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ABSTRACT 
 
 

Indium-tin oxide (ITO) is commonly used as the transparent electrode in organic 

photovoltaic (OPV) devices.  ITO’s transparent properties come at the expense of less 

than ideal electrode characteristics arising from insulating over-oxidized surface species.  

OPVs fabricated on the native ITO surface tend to exhibit poor performance with a high 

degree of variability from device to device.    Aggressive acid etching of the ITO surface 

removes the majority of the insulating surface species leading to improvements in OPV 

efficiency with greater reproducibility and increased device to device consistency. 

Organic light emitting diodes (OLEDs) are planar electroluminescent light 

sources that naturally couple a portion of their emission into internally reflected modes 

within the device substrate.  Although this coupling property is well known, few attempts 

have been made to integrate OLEDs as light sources for internal reflection elements.  

Furthermore, OPVs share the optical coupling properties of OLEDs and therefore can be 

used as integrated internal reflection detectors.  Integrating both an OLED light source 

and an OPV detector onto the same substrate results in an internal reflection sensing 

platform that requires no free-space optics, has low power consumption requirements, 

and can be easily fabricated on substrates occupying an area less than one square inch.  In 

this work we establish a functional prototype design, characterize the fundamental 

coupling properties, and demonstrate several surface sensing responses of this fully 

integrated optical sensing platform.    

The net solar power production from OPVs arises from the interactions between 

multiple currents through the device.  The photocurrent is the only power producing 
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current in the device and understanding the voltage dependent nature of this current is 

essential in OPV research.  Analysis methods of conventional, inorganic photovoltaics do 

not adequately describe the photocurrent behavior commonly observed in OPVs.  OPV 

analysis is therefore somewhat limited by the methods commonly employed.  To improve 

upon the convention methods we develop a simplified method of OPV photocurrent 

analysis based on electrochemical methods that accurately describes the voltage 

dependence of the photocurrent and leads to greater insight into the key parameters 

involved in solar power production from OPVs.     
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CHAPTER 1 

INTRODUCTION 

 

1.1    Organic Photovoltaics 

As the world’s energy consumption continues to grow, more and more attention is 

being paid to clean energy alternatives as a sustainable source to meet the increasing 

demand.   Solar power offers an environmentally sound means of providing clean energy 

at both the consumer and commercial levels.  Efficient conventional (inorganic) solar 

cells are produced from high purity crystalline materials like silicon and gallium arsenide.  

The high purity requirements of these devices increases the production cost to the point 

of limiting their widespread implementation as a major global energy source. 

The photovoltaic effect was first observed in organic semiconductors in 1959 by 

Kallman and Pope in single crystals of anthracene.1  For several decades this work was 

mostly overlooked for solar cell applications as inorganic crystals consistently produced 

photocurrents orders of magnitude greater than carbon based materials.  In 1986, Ching 

Tang at Kodak demonstrated a ~1% efficient planar organic heterojunction cell which 

established the potential of the organic photovoltaic (OPV) platform for viable solar 

energy conversion.2  Following Tang’s initial breakthrough, research in OPVs has 

intensified significantly leading to reported efficiencies up to 5%.3  Although these gains 

have shown incredible promise, the efficiencies have yet to reach the benchmark values 

required to be economical feasible for large scale implementation.   
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While not as efficient as their inorganic counterparts, OPVs have the distinct 

advantage of being produced at a dramatically reduced cost.  OPVs can be mass produced 

by solution processible means through well established roll to roll fabrication techniques 

on flexible polymer substrates.4-11 These specific advantages make OPV technology an 

attractive, cheap alternative for solar energy harvesting.  Being a relatively young field of 

study, the understanding of OPVs continues to evolve.  The general characteristics of 

organic photovoltaics appear somewhat similar to inorganic cells, but the characteristics 

are different enough that much of the established theory used for inorganic devices does 

not accurately describe the specific behavior of OPVs.  This disparity between inorganic 

theory and the observed organic device characteristics makes the field of OPVs unique in 

itself and requires a re-evaluation of the conventional analytical methods to establish a 

greater understanding of the properties specific to organic materials in order to make this 

promising technology an everyday reality.  

Research on OPVs, and organic semiconductors in general, has revealed a number 

of physical properties which specifically distinguish organic from inorganic 

semiconductors.  Two primary differences between organic and inorganic 

semiconductors are the charge transport mechanism and dielectric constants.12-14  These 

differences arise from the structure-property relationships of the materials and the type of 

bonding within the thin films.  These material discrepancies effectively determine the 

device architectures applicable for photocurrent generation.      

Inorganic materials form molecular crystals with fairly large size domains on the 

micron scale where the individual atoms are covalently bonded into single molecules.  
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Conduction through inorganic single crystals occurs by intermolecular charge transport 

within the band structure of the molecule.  Intermolecular charge transport is relatively 

facile leading to fairly high mobilities within the individual crystals.  In polycrystalline 

and amorphous inorganic films, charge also must cross grain boundaries between the 

individual crystals through an intramolecular hopping mechanism.  Intramolecular 

hopping is not nearly as facile a transport mechanism as intermolecular transport within 

the crystal and the overall charge transport through inorganic films is ultimately 

determined by the transport at grain boundaries.15        

Structurally, small molecule organic semiconducting films primarily differ from 

inorganic films in the type of bonding.  Organic semiconducting molecules are weakly 

bonded together through Van der Waals forces of stacked π bonds rather than covalent 

bonds as in inorganic materials.  Conduction through organic thin films occurs through an 

intramolecular hopping mechanism where every hop between individual molecules is 

much like a grain boundary in inorganic materials.  This intramolecular hopping 

mechanism has significant impacts on charge transport by limiting the mobilities capable 

in organic semiconductors.13  Low mobilities limit organic semiconducting devices to 

thin films rarely exceeding 100 nm so the charge can traverse the device thickness within 

the lifetime of the charged species.  While organic chromophores used in OPVs can have 

high molar absorptivities, the low charge transport restricts the pathlength available for 

light absorption.  This inherent pathlength restriction may ultimately be the limiting 

factor in device efficiency which will determine the viability of organic photovoltaics as 

a suitable, low cost source for harvesting solar energy.   
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Another key distinction between organic and inorganic semiconductors is the 

photocurrent generation mechanism.  The difference in photocurrent generation 

originates from the difference between the dielectric constant of organic and inorganic 

semiconductors.   Inorganic materials tend to have dielectric constants greater than 10, 

while organic materials typically have much lower dielectric constants around 2 to 4.13  

Inorganic materials, being much more polarizable, can shield individual charges and 

therefore separation of an exciton into a free electron-hole pair happens spontaneously 

upon photon absorption throughout the bulk of the material requiring little to no external 

field or energetic offset to create photocurrent.  Organic materials, however, cannot 

efficiently shield opposing charges and separation of excitons into charged pairs only 

happens when facilitated by an energetic offset that favors charge separation.  Such an 

energetic offset is present in the difference between the frontier energies levels of the 

donor and acceptor materials at a heterojunction interface.  When an exciton reaches a 

heterojunction interface, the exciton is split into am electron-hole pair.  The charged pair 

is not necessarily fully separated into free charge carriers at this point because a strong 

electrostatic attraction between the opposing charges still exists in the low dielectric 

medium.  An additional force from an electrical gradient and/or a chemical gradient is 

also required for full separation into free charge carriers and the subsequent transport to 

the electrodes to produce useable photocurrent.14, 16, 17          

Photocurrent generation in an organic heterojunction photovoltaic is a multistep 

process.  The subsequent steps are photon absorption to form an exciton, exciton 

diffusion to the heterojunction interface, exciton dissociation across the interface into an 
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electrostatic ally bound electron-hole pair, charge separation of the electron-hole pair into 

free charge carriers, and transport to the electrodes where the charge is collected.  The 

experimental data analyzed in this study is for a planar heterojunction consisting of 

copper phthalocyanine (CuPc) as the donor and fullerene (C60) as the acceptor, therefore 

this discussion will refer to these specific materials and their relative energy levels.  In a 

CuPc/C60 heterojunction,  excitons are created in the highly absorbing CuPc layer, diffuse 

to the heterojunction interface, and dissociate into an electron-hole pair by charge transfer 

of an electron from the lowest unoccupied molecular orbital (LUMO) of the donor to the 

LUMO of the acceptor.  This charge transfer is energetically favorable when the offset 

potential between the LUMO of the donor and the LUMO of the acceptor exceeds the 

exciton binding energy.17-21  The exciton binding energy is defined as the difference 

between the optical and electrical (transport) bandgap.18, 19  Once the exciton has been 

dissociated across the interface, an electron resides in the LUMO of the acceptor and a 

hole resides in the HOMO of the donor.  The energetic offset between theses two levels 

(EHOMO
D – ELUMO

A) sets the theoretical upper voltage limit for photocurrent generation.17-

20, 22, 23    

While there is a finite time for excitons to dissociate before decaying to the 

ground state, fullerenes have shown to be ultra-fast electron acceptors22, 24-26 and 

interfaces employing fullerenes, which are the majority of efficient OPVs, are usually 

considered to have instantaneous exciton dissociation and therefore this step is generally 

not factored in the overall kinetics of photocurrent generation.  Exciton dissociation into 

an electron-hole pair is driven by the band offset between the donor and acceptor.   
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Figure 1.1   Schematic of the energy levels of the HOMO and LUMO in the donor and 
acceptor materials and the Fermi levels of the anode and cathode noting the important 
energy level offsets between the LUMO levels of the donor and the acceptor and the 
offset between the LUMO of the acceptor and the HOMO of the donor.  The organic 
energy levels are taken from references 18 and 19. 
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A portion of the potential energy of this transition translates into kinetic energy which 

contributes to the separation distance of the electron-hole pair.13, 17, 27-30  A larger the 

initial separation distance reduces the electrostatic binding of the pair and facilitates 

efficient separation into free charge carriers.  For a given acceptor material, typically a 

fullerene based moiety, a larger electron affinity of the donor facilitates the separation of 

charge pairs which theoretically increases the short circuit current, but reduces the 

theoretical upper limit of the open circuit potential.  Therefore, a larger LUMO offset 

reduces the theoretical upper limit of the open circuit potential, but benefits geminate 

charge separation leading to a greater short circuit current.18, 19, 23     

Once the excitons have been dissociated into an electron-hole pair, the charges are 

not yet free to produce photocurrent. The a portion of the charges remain  

electrostatically bound together by their coulombic attraction.  This phenomenon is a 

direct consequence of the low dielectric constant of organic materials which limits the 

materials’ innate ability to shield the individual counter charges from each other.  This 

separated, but bound state can either recombine or be separated into free charge carriers 

to contribute to the photocurrent.  Interfacial recombination is generally regarded as a 

voltage independent process, but is in competition with the voltage dependent process of 

charged pair separation.16, 17, 27, 28, 31  Separation into free charge carriers is a competition 

between the forces of the electrostatic attraction working towards recombination and the 

separating potential supplied by the external electrodes working in conjunction with the 

energy gained from the LUMO-LUMO offset.  If enough separating potential is applied 

to overcome the residual electrostatic attraction after exciton dissociation, the charges 
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separate into free charge carriers.  The free charge carriers are then transported to the 

collecting electrodes driven by a combination of migration and diffusion.14  Within the 

transit time required for charge transport from the heterojunction to the electrodes, the 

free charge carriers can decay to a ground state by intramolecular recombination through 

interaction with trap states located within the material and at the electrodes.  Trap states 

are result of electronic inhomogeneities within the material caused by morphological 

defects and adventitious impurities, both of which are common and generally 

unavoidable in organic semiconductors and can be induced by energetic mismatching 

between the semiconductor and the electrode material.12, 13, 15, 32    

The field of organic photovoltaics has developed two predominant types of device 

architectures: planar and bulk heterojunctions. Both have proven to consistently produce 

reasonably high conversion efficiencies and therefore encompass the majority of the 

current research efforts.  Planar heterojunction devices consist of two spatially separated 

donor and acceptor phases, such as copper phthalocyanine and C60 respectively, in a 

layered planar structure with a single, primary charge separating interface at the 

heterojunction where the two materials meet.2, 18, 23, 33-38  Bulk heterojunction 

photovoltaics typically consist of a single organic layer of a mixture a conductive 

polymer donor, such as P3HT, and an acceptor material such as soluble fullerenes like 

PCBM.7, 39-47   

The multi-faceted nature of photocurrent production grants each type of device 

structure both advantages and disadvantages associated specifically with the design.  The 

fundamental materials used in each type of device are fairly similar and the major 
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distinction between the two structures resides primarily in the spatial location(s) of the 

donor-acceptor interface(s).  As mentioned previously, the initial exciton separation in 

low dielectric semiconductors requires an energetic offset such as the LUMO-LUMO 

offset found at a donor-acceptor interface.  Excitons created in the semiconducting 

material must diffuse to these separation sites, therefore to achieve efficient photocurrent 

production, a heterojunction will ideally be positioned within the exciton diffusion length  

of the region where a given exciton is generated.   

