  In 

general, devices that have been observed to be more electroluminescent have also yielded 

smaller OBIC peaks during testing. 
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Figure 5.13: Two OBIC photocurrent and photoluminescence intensity profiles of device 
B5D11b, an MEH-PPV:PEO:KTf planar LEC with a 0.65 mm interelectrode gap turned on with 
25 V and cooled to 200 K.  (a) OBIC scan location is over a brightly emitting electroluminescent 
spot of the junction. (b) OBIC scan location is over a dimly emitting electroluminescent spot of 
the junction. Top: images of the cell under forward bias in order to display electroluminescent 
intensity. Middle: portion of the cell illuminated under blue light with the scan path and direction 
shown by the blue lines and arrow. Bottom: photocurrent and fluorescence intensity profiles for 
the two scan paths shown at middle. 

 

It is likely that if during the turn-on of device B5D11b cooling had been 

postponed by only a few seconds then the bright spot exhibited in Figure 5.13a would 

have been quenched by the ongoing electrochemical doping process.  It was shown in 

Figure 5.1g that the longer a constant voltage is applied during turn-on, the higher the 

current climbs and the greater the doping concentration becomes.  In other words, the 

longer voltage is applied before cooling, the more conductive the polymer film becomes.  

The conductance of the film right before cooling begins gives an idea in relative terms for 

how long voltage was applied during the turn-on process before the junction was frozen.  

It also gives an idea for the relative level of doping between devices.  If the conductance 
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before cooling is larger, then the extent of electrochemical doping in the cell is 

presumably greater.  The conductance before cooling is calculated by dividing the current 

through the cell before cooling begins by the turn-on voltage being used to bias the cell.  

Then to take dimensionality into account, this value is multiplied by the interelectrode 

spacing and divided by the thickness of the polymer film. 

Figure 5.14 demonstrates the relationship between the conductance before cooling 

and the magnitude of the photocurrent peak from an OBIC scan for each device tested.  

In general, a greater conductance before cooling yields a larger OBIC signal.  It seems 

apparent that a greater conductance before cooling means the polymer film is more 

heavily doped.  As seen in equations (1.7) – (1.9) from section 1.3, as the doping 

concentration of a junction increases, the width of the depletion region decreases and the 

magnitude of the built-in electric field increases.  The results summarized in Figure 5.14 

suggest that the increase in photocurrent is a result of an increase in the built-in electric 

field, which arises from increased doping of the polymer film. 
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Figure 5.14: The relationship between turn-on conditions and magnitude of the OBIC peak 
measured from each device.  Each data point is labeled with the name of the device it represents. 

 

Another consequence of a larger conductance before cooling during turn-on that 

has been observed is the balance between n-doping and p-doping.  As it has been 

previously stated, if we use the fluorescence intensity as a measure of relative doping 

level, then the ratio of fluorescence intensity between the n-doped region and the p-doped 

region is an indication of the balance between n- and p-doping in the device.  Figure 5.15 

shows the trend between conductance before cooling and the ratio of the fluorescence 

intensity between the n-doped and p-doped regions of each device.  In general, if the 

voltage bias is applied for a longer time, and the conductance in the film increases, then 

the balance between n- and p-doping becomes more even.  For devices that are cooled 

very quickly, like device B5D7a or B5D3a, fluorescence from the n-doped region is 

greater than from the p-doped region, making these devices more akin to a one-sided 
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junction where the majority of the space charge region is situated within the p-doped 

region.  For devices that were turned on for longer, like device B5D4b, fluorescence from 

the n-doped region is still greater than from the p-doped region, but these values are 

closer together, indicating the amount of n- and p-doping is more balanced. 

 

Figure 5.15: The relationship between turn-on conditions and the ratio of fluorescence intensity 
between the n-doped and p-doped region of each device.  Each data point is labeled with the 
name of the device it represents. 
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Chapter 6    Conclusions and Future Work 

 

6.1 Conclusions 

The results from this study demonstrate the effectiveness of the OBIC technique 

for understanding the built-in electric field of planar LECs.  This study has allowed us to 

visualize how a p-n junction is formed in an LEC and how the built-in electric field is 

distributed throughout that device. 

The concerted OBIC and scanning photoluminescence intensity measurements are 

a first for LEC characterization. The results revealed a frozen p-n junction with a sharp 

transition between the p- and n-doped regions.  The built-in electric field within a p-n 

junction gave rise to a strong OBIC photocurrent upon optical excitation.  Photocurrent is 

only detected in the p-n junction region and peaks precisely at the metallurgical junction.  

For each device scanned, the width of the depletion region was narrower than the width 

of the excitation beam, which is about 35 µm.  Additionally, the electrode interface was 

ohmic and did not contribute to any photocurrent when illuminated.  There is evidence of 

a doping gradient, especially within the n-doped regions of most devices; however any 

photocurrent measured within the neutral p- and n-doped regions is minor, indicating a 

negligible built-in electric field compared to that of the depletion region.  The only major 

contribution to the built-in potential of an LEC comes from the p-n junction. 

During the turn-on process, applying a voltage bias for a longer period of time 

results in the level of p- and n-doping becoming more balanced.  Applying a voltage for a 

longer period during turn-on also causes the magnitude of the induced photocurrent peak 
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to increase.  Sections of a p-n junction that undergo electroluminescence more brightly 

also yield a less intense photocurrent during examination. 

The experimental setup used in this study is versatile and easy to use.  The ability 

to take real time images during the turn-on process and during OBIC scans allows for 

easy interpretation of data.  In addition, the concerted photoluminescence scan not only 

provides valuable spatial intensity data but also allows for reliable identification of the 

electrode edges.  In the future, this setup can be adapted to achieve even higher scanning 

resolution so that the true depletion width of the p-n junction may be determined. 

 

6.2 Future Work 

The OBIC technique presented in this study has shown to be very effective at 

confirming that the built-in electric field of an LEC arises from the junction between the 

p- and n-doped regions.  However, there is still more to be discovered about the nature of 

an LEC’s p-n junction that this OBIC technique in its present form cannot accomplish.  

The width of the optical beam used to excite the polymer film is 35 µm which is too large 

to measure the width of the p-n junction’s depletion region.  The actual width of an 

LEC’s p-n junction is difficult to estimate, but it was estimated to be within the range of 

0.12 µm.  In order to achieve better spatial resolution, a smaller excitation beam is 

needed.  Recent efforts have been made to replace the mercury lamp with a laser source.  

So far this has achieved a 10 µm wide beam with a 10x objective. 

Other aspects of this research that should be studied in the future are variations on 

the standard OBIC testing methodology.  For example, since the depletion region of a p-n 

junction in short-circuit mode is too small to be accurately measured by the current OBIC 
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technique; performing tests while the device is being operated under different biases may 

help.  For inorganic semiconductors that form a p-n junction, when a reverse bias is 

applied across the junction the width of the depletion region grows.  If this property holds 

true for LECs as well, then performing OBIC studies on a device under the influence of 

an applied reverse bias may increase the width of the depletion region enough to be 

detectable by the excitation beam.  By performing multiple tests at different reverse 

biases, a pattern might emerge that could reveal information about the device in its short-

circuit state. 

Finally, this OBIC technique can be applied to devices without an apparent p-n 

junction in order to study the built-in electric field.  Bulk Heterojunction (BHJ) solar cells 

are made from a blend of an electron donor material and an electron acceptor material.  In 

a BHJ, there is not a single metallurgical junction, but instead there are several interfaces 

between the donor and acceptor materials where exciton dissociation can occur.  OBIC 

techniques can be used to study the built-in electric field distribution of a BHJ. 
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