In bulk heterojunction photovoltaics, charge separation occurs at the dispersed 

heterojunctions throughout the entire organic layer.  In such devices, there is a high 

probability that a separating interface will be located in the region of exciton generation.   

Bulk heterojunctions are capable of interfacial assisted charge separation everywhere 

light is absorbed in the device and therefore have distinct advantage of being able to 

produce photocurrent in close proximity to the transparent electrode where the incident 

light intensity is the greatest.  Planar heterojunctions only have a single, centrally located 

exciton separating interface.  This interface is optimally placed 20 nm from the front 

surface where light enters and the optical intensity producing excitons within the 

diffusion length from the donor-acceptor interface is significantly diminished from 

absorption prior to reaching the critical proximity to the separating interface.   

While the reduced exciton concentration adjacent to the heterojunction is a 

definite drawback to the planar heterojunctions, this architecture has several distinct 

advantages over bulk heterojunctions.  Photocurrent production involves both free charge 

carrier generation from the separation of excitons as well as sustaining the free charge 



 

 

27 

carriers through avoiding recombination.  While the planar heterojunction devices may 

not separate as many excitons, the structure has significant advantages in circumventing 

recombination.  Isolating the exciton separation to a planar heterojunction also isolates 

recombination with counter charges to the same region.  Bulk heterojunctions have both 

charge types present throughout the entire device, thus creating a much greater 

recombination probability which ultimately detracts from photocurrent production 

achievable from such a device structure.  Furthermore, planar heterojunctions have the 

advantage of directional exciton separation.  At a planar heterojunction the excitons 

dissociate across the interface in the same direction as the collecting electrodes.  The 

charges are automatically oriented with the externally applied collection field.  In bulk 

heterojunctions, the excitons can separate in any direction.  Many of the charge carriers 

are oriented counter to the direction needed to produce photocurrent.  When charges are 

separated opposite to the proper collection direction, the charges are likely to recombine 

with their parent counter charge rather than remaining as separated free carriers.17       

Both types of OPV device structure has its own distinct advantages and neither 

type has been truly established as the dominant structure for the greatest cost to efficiency 

ratio.  Research on organic semiconducting materials and novel photovoltaic 

architectures is ongoing and consistently producing higher efficiencies.  Along with the 

technological advancements, the fundamental understanding of the unique properties of 

organic semiconductors continues to grow.  Future research and development efforts will 

certainly continue to advance the field towards the ultimate goal of economic feasibility 

for organic photovoltaics. 
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1.2 Enhanced Electrical Characteristics Of Acid Etched Indium Tin Oxide For 

OPV Applications 

Organic opto-electronic devices are routinely fabricated on indium-tin oxide 

(ITO) coated glass substrates for use as the transparent electrode through which light is 

allowed to enter or exit the device.  While ITO has the advantage of low absorptivity and 

adequately low resistivity, the polar oxide surface is somewhat incompatible with the 

non-polar semiconducting organic molecules of the device.  Literature for both organic 

and inorganic devices stress the importance of the electrode-semiconductor interface on 

the characteristics of device performance.12, 13, 15 Various ITO surface treatments and 

modifications have been shown to have significant effects on organic opto-electronic 

devices.33, 48-65        

Multiple studies have demonstrated that the surface state of ITO has a significant 

effect on the performance of both OLEDs and OPVs.  Many of these studies focus on 

increasing the organic-oxide chemical compatibility and/or altering the Fermi level of the 

ITO electrode for greater energetic alignment with the organic material.51, 52, 60, 61, 66  

While these studies demonstrate the importance of the ITO interface, the specific role of 

the ITO in organic semiconducting devices is often convoluted within the complex 

behavior of the device.  Some of the most compelling insight into the fundamental nature 

of ITO initially came in the form of detailed photoelectron spectroscopic analysis (XPS 

and UPS) of the chemical composition of the ITO surface.67  These studies have shown 

that the surface is covered with carbonaceous contaminants and over oxidized and 

hydroxylated species which are not native to the bulk ITO structure.  Conducting tip 
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atomic force microscopy (C-AFM) studies revealed that these oxy-hydroxy surface 

species are insulating in nature and cover the majority of the ITO surface leaving only a 

sparse distribution of electronically active sites through which the majority of the 

electronic conduction takes place.64, 68  The C-AFM also shows the microscopic 

electronic structure of active site density on the ITO surface is highly heterogeneous and 

variable over areas typically encompassed by an organic device.  This surface 

composition tends to impede charge injection/collection from the electrode causing 

reduced efficiency in both OLEDs and OPVs.  Furthermore, the random heterogeneity of 

the electronic structure at the macroscopic level leads to significant inconsistencies and 

reduced reproducibility in organic device performance.      

 While ITO surface modification studies can alter the oxide-organic interfacial 

interactions, they typically do not address or attempt to alter the underlying insulating 

layer.  By removing the insulating surface oxides with aggressive chemical etchants,69-71 

more efficient charge transfer can take place without the additional surface impedance.  

Furthermore, etching can reduced the spatial heterogeneity of the electronically active 

sites by exposing significantly more of the underlying conductive bulk ITO to increase 

the active site density.64  Modification studies of an etched ITO surface may have the 

same net effect on the interfacial chemical compatibility of organic devices, but with the 

advantage of starting with a reproducible blank slate of electronic and chemical structure 

rather than random, heterogeneous surface.  This effect of reduced heterogeneity is 

observed through the increased consistency and reproducibility of organic photovoltaic 

performance.   These improvements on OPV performance have reduced the variations to 
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the point of being able to more accurately interpret the effects of other modifications and 

alterations to the devices which is a valuable advantage in OPV research efforts.       

 

1.3  Integrated Organic Opto-Electronic Sensing Platform 

 
Organic light emitting diodes (OLEDs) are a highly versatile thin film light source 

with bright planar emission.  Tang demonstrated thin film organic semiconductors could 

produce electroluminescence at high enough efficiencies to warrant consideration of 

OLEDs as a commercially viable lighting/display technology.72  Following this 

breakthrough study OLEDs have attracted a great deal of interest in the academic and 

industrial fields.  The majority of the initial research on OLEDs focused on emission 

from the front of the device for display applications.  This research has demonstrated the 

range of versatility of organic semiconductors in producing OLEDs which are solution 

processible, color tunable, and can be produced with low cost fabrication techniques on 

flexible substrates.6, 73-88  The technology has been adopted by well-established hi-tech 

industrial corporations and ultra-thin OLED displays with very high contrast ratios have 

since become commercially available.            

One fundamental limitation of implementing OLEDs for display applications lies 

in the isotropic nature of electroluminescent emission.  Isotropic emission from organic 

materials with an index of refraction of roughly 1.7 allows only ~19% of the total 

emission to escape from the front of the device with the remaining optical power 

internally reflected within the substrate and device layers.89  To increase the forward 

output, multiple strategies have been employed such as scattering aerogels90, 91 and 



 

 

31 

integrated grating structures.92-94  Quite surprisingly, little attention has been focused on 

utilizing the ~81% of the emission inherently coupled into internal reflection modes.95-109    

The power partitioning of OLEDs may be a drawback for display applications, but it 

suggests that OLEDs can be applied as integrated light sources for techniques which 

specifically utilize internal reflection such as attenuated total internal reflection (ATR) 

and waveguide techniques.   

Similar to OLEDs, organic photovoltaics (OPVs) share the same optical coupling 

properties and can also be applied to equivalent structures for integrated sensing.110-114 

Utilizing both OLED and OPV technologies fabricated on the same substrate allows for 

attenuated total internal reflectance (ATR) sensing on the substrate between the devices, 

figure 1.2.110, 112  Integrating an OLED as a light source and an OPV as a detector directly 

onto the sensing substrate gives this platform several advantages.  This design eliminates 

the necessity for any additional coupling optics or external opto-electronic transducers.  

Furthermore, an entire analytical optical system with low external power requirements 

can be fabricated at a low cost on a size scale that starts at “hand held” and can easily be 

reduced to lab-on-a-chip proportions.  Chapter 4 encompasses the fundamental principles 

of designing and operating this type of integrated sensing platform and demonstrates the 

proof of concept through the analytical response of a first generation, prototype device.  
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Figure 1.2  Schematic of an integrated organic opto-electronic sensing platform 
illustrating the integrated OLED light coupling, ATR sensing, and integrated OPV 
detecting.   
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1.4   Research Focus 

 The science of modern organic semiconductors is a fairly young field and has yet 

to reach its full potential.   The truly exciting aspect of this field is that the emerging 

technologies are highly applied with a wide range of possibilities. The versatility of the 

variety of organic semiconducting materials readily available and the ability to tune their 

properties through synthetic means allows for many discoveries and applications not yet 

imagined.  The preliminary research of the past few decades has already produced 

impressive results especially with OLED display technology where full color, ultra-thin 

computer monitors and televisions are already coming to the commercial market.  Other 

unique aspects of organic materials, such as ink-jet printing of organic semiconductors, 

offer a myriad of technological possibilities.4, 115-117  Using well established ink-jet 

printing methods, the fabrication all organic semiconductor analog circuitry from a 

modified printer for disposable electronics at a dramatically reduced cost is already 

becoming a feasible reality.   

Another area of critical importance is solar energy harvesting with organic 

photovoltaics.    Energy is at the forefront of global economics and the demand for 

alternative sources of clean energy continues to grow as the world looks to a more 

sustainable future.  OPVs offer the possibility of renewable energy with the distinct 

advantage of lower production cost than conventional solar cells.  While not yet 

commercially viable because of low power conversion efficiency, OPV research is very 

attractive because of its potential as a future alternative energy solution.   
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 The studies encompassed in this work are oriented towards improving upon 

existing technologies and their creative implementation to fully utilize the capabilities of 

the unique properties of organic semiconducting devices.  This work specifically focuses 

on the application of organic semiconductor devices through understanding the devices’ 

critical features, improving the device performance and consistency, and the 

implementation into novel architectures.  These studies are somewhat open ended, owing 

to the novel properties learned from this initial work. This work is discovery based, but 

highly applicable to the everyday dealings with organic semiconductor devices and the 

subjects discussed here continue to be vital components of the underlying framework of 

the ongoing research on these projects.  This research has already established the 

foundation for several ongoing projects and will hopefully serve as a valuable reference 

for future research in the ever-growing field of organic opto-electronics.    
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CHAPTER 2 

 
EXPERIMENTAL METHODS 

 
 

2.1 ITO Preparation and Characterization 

 
    2.1.1  Pattern Etching 

 
Commercial indium tin oxide coated glass substrates obtained from Colorado 

Concepts Coatings typically has sheet resistance of 15Ω/�, an ITO thickness of 100 ± 10 

nm, and an RMS roughness of 2-3 nm (determined by AFM).  ITO is obtained in large 

sheets and is cut into 1.0 in.2 device sized substrates by scoring on the glass side with a 

commercial tungsten carbide cutting wheel with kerosene lubricant on a Morten Glass 

Works cutting apparatus.  The substrates are rinsed in ethanol to remove the residual 

kerosene then dried with air or nitrogen.  Parafilm is firmly pressed onto the ITO surface 

then the excess parafilm is trimmed from the edges with a razor blade.  The parafilm is 

melted onto the surface by holding the substrate with metal tongs and exposing the glass 

side to a heat gun until the parafilm appears translucent.  The substrate is allowed to cool 

until the parafilm appears milky white.  The pattern of choice is then cut into parafilm 

and removed to expose the surface to be etched.  Excess residual parafilm can be 

removed with hexanes and a Q-tip, but this is usually unnecessary and does not seem to 

affect etching quality as the thin residual film melts away during the etching.  The 

patterned films are submerged for 60 seconds into an oxidizing ITO etching solution 
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consisting of HCl (con) : H2O : HNO3 (con) at a ratio of 5:5:1 which is held at 75-80°C.  

The temperature should not deviate from this recommended range because at lower 

temperatures the etch rate becomes slower and at higher temperatures the bulk parafilm 

can melt and lose adherence to the ITO surface.  Upon removal from the hot etching 

solution the substrate is submerged into deionized water at room temperature.  The 

substrates are further rinse and the parafilm is manually removed by hand or with the 

assistance of a razor blade.  The substrates are then ultrasonicated in hexanes to remove 

any residual parafilm.  

 
    2.1.2  Solvent/Detergent Cleaning 

 
The substrates are detergent cleaned by manual rubbing for several minutes with a 

microfiber cloth soaked in a solution of Triton X-100 (Aldrich) and deionized water 

(Millipore 18 MΩ).  The substrates are rinsed with deionized water then submerged in a 

dilute Triton X-100, deionized water solution and ultra  sonicated for 5-15 minutes.  The 

substrates are removed and rinsed with deionized water then ultrasonicated first in 

deionized water for 5-15 minutes, then again in ethanol for 5-15 minutes.  The substrates 

are then dried under a stream of dry nitrogen.    

 
    2.1.3  Plasma Treating and Surface Etching 

 
The ITO surface is next either RF plasma treated or acid etched.  RF plasma 

treating is done in a Harrick model PDC-32G with ca. 10-3 torr ambient air or pure 

oxygen at 60-120 W RF power for 15 minutes.  With acid etching, either 5.5 M HI or a 
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solution of 12 M HCl with 0.2 M FeCl3.  The HI requires no additional oxidizing agent as 

I2 is already present in the HI.  The substrate is mounted on the vacuum chuck of a spin 

coater (Laurell Technologies Corp. model WS-400B 6NPP) and the surface is flooded 

with either etchant for 10 seconds to remove roughly 5 nm of the ITO surface.  After 10 

seconds the etchant is removed by spinning the sample at 4000 RPM while rinsing with a 

constant stream of deionized for 5 seconds.  The rinsing stream is stopped and the 

substrate is allowed to spin dry for another 10 seconds.  Spin rinsing ensures clean 

removal of the etching products, but is not absolutely necessary.  Etching can also be 

accomplished by dipping the substrate in the etching solution for 10 seconds followed by 

rinsing under a steam of deionized water with similar results.    

 
 

    2.1.4   Spin Coating PEDOT:PSS  

 
Following plasma treatment or acid etching of ITO an additional layer of 

PEDOT:PSS (poly(3,4-diethoxy-thiophene): poly(styrene-sulfonate) (Baytron-P from H. 

C. Stark) is commonly implemented.  Note: if the etching treatment was used, 60 seconds 

of exposure to ambient air is recommended to allow the ITO surface to deactivate prior to 

the application of PEDOT:PSS.  The cleaned, treated ITO coated substrate is mounted 

onto the vacuum chuck of the spin coater (Laurell Technologies Corp. model WS-400B 

6NPP).  The surface is flooded with PEDOT:PSS from a syringe while filtering the 

solution through a 0.45μm pore size PVDF filter and spin cast at 4000rpm for 60s 

producing a uniform film of ca. 40 nm (determined by AFM).  The film is allowed to dry 

in air for 15-30 minutes then put into 10-6 torr vacuum and heated to 100º C for one hour 
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then allowed to slowly cool for an hour to roughly 40ºC before subsequent deposition of 

the organic layers. 

 

    2.1.5  AFM and CAFM Characterization of ITO 

 
Tapping mode and conducting atomic force microscopy measurements on the 

various treated forms of ITO were both made with a Dimension 3100 Nanoscope IV 

system (Veeco Metrology Group, Santa Barbara, CA).  Tapping mode AFM images were 

taken with TESP-7 silicon nitride probes (Veeco Probes, Santa Barbara, CA).  

Conducting-tip AFM (C-AFM) measurements were made with boron doped diamond like 

carbon-coated Si probes were used with a nominal force constant of 2.8 N/m (DDESP, 

Veeco Probes, Santa Barbara, CA). Data acquisition was made with the TUNA 

application module. Measurements were made in contact mode in air with minimal force 

(ca. 1-2 nN) on the conducting probe.  The sample to tip potential bias was selected based 

on the conductivity of the sample in order to achieve measurable current while not 

saturating the signal.  Current sensitivity was chosen on the basis of the nature of the ITO 

sample, typically 1 nA/V. 

 

    2.1.6  Electrochemistry of Surface Probe Molecules on Treated ITO 

 
 The electrochemical characterization of the apparent electron transfer coefficient 

of treated ITO (Colorado Concepts Coatings) surfaces was carried out with a three 

electrode setup with an active working electrode area of 1.0 cm2.  The reference electrode 
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was an Ag/AgCl pseudo reference electrode and all scans were subsequently referenced 

to the reduction potential of the probe molecule.  The counter electrode was coil of 

platinum wire.  The electrochemical probe molecule solution was 1.0 mM dimethyl 

ferrocene with 0.1 M LiClO4 supporting electrolyte in acetonitrile.  All chemicals were 

obtained from Aldrich without further purification.  The potential was scanned with a 

Princeton Applied Research EG&G 283 potentiostat / galvanostat at a scan rate of 5 mV/s 

without compensation for the solution resistance.   

 

2.2  Organic Device Fabrication and Testing 
 
 
    2.2.1  Vapor Deposited Device Fabrication 
 
 
 Following the preparation of ITO outlined above, the surface is primed for device 

fabrication.  Ideally the PEDOT:PSS vacuum heat treatment takes place in the organic 

deposition chamber and upon cooling the organic layers are deposited directly without 

breaking vacuum.  The following procedure outlines the fabrication of bilayer 

heterojunction organic photovoltaic with the structure ITO/PEDOT:PSS (40nm), CuPc 

(20nm), C60 (40nm), BCP (10nm)/Al (100nm) where CuPc is the hole transport layer 

(HTL) and the C60 is the electron transport layer (ETL) as shown in a generalized 

schematic in figure 2.1.  The CuPc and BCP were obtained from Aldrich and the C60 

from MER corp. (Tucson, AZ).   All vapor deposited organic materials are purified by 

zone sublimation at least twice prior to deposition.  Fabrication of OLEDs with the 

structure ITO/PEDOT:PSS (40nm), TPD (50nm), Alq3 (50nm)/Al (100nm) follow the  
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Figure 2.1  General schematic of CuPc/C60 OPV device fabrication into the standard 
experimental test platform used for routine analysis creating six devices with roughly 3.5 
mm2 of active area per device. 
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same protocol as outlined below for OPVs with the appropriate substitution of organic 

materials. 

 The organics are deposited by thermal evaporation from Knudson type cells from 

boron nitride crucibles.  The deposition sources are slowly heated to maintain high 

vacuum without bumping and the depositions take place at a base pressure of ~10-6 torr.   

A succession 20nm of copper phthalocyanine (CuPc), 40nm of C60, 10nm of 

bathocuprine (BCP) are deposited at a rate of 3 Å/s as determined by a 10 MHz quartz 

crystal microbalance (QCM) placed parallel to the evaporation target monitored with a  

Hewlet Packard 5384A frequency counter.  After each deposition, the source is allowed 

to cool well below the deposition temperature range to insure no cross contamination.  

After the organic depositions, the chamber is vented with dry nitrogen and the devices are 

transferred to a nitrogen glovebox (VAC-ATM model HE-493/MO-5) where a cathode 

shadow mask is applied over the device defining six devices per 1 × 1 inch substrate with 

an effective device size of approximately 3.5 mm2.  The masked device is then 

transferred back into the chamber and evacuated.  100 nm of aluminum is thermally 

evaporated from an aluminum oxide coated molybdenum evaporation boat from a base 

pressure of ~10-6 torr at a rate of  5 Å/s monitored with an Inficon deposition monitor and 

a 6 MHz QCM.  Following deposition of the aluminum top contact the source is allowed 

to cool, the chamber is vented with dry nitrogen, and the finished devices are transferred 

into the nitrogen glovebox for testing without exposing the devices to air. 
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    2.2.2  Organic Photovoltaic Testing    
 
 OPVs were testing under dark and illuminated conditions in an inert atmosphere 

dry nitrogen glovebox.  Under dark conditions the front panel of the glovebox is covered 

with a thick, black vinyl sheet to exclude external stray light.  For illumination, the 

devices are typically subjected to 100mW/cm2 from a  CUDA Products Corp. model I-

250 light source with a Phillips 250W quartz tungsten halogen bulb with a factory rated 

color temperature of 3200K.  The raw spectral output of the lamp is approximately a 

blackbody source which is approximated with the Wien law, 

                                                   kThcb ehcB λ
λ λ

/
5

22 −=                                                        (2.1) 

where Bλ
b is the spectral radiance at a given wavelength, λ is the wavelength, h is the 

Plank constant, c is the speed of light, k is the Boltzmann constant, and T is the absolute 

color temperature of the source.  To avoid non-uniform illumination and any image of the 

source filament, the source’s output is diffused through a plate of frosted glass.  To 

circumvent heating of the photovoltaics during the testing of the devices, the illumination 

source is also passed through a short pass IR filter plate to remove longer wavelengths.  

The illumination intensity of the filtered, diffused source was calibrated with a quartz 

window calibrated silicon photodiode, Hamamatsu 44BQ, with a known spectral 

response as supplied by the manufacturer.  The source power was measured at different 

distances and displayed a power law of 1.8 with respect to distance rather than the 

idealized inverse square law indicating the output from the diffuser is not truly isotropic, 

but carries some directionality from the originally collimated output.   
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 For both dark and illuminated conditions the voltage is scanned and the current is 

measured using a Keithley 2400 source meter controlled with a Labview data acquisition 

program.  The incremental voltage spacing is typically 5 to 25 mV for scans commonly 

ranging from –1.0V to +1.0V.  The integration time for each data acquisition point was 

typically 1.5 to 2.5 per second and can be adjusted within the Labview program.  With 

this fairly low scan rate, steady state current is easily achieved and the data obtained is 

the same regardless of scan direction. 

 
 
2.3  Integrated Organic Opto-Electronic Sensing Platform: Fabrication and 

Characterization 

 
    2.3.1  Platform Fabrication 
 

 The specific device structures used in this study are ITO/PEDOT:PSS (40nm), 

TPD (50nm), Alq3 (50nm), Al (100nm) for the OLED and  ITO/CuPc (20nm), C60 

(40nm), BCP (10nm)/Al (100nm) for the OPV.  The fabrication procedure of the 

integrated sensing platform is dictated by the specific requirements for each device.  

While both OLEDs and OPVs work sufficiently well for plasma treated ITO with 

PEDOT:PSS, only OPVs show adequate performance on acid etched ITO without 

PEDOT:PSS.  Initially the pattern etched, solvent/detergent cleaned ITO coated substrate 

is plasma treated as outline above.  Once one device is fabricated on the substrate, the 

ITO for the second device becomes contaminated must be sufficiently cleaned prior to 

the fabrication of the second device, but plasma treating for the second device would 
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destroy the first, therefore the OLED is always the first device fabricated.  The entire 

substrate is first plasma treated then all area accept for the OLED ITO portion is masked 

with Scotch tape.  PEDOT:PSS is spun cast onto this area as outline above, then the tape 

is removed and the device is placed in the vacuum deposition chamber.  The OLED 

organics of 50 nm of TPD followed by 50 nm of AlQ3 are deposited through an open 

deposition mask.  The device is transferred into a dry nitrogen glovebox and the 

vertically segmented cathode mask is applied and the device is transferred back into the 

deposition chamber without exposure to air.  The striped aluminum cathode is then 

deposited as described above.  Following cathode deposition, the OLED is transferred 

back into the glovebox and an initial testing voltage scan is performed to ensure the 

device is working properly.  Any individual sections of the device not fully performing 

are severed from the device by breaking the connection between the ITO cathode stripe 

connector and the active area of the device.  Following fabrication of the OLED, the 

device is removed from the glovebox and placed in a laminar flow hood.  The OPV 

portion of the ITO is acid etched by submerging the OPV end of the platform in 

HCl/FeCl3 etchant for ten seconds followed by rinsing with deionized water and carefully 

drying with the substrate under a stream of dry nitrogen.  The organic deposition sources 

are changed to OPV materials and the aluminum deposition boat is replaced and fresh 

aluminum is applied.  The platform is covered with another organic mask allowing 

deposition over the area of the OPV.  The OPV materials of 20 nm of CuPc, 40 nm C60, 

and 10 nm of BCP are deposited as outlined above.  The device is again transferred into 

the glovebox, the cathode mask applied, transferred back into the chamber, and the 
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aluminum OPV cathode is deposited to finish off the device.  Once finished, the platform 

is finally transferred into the glovebox for testing. 

 
    2.3.2 Preliminary Testing                 
 
 The initial test performed on a complete platform is a voltage scan of the OLED 

while monitoring the input current through the OLED and the output current from the 

OPV.  The OLED is driven and monitored with a Keithley 2400 source meter while the 

OPV is monitored with a Newport 1815c low impedance power meter.  Both signals are 

controlled and recorded through a Labview (National Instruments) data acquisition 

program.  The OLED input current and OPV output current plotted with respect to the 

OLED drive voltage is shown in figure 2.2.  The ratio of OPV output current to OLED 

input current gives the total quantum conversion efficiency of the platform, figure 2.18. 

Assuming quantitative photocurrent response, the curve shown in figure 2.16 is a relative 

measure of the OLED’s quantum efficiency.  This curve reveals the optimal operating 

range of the OLED.  At potentials exceeding the peak value the OLED’s quantum 

efficiency decreases as a result of device degradation.  In routine operation, the OLED is 

operated with a constant current input at values at, or slightly below the peak quantum 

efficiency.   
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Figure 2.2  The basic operating characteristics of the integrated sensing platform.  (a) 
Total conversion response of IOLED to IOPV showing a highly quantitative net conversion.  
(b) Ratio of output to input current attributed to the relative voltage dependant quantum 
efficiency of the OLED.       
 
 

(a) 

(b) 
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    2.3.3  Refractometry 

 The sample cell is a Teflon compression cell with a 3/8” hole bored through it 

defining an active sample area of 0.713 cm2.  The sample cell is clamped directly onto the 

sensing surface using a stainless steel backing plate with two, 2.5 mm wide, Teflon rails 

in contact with the back of the substrate.  A stainless steel top plate with a 3/8” hole and 

two guide holes for tightening screws is placed on top of the sample cell.  The backing 

plate has two threaded holes into which the tightening screws are placed and the sample 

cell system is clamped onto the sensing platform by screwing the cell onto the substrate.  

Extreme care should be taken when clamping the cell onto the platform as under 

tightening will lead to leakage from the cell, while over tightening will cause the platform 

to break.  Refractometry is performed in constant current mode with a sample acquisition 

time of roughly 0.5 second to eliminate noise as well as preserve OLED lifetime.  When 

changing the sample from one solvent to the next, the previous sample is removed with a 

pipette and the residual solvent is extracted with a Kimwipe.  The sample is then rinsed 

three times with the subsequent solvent by filling the cell and extracting with a pipette.  

Once properly rinsed, the analytical data is taken and the rinsing process is repeated for 

the next sample.  All solvents used were obtained from Aldrich without further 

purification.  The specific solvents with their refractive index used for this study are 

displayed in table 2.1 with the two values in bold type used for the stray light 

measurements. 
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Table 2.1  The known standard samples and their corresponding index of refraction used 
to calibrate the refractometric response of the integrated platform.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Sample Index of 
Refraction 

Water 1.333 
Ethanol 1.361 
Ethyl acetate 1.372 
n-Heptane 1.388 
t-Amyl alcohol 1.405 
Cyclohexane 1.426 
n-Methyl pyrrolidone 1.470 
Toluene 1.497 
Chlorobenzene 1.525  
Trichlorobenzene 1.572  
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    2.3.4  Cyclic Voltammetry and Absorpto-Voltammetry of Heptyl Viologen 
 
 Cyclic voltammetry and absorpto-voltammetry (dA/dE) measurements of heptyl 

viologen dibromide were taken both in a standard transmission geometry and internal 

reflection geometry on the electro-active integrated sensing platform.  The transmission 

experiment was performed with 1 mM heptyl viologen dibromide (Aldrich) with 0.3 M 

KBr (Aldrich) supporting electrolyte in deionized water (Millipore 18 MΩ).  The solution 

was nitrogen purged for 5-10 minutes prior to performing the experiment.  The potential 

was scanned at a rate of 5 mV/s and controlled/recorded on a Princeton Applied Research 

EG&G 283 potentiostat / galvanostat with an ITO working electrode, an Ag/AgCl pseudo 

reference electrode, and a platinum coil counter electrode.  The optical absorbance was 

simultaneously measured with a linear diode array UV-visible spectrophotometer 

(Agilent 8453 A) at the relevant OLED electroluminescent overlap peak of the 

absorbance spectrum at 575 nm.  The electrochemistry on the  integrated sensing 

platform was operated in an identical fashion with the only alteration being a 10 mM 

heptyl viologen dibromide solution was used to insure a strong signal response.  The 

optical response on the integrated sensing platform was obtained by operating the OLED  

in constant current mode at the optimal current value determined by the source’s internal 

quantum efficiency as outline above.  The OLED current is controlled with a Keithley 

2400 source meter while the OPV output current is monitored with a Newport 1815c low 

impedance power meter and recorded with a Labview (National Instruments) data 

acquisition program.   
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    2.3.5  Absorbance and Electroluminescence Measurements 
 

The absorbance spectrum of a thin film organic photovoltaic was taken by 

transmission absorbance of a typical thin layered OPV structure without the cathode 

consisting of ITO/CuPc (20nm), C60 (40nm), BCP (10nm) on a Spectral Instruments 

SI400 UV-Vis CCD array spectrophotometer.  The electroluminescent spectrum of an 

OLED with the structure ITO/PEDOT:PSS (40nm), TPD (50nm), Alq3 (50nm)/Al 

(100nm) operated in constant current mode within a dry nitrogen glovebox was taken 

with a fiber optically coupled  ISA co. Triax 190 CCD flourimeter calibrated with a 

known flourescene standard. 

 
 
    2.3.6  Angular Radiometry 
 
 Collecting the full external angular power profile from an OLED requires 

multiple radiant intensity measurements over the angular range of interest.  The following 

method outlines the technique and apparatus used to collect the external power profile 

specific to end emission, but is easily applied for measurement of the front emission.  The 

end of the OLED substrate is polished to a mirror finish with 50,000 mesh equivalent 

diamond paste on a Crystalmaster 300 polishing system.  A majority of the emitting edge 

was blackened with latex paint except for a small section defining a 1.0 × 3.5 mm 

emission aperture. The OLED is mounted with a pinch clamp onto a large, thick (10 cm 

diameter, 1cm thick) circular metal plate.  The emitting surface is placed directly over the 

central axis of this plate.  The plate, clamp, OLED assembly is attached to an electric 

clock motor which rotates the entire platform at 1.0 RPM.   A calibrated silicon 
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photodiode, Hamamatsu 44BQ, is placed 50 mm from the emitting surface and held 

stationary while the emission source is rotated while powered with constant current by a 

Keithley 2400 power supply.  The detector output is fed into a Newport 1815C power 

meter and recorded via a Labview data acquisition program (National Instruments) at a 

rate of ca. 2.5 points per second giving an angular sampling resolution of ca. 2.4º per data 

point.   

The edge of the rotation platform (thick metal plate) is covered with electrically 

insulating tape.  Two sections of this tape are removed at an angular range of ±100-107º 

with respect to the emitting surface normal.   The edge of the rotation platform is placed 

in contact with a gold coated metal pressure contact (brush) that, when in direct contact 

with the plate where the tape was removed, completes the electrical circuit between a 

battery pack power source and a white LED.  This LED is mounted alongside the detector 

pointing at the sample.  When the LED connection is made at the specific non-taped 

sections of the rotation platform, the LED illuminates the entire platform.  This light is 

scattered back to the detector producing a substantial spike in the measured optical signal 

thus creating two distinct points of angular reference directly within the experimental 

data.  The angular reference points flanking the analytical data are shown in the data 

obtained for the OLED’s end emission in figure 2.3.  

 

 

 



 

 

52 

 
 
Figure 2.3  Expanded view of an angular radiometry scan showing the internal reference 
points flanking the analytical data at ±100-107º where the connection is made to the 
reference light source causing characteristic peaks in the data. 
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CHAPTER 3 

ENHANCED ELECTRICAL CHARACTERISTICS OF ACID ETCHED INDIUM 

TIN OXIDE FOR OPV APPLICATIONS 

 

3.1  Introduction  

 
The use of transparent conducting oxides (TCO) employed as electrode materials 

is a fundamental necessity for any thin film opto-electronic application.  The 

transparency of these electrodes comes at the expense of material’s electrical 

characteristics.  TCOs typically display resistivities several orders of magnitude greater 

than bulk metals.  TCO electrodes are a balancing compromise between the advantages of 

transparency and the less than ideal nature of the electrode material, but nonetheless 

make thin film opto-electronics possible.     

 Indium tin oxide (ITO) is routinely used as the transparent electrode in a variety  

of thin film organic semiconductor based opto-electronic devices such as organic light 

emitting diodes (OLED) and organic photovoltaics (OPV).  ITO is an especially 

attractive TCO material for such applications because of its versatility in fabrication on 

flexible substrates5, 6, 73, 74, 118-123 and its ease in shaping the active electrode area through 

selective patterned etching.  These advantages have made ITO the most widely used TCO 

implemented in modern organic opto-electronic devices.  The performance of these 

devices is critically dependant on the charge transfer between the ITO electrode surface 

and the organic semiconductors.  The efficiency of such interfacial charge transfer is 

heavily reliant on the electrode’s inherent bulk composition as well as its surface specific 



 

 

54 

chemical composition and cleanliness with regard to environmental contaminants.  

Analyzing, interpreting, and hopefully improving the surface composition of ITO through 

modification will ultimately lead to better performance of thin film organic opto-

electronic devices   

 

3.2  Bulk and Surface Composition of Indium Tin Oxide Thin Films  

 
ITO is typically fabricated under high vacuum by pulsed dc magnetron sputter 

deposition from a target consisting of a mixture of stoichiometric indium oxide (In2O3) 

and tin oxide (SnO2).67, 124, 125  The deposition takes place in an argon saturated 

environment with a strictly controlled oxygen content.  The partial pressure of oxygen is 

kept lower than what produces the stoichiometric oxide resulting in oxygen vacancies 

within the ITO lattice.  The oxygen vacancies and tin dopants degenerately n-dope the 

material resulting in a conductive state within the conduction band without significantly 

altering the optical bandgap.  

When removed from the oxygen deficient environment, the film is exposed to the 

higher oxygen content of the ambient atmosphere and quickly, ~1 second, oxidizes the 

most reactive sites in the  immediate surface region.  The ultra thin oxidized surface film 

formed upon initial exposure, however, is not thick enough to noticeably limit the ITO’s 

overall electronic conduction properties and even if it were, its presence is unavoidable in 

most standard device fabrication.   This initial surface oxidation is not necessarily 

passivating and does not protect from further oxidation deeper in the ITO film.  Over 

time, the atmospheric oxygen slowly diffuses into the film and fills the oxygen vacancies 
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deeper within the surface, effectively destroying the means of conduction and passivates 

the film at greater depths.  This process, facilitated by atmospheric hydration, forms a 

layer of non-conductive over-oxidized and hyroxylated species.64, 67  Some of these 

species remain partially bound at the film’s surface, while other species, such as indium 

hydroxide (In(OH)3), will sever all chemical bonds but remain electrostatically adsorbed 

to the surface.  Along with these insulating oxy/hydroxy metallic moieties are 

carbonaceous contaminants formed by the reaction of atmospheric CO2 and CO, which 

also impede electronic conduction and material compatibility.68   

 

3.3  Implications of ITO Surface Composition on Organic Photovoltaics 

 
The insulating surface oxide and contaminant species constitute a significant 

drawback for organic photovoltaics where the collection of charge from ITO is a critical 

component of device performance.  The insulating surface species increase the potential 

required to pass a given current through the ITO out of the active organic material.  .  In 

the collection of holes for OPV applications, the additional impedance from the surface 

species reduces the potential difference between the built in potential generated at the 

separating interface and the electrode’s potential drawing the current out of the device.  

The photocurrent drawn out of an OPV is dependant on the magnitude of the resistive 

load placed across the terminals.  The added impedance from the surface species imparts 

a resistance in series with the load detracting from what power can ultimately be 

collected from the device.  Reducing the impeding surface oxides should ultimately lead 

to better hole collection and increase overall OPV efficiency. 
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3.4  Conventional Treatments Used to Improve the Electronic Properties of  ITO  

 
    3.4.1  Beneficial Effects of Plasma Treating ITO and Subsequent Surface Modification 

With PEDOT:PSS    

 
A major breakthrough in overcoming the drawbacks of the less than ideal nature 

of the ITO surface came from the implementation of a surface pretreatment method of 

exposing the ITO to an RF plasma for several minutes followed by the application of a 

thin layer of PEDOT:PSS (poly(3,4-diethoxy-thiophene):(poly(styrene-sulfonate)).50, 53, 

65, 126-135  Plasma cleaning is commonly used in the inorganic semiconductor industry to 

remove carbonaceous contaminant without damaging the underlying semiconductor.    

Following  plasma cleaning, a thin film of approximately 50nm of PEDOT:PSS is spin 

cast onto the surface prior to deposition of the active layers.  PEDOT:PSS is a 

commercially available water soluble conductive polymer dispersion specifically suited 

for hole conduction.  Holes are transported along the pi-conjugated polythiophene 

backbone with electroneutrality being maintained by the counter charge supplied by the 

conjugate base anions of the polystyrene sulfonate.  The highly ionic character of 

PEDOT:PSS overcomes the hydrophobic nature of the hydrocarbon backbone structure 

resulting in it’s solubility in highly polar solvents like water.  The ionic character and 

water solubility allow for good wettability to the polar metal oxide surface of ITO 

resulting in highly uniform films with a strong adherence and good electrical connection 

to the ITO surface.  The PEDOT:PSS layer, while being hydrophilic enough to 

sufficiently wet the ITO surface, is less polar than the bare ITO and also improves the 
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chemical compatibility with the subsequent layers of organic semiconductors.  Plasma 

treatment coupled with PEDOT:PSS has shown improvements for both OLEDs and 

OPVs as opposed to only solvent/detergent cleaning the ITO electrode.      

 

    3.4.2  Limitations of Conventional ITO Pretreatment on the Reproducibility and 

Consistency of Organic Photovoltaics  

     
Early attempts researching OPVs using the above method yielded a range of 

behaviors with a high degree of variance between identical devices fabricated on a single 

substrate.  This variance was large enough to inhibit the analytical interpretation of 

surface and material modifications as the more slight effects of the modifications could 

not be reasonably distinguished from the random variance inherent with every batch of 

devices fabricated.  While the plasma treated PEDOT:PSS devices does produce better 

performance than merely solvent/detergent cleaning the ITO or devices that were plasma 

treatment without PEDOT:PSS, the device to device variations of each type of treatment 

critically impeded further interrogation  of the system.   

 The problem of poor device consistency along with the evidence of the less than 

ideal nature of the ITO surface obtained through XPS/UPS67, 136 studies led to an 

alternative pretreatment of the ITO surface employed in OPV studies.  With the 

fundamental idea that the contaminated and over-oxidized surface structure of ITO is the 

limiting electronic factor to charge collection at the anode in OPVs, it becomes apparent 

that removal of the poor quality surface to reveal the underlying, non-limiting, bulk ITO 

structure could prove highly beneficial in enhancing OPV performance and consistency.  
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The motivation to remove the over-oxidized ITO surface led to the development of a 

surface pretreatment involving stripping off the top layer of the ITO electrode with 

aggressive oxidizing chemical etchants.69-71, 125 

     

3.5  Aggressive Oxidizing Chemical Etching of ITO 

 
ITO is the preferred transparent conducting oxide, as opposed to tin oxide, for use 

in a variety of applications mainly due to its facile etching rate when exposed to 

oxidizing halogen acids.  ITO has the distinct advantage of readily being pattern etched to 

produce selectively shaped electrodes in opto-electronic and lithographic applications, 

whereas the etch rate of tin oxide is too slow to be considered feasible for such treatment. 

Implementing aggressive etching techniques originally developed for pattern lithography 

as an ITO surface pretreatment offers a efficient means of stripping off the insulating 

surface species resulting in a higher conductivity electrode. 

 The most aggressive chemical etchants are typically preferred for the surface 

etching of ITO.  Etchants with slower etching rates can exhibit selectivity between the 

various bond energies in the surface structure which can lead to incomplete surface 

removal and an increase in the surface roughness.  To minimize the etching selectivity, 

the two most aggressive etchants presented in the literature, 47% HI and 6M HCl with 

0.2M FeCl3, were used.  In application, the later etchant was routinely altered to 12M 

HCl with 0.2M FeCl3 to further accelerate the etching rate from what was reported in the 

literature.  The ITO surface etching procedure involves exposing the ITO to the etchant 

for roughly 10 seconds followed by rinsing with copious amounts of ultra pure water and 
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subsequent drying under a stream of dry nitrogen. This procedure removes roughly ca. 5-

10 nm of the topmost surface; enough to remove a majority, if not all of the over oxidized 

insulating surface layer.  

 

3.6  Effects of Acid Etched ITO on Organic Opto-Electronic Devices   

 
    3.6.1   Increased Consistency and Reproducibility in OPVs 

  
The initial evidence of the benefits of acid etching was observed through the 

increased consistency of the current density-voltage (J-V) behavior of CuPc/C60 based 

OPVs with an active area of roughly 3.5 mm2.  Figure 3.1 illustrates the results of a study 

done by Dr. Alex Veneman on a series of ITO//CuPc (20nm)/C60 (40nm)/Alq3 (10nm)//Al 

(100nm) devices showing the consistency for OPVs without PEDOT:PSS fabricated on 

ITO when treated by (a) solvent/detergent cleaning, (b) plasma treating, and (c) 12M HCl 

/ 0.2M FeCl3 etching.  Each J-V curve shows the outer extremes and the averaged values 

for six devices fabricated on a 1.0 in2 piece of ITO.  All device parameters other than the 

ITO pretreatment is identical for each set of devices.  Similarly, Figure 3.2 shows a 

similar study when using PEDOT:PSS for ITO//PEDOT:PSS (50nm)/CuPc (20nm)/C60 

(40nm)/Alq3 (10nm)//Al (100nm) devices  showing the standard deviction of the current 

and the averaged values.  The figures are a representative example of the characteristics 

repeatedly observed through routine device production.  The results shown  reveal a 

significant improvement in device to device consistency for the acid etching treatment.  

This J-V data alone is a substantial gain for the research aspects of OPVs where the  
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Figure 3.1  Comparison of OPV variability for (a) detergent/solvent cleaned, (b) plasma 
treated, and (c) HCl/FeCl3 etched ITO without PEDOT:PSS.  The plots represent the 
outer range J-V curves and the averaged values for 6 devices on a 1.0 in2 piece of ITO.  
All devices were fabricated in an identical fashion other than the ITO surface treatment.   
 

 

 

 (a) Detergent (b) Plasma (c) Acid Etched 
Jsc (mA/cm2) 4.73 ± 0.87 6.02 ± 0.64  5.71 ± 0.57 
Voc (V) 0.399 ± 0.069 0.380 ± 0.020 0.379 ± 0.019 
FF 0.49 ± 0.11 0.39 ± 0.08 0.52 ± 0.05 
Efficiency (%) 0.93 ± 0.37 0.91 ± 0.30 1.12 ± 0.14 

 
Table 3.1  Measured values of the short circuit photocurrent, open circuit voltage, fill 
factor, and power conversion efficiency maximum power output for CuPc/C60 based 
photovoltaics without PEDOT:PSS for detergent/solvent cleaned, plasma treated, and 
HCl/FeCl3 etched ITO. 
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Figure 3.2  Comparison of OPV variability for (a) detergent/solvent cleaned, (b) plasma 
treated, and (c) HCl/FeCl3 etched ITO with PEDOT:PSS.  The plots represent the current 
standard deviation at each voltage and the averaged values for 6 devices on a 1.0 in2 
piece of ITO.  All devices were fabricated in an identical fashion other than the ITO 
surface treatment.   
 
 
 
 

Table 3.2 (a) Detergent (b) Plasma (c) Acid Etched 
Jsc (mA/cm2) 4.44 ± 1.14 6.19 ± 0.74 6.07 ± 0.56 
Voc (V) 0.382 ± 0.033 0.462 ± 0.029 0.485 ± 0.016 
FF 0.43 ± 0.07 0.41 ± 0.03 0.43 ± 0.02 
Efficiency (%) 0.73 ± 0.24 1.17 ± 0.13 1.27 ± 0.09 

 
Table 3.2  Measured values of the short circuit photocurrent, open circuit voltage, fill 
factor, and power conversion efficiency maximum power output for CuPc/C60 based 
photovoltaics with PEDOT:PSS for detergent/solvent cleaned, plasma treated, and 
HCl/FeCl3 etched ITO. 
 
 

(a) (b) 

(c) 
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consistency has increased into the realm of being able to distinguish experimental 

modifications from the inherent random variance.  This data, however, only addresses the 

macroscopic benefits of the etching treatment as an averaged effect over the entire device 

area.  The underlying cause of the improved behavior observed with OPVs resides in the 

microscopic structure of the ITO for each treatment, therefore it is the analysis through 

other techniques which grant the most insight into how and why acid etching method 

benefits organic photovoltaics. 

 

    3.6.2   Detrimental Failure of OLEDs with Acid Etched ITO    

 
The beneficial effects of ITO etching are limited to only the OPV.  Etching off 

carbonaceous contaminants and over-oxidized surface species reduces the impedance for 

hole collection in OPVs, but also increases the hole injection in OLEDs.  OLEDs tend to 

show improved performance when the electron and hole injection rates are equal  

Conversely, an inequality in the two rates tends to degrade OLED performance as a result 

of building up one type of charge inducing the majority of the applied voltage to drop 

across the limiting charge layer.   Etching appears to increase hole injection enough to 

cause a significant excess of holes in the device leading to degradation and overall 

failure.  While etching shows significant improvements on OPV performance, it has 

proven detrimental to OLEDs. 
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3.7  Characterization of the Acid Etched ITO Surface 

 
    3.7.1  Atomic Force Microscopy on Acid Etched ITO Surfaces 

Employing atomic force microscopy to obtain images of freshly etched ITO 

surfaces reveals the intricate microstructure of the composite films and grants greater 

insight into the mechanism of the chemical etching technique.  Figure 3.2 shows 1µm × 

1µm tapping mode AFM images of ITO etched by 47% HI and 6M HCl with 0.2MFeCl3.  

The etch rate of HI is reported to be roughly twice as fast as the HCl/FeCl3 etchant.  The 

images reveal the presence of small crystallites embedded into a more amorphous 

structure.  Similar structure has been observed with transmission electron microscopy 

(TEM) where the chemical structure of the crystallites was postulated to be SnO from 

electron diffraction results and the amorphous material was identified as In2O3.124  The 

AFM images compliment these findings by showing that the etch resistant tin oxide 

crystallites remain intact and generally spherical, whereas the amorphous, highly etchable 

In2O3 appears to recede from the immediate surface to expose the tin oxide.  Furthermore, 

the faster etch rate of the HI, figure 3.2a, appears to leave only trace amounts of In2O3 

present at the surface while the image of the slower HCl etchant, figure 3.2b, reveals a 

much greater surface concentration of the amorphous material.  These detailed images 

reveal the microscopic etching mechanism which correlates well to observed 

characteristics of the etching rates of the bulk films. 

 

 

 



 

 

64 

             

             

Figure 3.3  1µm × 1µm tapping mode AFM images of ITO following acid etching with 
(a) 6M HCl, 0.2M FeCl3 and (b) 5.5M HI.  The difference in morphology corresponds to 
the etching rate, where the HI etched sample in (b) represents an etch rate roughly twice 
that shown for in (a) for the HCl etchant. 
 

(a) 

(b) 
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    3.7.2  Surface Electron Transfer Coefficients by Cyclic Voltammetry of Solution Probe 

Molecules. 

 
Applying the methodology established by Nicholson137, an estimate of the 

apparent electron transfer rate coefficient, k0, can be gained from the cyclic voltammetry 

peak  separation obtained from a highly reversible electrochemical solution probe 

molecule such as dimethylferrocene (DMFc).  The general idea behind this approach is to 

have all the factors involved in the electrochemistry controlled and well behaved with the 

only variable being the state of the working electrode.  A greater electron transfer 

coefficient  is indicative of the cleanliness of the electrode from any impeding or 

blocking species like surface contaminants and non-conductive oxides.  The cyclic 

voltammetry of 1.0mM DMFc in acetonitrile on ITO with the various pretreatments is 

shown in figure 3.4 where the highest electron transfer coefficients correspond to the 

smallest peak separations.   

While plasma cleaning shows improvement over detergent/solvent cleaned ITO, 

the two etching methods produce the highest rates.  Although the CVs are displayed with 

normalized current for visual clarity in the figure, the higher transfer coefficient scans 

also exhibit higher peak currents as is expected for electrodes with more efficient charge 

transfer and a greater electroactive area.  The peak current in the oxidation peak is 

actually a current density and therefore proportional to the electrode’s electroactive area.  

Normalizing the anodic peak current to the value from the detergent cleaned sample gives 

the relative increase in electroactive area which show a 18%, 24%, and 27% increase in  
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Figure 3.4  Cyclic voltammetry of 1.0 mM dimethyl ferrocene with 0.1 M LiClO4 in 
acetonitrile scanned at 5 mV/s on (a) detergent/solvent cleaned, (b) plasma treated, (c) 12 
M HCl / 0.2 M FeCl3 etched, and (d) 5.5 M HI etched ITO.    
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electroactive area for the plasma, HCl etched, and HI etched samples respectively.  The 

measured apparent transfer coefficients for the four samples are 2.7 × 10-4, 6.7 × 10-4, 1.3 

× 10-3, and 1.7 × 10-3 cm/s for detergent/solvent cleaned, plasma treated, HI etched, and 

HCl etched ITO respectively.   This electrochemical data shows noticeable charge 

transfer improvements for both plasma and acid etching pretreatments with the acid 

etching techniques resulting in the greatest enhancement. 

 

3.7.3  Electrical Surface Conductivity Mapping by Conducting Tip Atomic Force 

Microscopy 

 
Some of the most compelling evidence for the enhanced electrical behavior 

observed with acid etched ITO comes from surface conductivity experiments performed 

by conducting tip atomic force microscopy (C-AFM).  2µm × 2µm C-AFM scans of the 

various ITO pretreatments are shown in figure 3.5 where the bright regions represent 

efficient tip to sample charge transfer relative to the current scale for each image.  The 

detergent/solvent cleaned ITO required a tip to sample bias of –2V to achieve currents on  

the order of 1nA, whereas the other three samples required a considerably lower bias of  

–0.02V to achieve reasonable currents.   The detergent/solvent cleaned sample shows 

limited coverage of electronically active sites with only 10-20% of the area producing 

current under considerably higher bias.  The plasma treated  sample exhibits a more 

uniform distribution of active sites and higher conductivity through the sites than the 

detergent/solvent cleaned sample, but still displays spatial heterogeneity with a range of  



 

 

68 

 

Figure 3.5  2µm × 2µm C-AFM images of ITO following the surface 
pretreatment methods of (a) solvent/detergent cleaning, (b) RF plasma treatment, (c) 12M 
HCl, 0.2M FeCl3 etching, and (d) 5.5M HI etching.  The current densities correspond to 
the scale shown to the right of each image.  Figure (a) was acquired with a sample to tip 
bias of 2V, while figures b-d required only a 0.02V bias.    
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current values across the surface.  The acid etched samples, figure 3.5(c-d), result in the 

greatest enhancement of electronic activity per active site, active site density, and spatial 

homogeneity.  The HCl etched ITO has the greatest homogeneity over the scan area, 

while the HI etched ITO has less spatial homogeneity it does display the highest overall 

activity per site.       

The improvements of plasma cleaning over detergent/solvent cleaning, and the 

improvements of chemical etching over plasma cleaning appear to arise from two 

different phenomena.  Plasma cleaning is commonly used to remove carbonaceous 

contaminants from the surface accompanied by slow, selective etching of the over 

oxidized insulating surface species.  The plasma etching rate is fairly slow given that ITO 

can be plasma etched for over 30 minutes without significantly removal of the bulk of the 

ITO, while HI will remove the entire film in roughly 1-2 minutes.  The plasma etching is 

therefore assumed to be highly selective and etches only the weakest sites in the surface 

oxide as seen with the sparse density of highly active sites.  The aggressive chemical 

etchants, however, non-selectively remove the both the carbonaceous contaminants and 

the insulating surface species in a matter of seconds.  This etching process results in a 

high density of active sites with low heterogeneity which make chemical etching close to 

an ideal surface pretreatment for the fabrication of OPVs.       
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3.8  Interpretation of the Surface Pretreatments Effects on OPVs 

 
   3.8.1 Evaluating the Effects of Plasma Treatment With PEDOT:PSS on Hole Collection 

 
The evidence about the nature of the ITO surface obtained through previous 

studies with XPS and UPS along with the current AFM, C-AFM, and electrochemical  

data reveal a wealth of information on how this surface affects the characteristic behavior 

of OPVs.  Examining the benefits of plasma treated ITO with a PEDOT:PSS layer 

reveals the underlying mechanism of the technique.  Examining the limitations of this 

technique on device consistency reveals the way acid etching shows OPV consistency 

improvements over the conventional method.  Evaluating the various forms of data leads 

to an understanding of the advantages gained with both the plasma/PEDOT:PSS 

treatment as well as acid etching. 

The important property of the ITO/semiconductor interface as it applies to OPVs 

lies in the surface’s ability to collect photogenerated holes from the separating 

heterojunction interface with as little impedance as possible.  The greater the 

separating/collecting field imparted on the heterojunction interface by the electrodes, the 

better the device performs.  The C-AFM image of plasma treated ITO shows a somewhat 

sparse density of spatially separated active sites, whereas the detergent/solvent cleaned 

shows little to no “active” sites at all.  The way in which the addition of PEDOT:PSS 

assists in photocurrent collection on an electrode with spatially disperse electronic hot 

spots, such as plasma treated ITO, is illustrated in figure 3.6.     
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Figure 3.6  Cross sectional representation of  hole collection pathways form the 
heterojunction interface to plasma treated ITO with a sparse spatial distribution of active 
sites within the insulating surface oxide layer without PEDOT:PSS (a) and with 
PEDOT:PSS (b).  The surface oxide specifically limits current collection by increasing 
the series resistance on the photocurrent (Rs(ph)) as depicted in the equivalent circuit (c). 
 
 

(c) 
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Figure 3.6a shows the a device cross section for plasma treated ITO without 

PEDOT:PSS where the hole transport layer is deposited directly onto the ITO surface.  

Hole transport through the CuPc layer is kinetically slow and without efficient collection 

at the electrode, can constitute the rate limiting step in hole collection.  A hole positioned 

directly above an active site, h2
+, can take a direct route through the kinetically slow 

material with the greatest separating field possible.  A hole that is spatially offset from 

the ITO active site, h2
+, will take the path of least resistance to escape the device.  This 

hole can travel through one of two possible pathways, neither as efficient as the other 

hole.  It can travel directly through the CuPc layer and experience the additional 

impedance for having to cross the insulting oxide layer, or it can travel to the active ITO 

site in a lateral direction with a reduced extraction field from the longer pathlength.  

Charge collection of the offset hole is impeded through either pathway.  This compound 

effect over the entire area leads to generalized poor performance at the macroscopic 

device level as compared with a completely insulator-free surface.  Figure 3.6b illustrates 

the beneficial properties of adding a layer of PEDOT:PSS between the CuPc and the ITO.  

PEDOT:PSS is generally classified as a conducting polymer and is kinetically facile 

relative to CuPc.  The spatially offset hole at the interface is allowed to travel directly 

through the rate limiting CuPc layer while maintaining the pathway of the greatest 

possible extraction field.  The lateral pathway taken through the PEDOT:PSS layer does 

not constitute a significant drop in overall extraction rate determined by the CuPc 

transport kinetics.   
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The mechanism outlined above for plasma treated ITO suggests the way in which 

this method improves upon the detergent/solvent treated ITO.  The C-AFM on the 

detergent/solvent cleaned ITO, figure 3.5a, requires an order or more greater bias voltage 

to achieve appreciable current indicating that there is a substantial insulating layer over 

the entire surface.  With this surface, the “active” sites are even more sparse than the 

plasma treated case and the sites are considerably less electrically active.  The holes must 

travel through the impeding layer without the option of lateral transport to a truly active 

site.  While plasma treating the ITO surface may not produce the active site density as the 

acid etched case, it does show a significant improvement over the solvent/detergent case.  

The addition of PEDOT:PSS to this poor quality surface may assist in lateral transport, 

but does not overcome the surface impedance which appears to be present to some degree 

over the whole ITO surface.  

The addition of PEDOT:PSS clearly improves the rate of hole extraction from the 

device for plasma treated ITO, but this beneficial effect still has its limits.  Lateral charge 

transfer through the PEDOT:PSS layer may be facile with respect to CuPc, but not 

infinite.  The spatial offset of the hole generation position at the heterojunction to the 

collection at the ITO active site will eventually have an effect on the overall collection 

rate at higher offset distances.  Therein lies the inconsistencies observed with the plasma 

cleaned, PEDOT:PSS type device structure.  The spatial density of active sites on the ITO 

surface appears to be random and inhomogeneous.  Devices fabricated in this method will 

tend to exhibit a random degree of improvement from the facile kinetics of PEDOT:PSS 

depending on the active ITO site density encompassed by the device area. 
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3.8.2  Beneficial Effects of Acid Etched ITO on OPV Consistency and Versatility   

 
The C-AFM in figure 3.5 illustrates that the acid etched ITO surface has a 

significantly greater active site density.  Acid etching not only removes the carbonaceous 

contaminants, but also a majority of the over oxidized insulating surface species.  The 

beneficial effects observed for plasma treated ITO are further enhanced through acid 

etching.  Figure 3.7 illustrates the idealized charge collection capabilities for both plasma 

treated and acid etched ITO with and without a PEDOT:PSS layer for each case.  With a 

greater active site density, the spatial coverage of charges collected through a lateral 

pathway is reduced and a majority of the charges at the heterojunction experience the 

high collection field associated with direct transport.  With a PEDOT:PSS layer on 

plasma treated or acid etched ITO, figure 3.7 b and d, the limiting transport through the 

CuPc layer is equivalent in both cases resulting in comparable OPV performance for 

either treatment.  The heterogeneity of active site density for the plasma treated ITO 

results in a greater variance than acid etching as observed in the consistency of the OPV 

data.     

Figure 3.7 also illustrates another advantage of acid etched ITO.  With an acid 

etched surface, the coverage of the insulating species is markedly reduced.  Figure 3.7 c-d 

illustrates the charge collection on an acid etched ITO surface with and without a 

PEDOT:PSS layer.  In either case, the slow step of charge transport to the collecting 

electrode is not hindered by the need to transport in a lateral direction which suggests the 

PEDOT:PSS layer could be eliminated from the device.  Albeit figure 3.7 is an over-

idealized image of the acid etched surface, as XPS studies of sputtered ITO samples have 
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Figure 3.7  Hole collection pathways from the heterojunction interface of an OPV to ITO 
electrodes with (a) plasma treatment, (b) plasma treatment with PEDOT:PSS, (c) acid 
etching, and (d) acid etching with PEDOT:PSS.  
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shown to quickly re-form an ultra-thin insulating layer upon exposure to air and lateral 

transport to the most active sites is most likely still a relevant issue to be beneficially 

facilitated by a PEDOT:PSS layer.  Nonetheless, the absolute need for the additional 

layer is no longer an absolute limiting factor to produce fairly efficient devices.  The 

increase in electroactive site density and surface homogeneity allows for the fabrication 

of large area OPVs without the addition of PEDOT:PSS which can routinely achieve 

efficiencies of roughly 1% as opposed to significantly smaller devices with PEDOT:PSS 

achieving maximum efficiencies of roughly 2%.  The technical complexities of 

fabricating the integrated sensing platform has benefited greatly from the advantages 

gained by using the acid etching pretreatment without PEDOT:PSS.  Such devices may 

not produce the greatest overall performance, but the versatility in fabricating large area 

OPVs gained from the development of this technique has proven to be highly valuable 

where the highest overall efficiency is not always the goal.    

 

3.9  Conclusion      

  
We have developed a novel pretreatment for the enhancement of the electronic 

activity of ITO based on removal of the top-most surface layers with aggressive oxidizing 

acid etchants.  This method produces a greater uniformity of electronically active site 

density of the ITO surface over the conventional methods commonly used.  This 

technique has the distinct practical advantage of increasing the consistency of OPV 

device behavior.  While such inconsistencies are rarely addressed in the literature, they 

are a very prevalent aspect of actual device production.  The variability from device to 
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device often inhibits the analytical interpretation of research efforts trying to understand 

and advance the field of OPVs.  Conventional methods of treating the ITO surface with 

RF plasma and a PEDOT:PSS layer have produced greater overall device performance 

than simple detergent/solvent cleaning methods, but still suffer from a high degree of 

variability between devices produced on the same substrate.  The acid etching technique 

produces similar results on device performance, but also shows significant improvements 

in reducing the variability and increasing the reproducibility of OPVs.  The increased 

consistency observed through OPV device performance shows a strong correlation to the 

microscopic electrical characteristics of the ITO surface.  While plasma treating ITO 

removes carbonaceous contaminants and appears to selectively etch away some of the 

insulating surface oxides, a substantial portion of the surface remains covered with 

insulating species.  Acid etching non-selectively etches the entire surface, removing both 

the carbonaceous contaminants and the insulating surface oxides to produce a more 

homogeneous surface with greater density of electronically active sites with fairly 

uniform coverage.  Devices fabricated on an acid etched ITO surface experience the same 

active site density regardless of the position on the piece of the ITO, whereas devices 

fabricated on plasma treated ITO experience a more random distribution of active site 

density and therefore tend to exhibit variability from device to device.      

With the additional uniformity of ITO active site density obtained from acid 

etching, larger area OPVs can be fabricated without the possibility of reduced device 

performance from the device area encompassing regions on the ITO with lower electronic 

activity.  Large area devices are advantageous for implementing OPVs into more 
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practical applications beyond the basic device testing format.  The ability to fabricate 

larger area OPVs has granted an additional degree of versatility for integrating the 

devices into formats which take full advantage of the thin film detector properties such as 

the integrated organic opto-electronic sensing platform.  The combined effects of 

increased OPV consistency for basic research purposes and the additional advantages of 

large area OPV production make the pretreatment method of acid etching ITO a highly 

valuable technique in the advancement of OPV technology.       
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CHAPTER 4 

INTEGRATED ORGANIC OPTO-ELECTRONIC SENSING PLATFORM 

 
4.1  Introduction 

Organic light emitting diodes (OLEDs) are a highly versatile thin film light source 

with bright planar emission.  Tang demonstrated thin film organic semiconductors could 

produce electroluminescence at high enough efficiencies to warrant consideration of 

OLEDs as a commercially viable lighting/display technology.72  Following this 

breakthrough study OLEDs have attracted a great deal of interest in the academic and 

industrial fields.  The majority of the initial research on OLEDs focused on emission 

from the front of the device for display applications.  This research has demonstrated the 

range of versatility of organic semiconductors in producing OLEDs which are solution 

processible, color tunable, and can be produced with low cost fabrication techniques on 

flexible substrates.6, 73-88    The technology has been adopted by well-established hi-tech 

industrial corporations and ultra-thin OLED displays with very high contrast ratios have 

since become commercially available.  One of the limitations of using OLEDs for display 

applications is that only ~19% of the total electroluminescence produced escapes from 

the front of the device with the remaining power totally internally reflected within the 

device layers and substrate.89  While this power partitioning is a drawback for display 

applications, it reveals OLEDs’ innate utility for direct substrate coupling in integrated 

optical applications.  OLEDs have been successfully been applied as integrated light 

sources for waveguide platforms, and fluorescence based chemical sensors95-109.  
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Similarly, organic photovoltaics (OPVs) share the same optical coupling properties as 

OLEDs and can also be applied to equivalent structures for integrated sensing.110-114 

Utilizing both OLED and OPV technologies fabricated on the same substrate 

allows for attenuated total internal reflectance (ATR) sensing on the substrate between 

the devices.110, 112  ATR techniques have the distinct advantage of high surface 

sensitivity,  surface selectivity, and can be coupled with integrated transparent electrodes 

for spectro-electrochemical studies.138-141  Conventional total internal reflection 

techniques require an external light source, in-coupling optics, a sensing substrate, out-

coupling optics, and an external radiation detector.  Employing an OLED as a light 

source and an OPV as a detector integrated directly onto the sensing substrate eliminates 

the necessity for any additional coupling optics or external opto-electronic transducers, 

figure 4.1.  Integrating the source and detector directly onto the sensing substrate gives 

this platform several advantages.  An entire analytical optical system with low external 

power requirements can be fabricated at a low cost on a size scale that starts at “hand 

held” and can easily be reduced to lab-on-a-chip proportions.20-22  The following work 

describes the theory and preliminary data obtained from an integrated organic sensing 

platform including the relevant design features, the basic in-plane coupling response, a 

description of the internally reflected radiant intensity, and the system’s analytical 

response as a stand alone refractometer and as an integrated electro-active sensor for the 

investigation of electrochromic materials.  This work outlines the fundamental theory 

behind the integrated sensing platform and demonstrates the proof of concept for use in 

several analytical applications. 
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Figure 4.1 Cross section view of the integrated organic opto-electronic sensing 
platform illustrating the integrated OLED light coupling, ATR sensing, and integrated 
OPV detecting.  No external optical coupling elements are involved with the fully 
integrated coupling scheme. 
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4.2  Platform Design 

 
    4.2.1  General Design Requirements 

In order for this platform to successfully work as a functional optical system, a 

few preliminary design requirements must be met.  First, the OLED’s emission spectrum 

and the OPV’s absorption spectrum must have significant spectral overlap for the 

detector to have an adequate responsivity to the input optical power.  For this initial 

prototype design, Tang’s Alq/diamine based OLED1 and Forrest’s CuPc/C60 based OPV23 

were used, as both devices are well established and highly reproducible.  Both devices are 

bilayer heterojunctions which produce high efficiencies with fairly simple device 

architectures.  Moreover, the OLED’s electroluminescent emission spectrum and the 

OPV’s absorption spectrum exhibit a reasonable degree of spectral overlap as shown in 

figure 4.2.    

Secondly, the platform is designed with relatively large area devices (~1/2 cm2) 

which are placed in fairly close proximity to each other (~3cm) to insure a high amount 

of optical communication with a uniform optical field in the substrate. The devices are 

positioned with enough separation in between for manipulation of an analytical sample 

cell.  Figure 4.3 shows the general device schematic of the prototype used for this study.  

All electrical connections are made at the based to not interfere with the optical path. 
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Figure 4.2 Spectral overlap of an AlQ3 based OLED electroluminescence emission 
spectrum and the CuPc/C60 based OPV absorbance spectrum.  
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Figure 4.3 Top view schematic of the integrated sensing platform illustrating the 
approximate size and layout of the device features.  The OLED, OPV and sample cell are 
design to occupy a large portion of the optical cavity.  All four electrical connections are 
made at the base of the device.     
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4.2.2  OLED Stability and Lifetime  

The success of this platform requires the fabrication of a bright light source and a 

sensitive detector.  Both devices must be relatively large area and exhibit long term 

stability in order to function as a stand alone optical instrument.  Although rigorous 

measures are taken to ensure environmental and chemical cleanliness during device 

fabrication, defects such as contaminant particles and film imperfections are an inevitable 

reality of thin film organic electronics.  Defects tend to be a random occurrence, therefore   

the larger the area of a device, the greater the probability of having a significant defect.   

Defects reduce the efficiency and long term stability of these devices leading to 

detrimental failure for the integrated platform.   

Electronic activation and increased electronic homogeneity of the ITO surface by 

aggressive chemical etching allows for routine production of larger area OPVs with  

efficiency on the order of ~1%.  Furthermore, surface etched ITO based OPVs display 

adequate performance with high short circuit currents without the addition of a           

PEDOT:PSS layer.  Not requiring the additional step of spin coating and heat treating a 

PEDOT:PSS layer circumvents the possibility of additional contamination and 

subsequent degradation of the OLED which is typically fabricated first in the overall 

process.   

The beneficial effects of ITO etching are limited to only the OPV.  Etching off 

carbonaceous contaminants and over-oxidized surface species reduces the impedance for 

hole collection in OPVs, but also increases the hole injection in OLEDs.  OLEDs tend to 

show improved performance when the electron and hole injection rates are equal.  
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Conversely, an inequality in the two rates tends to degrade OLED performance as a result 

of building up one type of charge inducing the majority of the applied voltage to drop 

across the limiting charge layer.   Etching appears to increase hole injection enough to 

cause a significant excess of holes in the device leading to degradation and overall 

failure.  While etching shows significant improvements on OPV performance, it has 

proven detrimental to OLEDs. 

When operating the integrated platform, the detector is passively monitored at 

short circuit with a low impedance power meter.  No external voltage is applied, no 

charge is injected into the device, and the only potential difference experienced in the 

device is the internal photopotential driving the charge towards the collection electrodes.  

This operating condition is fairly benign and non-destructive to the device which allows 

for long term stability in the OPV response under standard operation.  Any minor 

imperfections in the OPV acquired during fabrication may reduce its overall efficiency, 

but generally do not cause complete device failure.   

The OLED, in contrast to the OPV, is not afforded the luxury of being operated 

under such benignly passive conditions.  To obtain sufficient light output, potentials 

upwards of 15V are applied to the OLED resulting in injected current densities on the 

order of 102 mA/cm2.  The benefits gained in the ease of fabrication from the device’s 

simple structure come at the expense of device’s efficiency and lifetime.  More elaborate 

device structures with additional interfacial modification layers and dopant lumophores 

have shown significant improvements on OLED performance.  As a proof of concept 
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study, this original prototype device unfortunately did not employ a more efficient OLED 

structure and device lifetime was a serious impediment to the success of the this platform.     

Initial attempts in creating the integrated platform were severely hindered by the 

limitations imposed by poor OLED performance.   OLED inefficiency originally resulted 

in such detrimental effects on the device’s stability and lifetime that reliable interrogation 

of the sensing platform could not be reasonably achieved as long as OLED degradation 

and failure was so prevalent.    

OLED failure normally falls within two categories; pinhole shorts and thermal 

burnout.  A pinhole short occurs when a contaminant particle shorts out one or more 

device layers resulting in a low impedance pathway that bypasses the higher impedance 

opto-electronic function of the diode.  A majority of the input current is shunted through 

the pinhole causing localized heating which quickly burns out the device as depicted in 

figure 4.4a.  Unfortunately, one single pinhole destroys the entire device.   

Although OLEDs are more heat efficient than blackbody sources, they are not as 

efficient as their inorganic counterparts.  When driven to higher current densities, a 

significant amount of joule heating can take place.  The layers of the device heat up and 

expand to varying degrees causing the layers to delaminate from each other resulting in 

noticeable degradation.  An overheating device usually develops a dark, non-emissive 

patch in the center that expands out toward the edges over time, figure 4.4b.  
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Figure 4.4 Illustration of the characteristic types of common OLED failure for (a) a 
pinhole short circuit and (b) thermal burnout from overheating.  A pinhole short circuit 
tends to exhibit a fracturing pattern out from the point of the short.  Thermal burnout 
slowly develops a non-emissive patch in the center of the device which expands outward 
over time until the edges are the last part of the device producing light.  
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    4.2.3  Striped OLED Cathode  

 
One key feature of an OLED in the process of burning out, is that the edges 

continue to produce light even when the center of the device has become non-emissive.  

At the edge of the cathode, enough heat is allowed to dissipate from the sides so that the 

device can maintain light production at higher currents.  Because the device’s edge is the 

most heat efficient part of the OLED, increasing the geometrical edge of the device 

should result in a more stable device through greater heat dissipation.  Designing a device 

with the requirement of an increased geometrical edge led to a striped cathode design 

which effectively acts as a built in heat sink as shown in figure 4.5a.    

With the striped OLED cathode, the goal is to achieve a high edge to area ratio 

while sacrificing as little net area as possible.  This is accomplished by running thin wires 

vertically through the deposition window of the cathode mask.  The masking scheme 

divides the large area OLED into nine thin vertical stripes with an edge to area ratio five 

fold that of a single, solid cathode, figure 4.5b.  The individual cathode stripes are 

connected with a solid piece of ITO formed during the initial patterned etching as 

illustrated in figure 4.5a. 

Beyond the benefits of heat dissipation, the striped cathode also eliminates the 

detrimental effects of pinhole shorts.  When a pinhole is present, the individual finger 

shorts out, often severing itself from the circuit.  A pinhole no longer destroys the entire 

device, only the individual finger.  The advantages of greater heat dissipation and pinhole 

isolation enable the fabrication of large area OLEDs which surpass the long term stability 

threshold required for a thorough investigation of the system. 
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Figure 4.5 (a) Schematic illustration of the striped “heat sink” cathode showing the 
connection of the individual aluminum cathode strips with a piece of ITO at the base.  (b) 
A picture of an actual integrated sensing platform prototype design pictured with a dime 
for reference.  
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4.3  Basic Operation     

 
    4.3.1  OLED to OPV Current Conversion Efficiency  

 
Being a completely integrated system, the platform is surprisingly simple to operate.  An 

input current is applied to the OLED, (Iin), and an output current is measured from the 

OPV, (Iout).  The OLED converts input current to optical power, the optical cavity 

couples the light to the OPV, and the OPV converts the received optical power into 

output current.  The net conversion efficiency from Iin to Iout involves three efficiency 

factors; η, β, and R, (figure 4.6a, equation 4.1).  The OLED’s internal quantum 

efficiency, η, is the net ratio of optical power out of the OLED per current in, (η = 

Φout/Iin). The OPV’s responsivity, R, is the ratio of current out of the device per optical 

power in, (R = Iout/Φin) and can be viewed as the inverse of η. The optical coupling 

constant, β, is the fraction of the total OLED emissive power that couples towards the 

OPV (β = Φin/Φout).    

                                                   Iout = ηβRIin                                              (4.1) 
 

The first test performed on a functional platform is a voltage scan of the OLED 

while monitoring the input current to the OLED and output current from OPV as shown 

in figure 4.6b.  The output photocurrent closely follows the input current indicating a 

fairly quantitative net conversion. Plotting the ratio of current out per current in reveals 

the total conversion efficiency, ηβR, at each voltage.  The magnitude of the net efficiency 

is on the order of 10-5 which correlates well with two, roughly 1% efficient (η, R) devices 

and a coupling efficiency (β) of roughly 10%. 
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Figure 4.6 The basic operating characteristics of the integrated sensing platform.  (a) 
schematic of the conversion efficiencies involved for the net conversion of the OLED 
input current to the OPV output current.  (b) Total conversion response of IOLED to IOPV 
showing a highly quantitative net conversion.  (c) Ratio of output to input current 
attributed to the relative voltage dependant quantum efficiency of the OLED.       
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    4.3.2  Internal Measurement of the OLED Relative Quantum Efficiency   

 
Assuming the coupling optics and detector responsivity do not change with 

OLED drive voltage, the nature of the curve in figure 4.6c is a relative measure of the 

OLED’s quantum efficiency.  This measurement is analogous to an external, face to face 

measurement, but with different, more efficient coupling optics.  The curve in figure 4.6c 

reveals the onset of device degradation at voltages exceeding the peak efficiency.   

With each platform fabricated, this internal calibration is initially performed, then 

the OLED is operated at, or slightly below, the peak quantum efficiency.  Operating the 

OLED in this regime insures the optical output can be maximized while minimizing the 

degradation effects of the parasitic current mechanisms resulting in optimized output with 

longer lifetimes and improved stability.   

 
 
4.4  Integrated Optical Coupling 

 
    4.4.1  Overview 

 
The truly unique aspects of this platform arise from the integrated coupling 

scheme.  This coupling not only makes this type of platform possible, but also mitigates 

the device’s sensing response.  The in-plane coupling efficiency is described through the 

optical coupling coefficient, β.  This coefficient is defined in terms of the fraction of the 

total OLED emission coupled into the substrate towards the detector.  β is a measure of 

how much power can interact with the detector, but ignores the specific effects of 

detector interaction.  While not all of the in-coupled light interacts with the detector, the 
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detector’s interaction efficiency is assumed to be high enough not to significantly limit 

the system’s response.  The specific detector interaction profile will be addressed in a 

later section. 

 

    4.4.2  Organic Electroluminescent Emission Profile 

 
The optical coupling properties and sensing behavior of this platform are the 

direct result of the fundamental nature of organic electroluminescence.  OLED emission 

originates from a thin layer within the emissive material adjacent to the heterojunction 

interface, figure 4.7.  The emitting molecules are randomly oriented resulting in isotropic 

emission.  The aluminum cathode is assumed to behave as a perfect reflector which 

reflects roughly half of the emission back out toward the substrate; creating a 

hemispherical emission profile within the organic medium.  The area of emission can be 

viewed as a planar array of identical point sources.  For simplicity, the entire OLED is 

modeled as a single, isotropic point source with a uniform hemispherical emission 

profile.   

The system’s optics are most easily described using spherical coordinates.  For 

ease of discussion, we will refer to the conventionally termed zenith angle, θ, as the polar 

angle; and the azimuth angle, φ, as the radial angle as illustrated in figure 4.8.  The 

spherical radius is defined as unity for radiometric calculations.  Furthermore, all 

proceeding calculations will assume the following refractive indices: organic materials 

norg = 1.7, ITO nITO = 2.0, glass substrate ngls = 1.5, and air nair = 1.0. 
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Figure 4.7 Schematic view of the planar emission at the heterojunction interface of an 
organic light emitting diode with respect to the device layers and the guiding substrate. 
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Figure 4.8 Definition of spherical coordinates denoting (a) the polar angle, θ, and (b) 
the radial angle, φ.  With radiometric measurements concerning the solid angle, the radius 
is always assumed to be unity.   
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    4.4.3  Optical Coupling Coefficient 

 
The optical coupling coefficient is a measure of the fraction of the OLED’s total 

emission coupled towards the detector, equation 4.2.  This coefficient is simply the in-

plane solid angle (Ω) of collection with respect to a total of 2πsr of collection possible,  

(β = Ω / 2π).   

                                          )cos(cos
2 21 θθ
π
φβ −=             where  θ1 < θ2                    (4.2) 

Equation 4.2 consists of two device specific coupling factors.  Polar coupling, (cos θ1 – 

cos θ2), is determined by the refractive indices of the device layers. Radial coupling, 

φ/2π, is determined by the radial collection arc of the detector and/or the specific XY 

cavity coupling scheme.  Each factor is calculated independently for a given device 

geometry/layer composition. 

  
    4.4.3.1  Polar Coupling                 

 
The light originated in the organic layer is partitioned between the succeeding 

layers as dictated by the layers’ refractive indices .  With isotropic emission, the power 

coupling is proportional to the solid angle of the organic’s hemispherical emission 

profile, figure 4.9.  The boundaries defining the partitioning limits are the critical angles 

for a given medium with respect to the organic, equation 4.3.  The 36.0-61.9° section in 

the organic (41.8-90° in the glass substrate) is totally internally reflected within the 

substrate.  The substrate therefore couples 33.8% of the total organic emission into 

internally reflected modes for use in the integrated sensing platform, equation 4.4.   
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Figure 4.9 Polar coupling of OLED emission within the organic medium showing the 
net power partitioning into the device layers and the air.  The power coupled into each 
layer is defined by the refractive index of the given layer with respect to the organic 
medium.      
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                      338.0)cos()cos( )()( =− glassCairC θθ                                                (4.4) 

 
 
    4.4.3.2  Radial Coupling 

 
Of all the power collected into the substrate through polar coupling, only a 

selected portion propagates in the direction of the detector.  The portion of this power 

used for a given device is determined by the platform’s radial collection angle, φ.  In 

general, there are two types of possible radial coupling schemes; detector defined and 

cavity assisted.   Detector defined coupling involves blackening the sides of the substrate 

with black latex paint to eliminate any radiation not propagating directly at the detector.  

Under this configuration the radial collection angle is defined by the detector’s width 

(YOPV) and the center to center distance from the source to the detector (DX), equation 4.5, 

figure 4.10a. 
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= −

2
tan2 1φ                                                      (4.5) 

The second coupling scheme, cavity assisted coupling, involves polishing the 

sides of the substrate to also allow for XY-cavity confined internal reflection as shown in 

figure 4.10b.  This coupling scheme collects roughly twice the complimentary angle of 

the edges’ glass-air critical angle, equation 4.6, resulting in a radial collection angle of 

96.4°.  This configuration has the advantage of allowing over 25% of the power coupled  
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Figure 4.10 Radial coupling schemes for (a) detector defined and (b) cavity assisted 
radial coupling.  For detector defined coupling, the device collects roughly 17° of the 
power coupled into the substrate, whereas cavity assisted coupling collects a radial arc of 
96.4°. 
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into the guiding substrate to interact with the detector without a separation distance 

dependence. 

                                                    φ ≈ π - 2sin-1n21                                                           (4.6) 

 
    4.4.4  Total Cavity Coupling in Air 

 
Combining the polar and radial coupling factors defined by the materials and 

structure of the device, respectively, gives the optical coupling coefficient for any simple 

geometry, substrate, etc.   Figure 4.11 illustrates the complete coupling for a glass 

substrate in air as determined by the listed parameters from the materials involved.  For 

visual simplicity, detector defined radial coupling is shown.  This fundamental source to  

detector coupling coefficient represent the maximum in-plane coupling available for 

optical sensing prior to the addition of attenuating factors such as a sample cell. 

Designing the platform to achieve a high optical coupling coefficient is an important 

prerequisite to obtain adequate optical communication for analytical sensing. 

In air, the OLED couples 9.1% or 1.6% towards the detector for cavity assisted 

and detector defined radial coupling respectively.  Both coupling schemes are quite 

efficient, especially when considering that no external optics are required.  Although 

detector defined radial coupling is of more practical interest as a controlled input for the 

sensing platform, it must be noted that cavity assisted coupling, at 9.1% coupling 

efficiency,  collects the equivalent of almost half of all the front emission combined 

(19.1%).  Ignoring the losses from scattering and absorbance, cavity assisted coupling 

carries no distance dependence on the amount of power arriving at the detector because 
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Figure 4.11 Basic cavity coupling for a glass substrate in air indicating the relevant 
parameters where θ1 is the air coupling limit, θ2 is the substrate coupling limit, and φ is 
defined by the radial collection angle of the detector. 
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the substrate acts much like a large, rectangular fiber optic.  While detector defined 

coupling may be more practical, the properties of cavity assisted coupling offer unique 

capabilities which could be exploited for more interesting integrated devices in the future. 

 

    4.4.5  Detector Interaction 

 
 Up to this point in the discussion, we have assumed the interaction between the 

in-coupled light and the detector is adequately sufficient to not hinder the system’s 

performance.  Although this assumption is generally true for this system’s specific 

geometry, detector interaction warrants a brief discussion.  Taking into account the 

reversible nature of ray optics and assuming the refractive indices of the organic 

materials in the OLED and OPV are equivalent, the coupling properties into the OPV are 

presumed to be identical to the coupling properties out of the OLED.   Any light striking 

the OPV is assumed to be in-coupled and detected.  The detector’s role, in an optical 

sense, is not a matter of how the light interacts with the OPV materials, but rather if the 

light does, or does not, interact at all. 

The maximum interaction number, equation 4.7, for an internally reflected ray at a 

given angle in the substrate (θgls) can be deduced from the distance between reflections to 

the same surface, the lateral length of the detector (XOPV), and the substrate thickness (t). 

                          maximum interaction number = 1
tan2

+
gls

OPV

t
X

θ
                                    (4.7) 

The fundamental nature of integrated coupling from an isotropic source causes all 

possible internally reflected pathways to be occupied to some degree.  A single 
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interaction number on the detector is a function of a single angle, therefore it is more 

relevant to this system to describe an interaction profile as shown in figure 4.12.  The 

interaction profile depicts the actual interaction number for a cross section of the 

internally reflected angles (referenced to θorg in this case) oriented directly at the detector.  

The interaction profile is calculated specifically to our device geometry of a 5mm lateral 

length detector placed ~30mm from an isotropic point source on a 1mm thick glass 

substrate.  The salient feature of the interaction profile is that almost all possible 

pathways interact at least once with the detector.  The more oblique angles have a lower 

interaction probability resulting in some pathways missing the detector altogether.  The 

interaction profile, however, is calculated assuming the OLED is an individual point 

source when it is actually a spatial collection thereof.  The angles that miss the detector 

from one position of the OLED area are often hit by another and no one coupling angle is 

truly excluded from interaction, but more oblique angles still have a low interaction 

intensity relative to acute angles.  This decrease in the predicted angular intensity 

inevitably causes a slight degree of error in the signal response.  This minor error can be 

reduced in future designs by reducing substrate thickness and/or increasing detector’s 

lateral length to further saturate the interaction profile at more oblique angles. 
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Figure 4.12 The interaction profile of the internally reflected light incident on the 
detector with respect to the organic emission angle.  This prototype device has a 
maximum interaction number of 3 with relatively few oblique propagation angles not 
interacting.  
 

 

 

 

 

 

 



 

 

106 

4.5  Internally Reflected Radiant Intensity 

 
    4.5.1 Overview 

 
This sensing platform is based on the fraction of OLED emission inherently 

coupled into the total internal reflection modes of the ATR medium.  The optical power 

originates in the OLED, directly couples into and propagates through the substrate, and is 

subsequently out-coupled and transduced by the OPV.  The power utilized in the dual 

device never escapes into the air and is therefore not measurable by conventional 

methods.  This inability to directly measure the light makes our knowledge of the optical 

power profile of interest solely theoretical.  An accurate prediction the internally reflected 

power profile is an useful component for further understanding and development of this 

platform.  

The following discussion outlines the angular dependant power transition from a 

non-collimated radiant intensity source encountering a planar change in refractive index.  

This transition is described by a throughput factor for radiant intensity.142  The data 

obtained through external radiant intensity measurements presented here verifies this 

refraction based throughput factor is the dominant property defining the totally internally 

reflected angular power profile and therefore deserves a thorough description as it applies 

to this system. 

The total organic emission is partitioned between the succeeding layers with a 

refractive index less than that of the emissive material as shown in figure 4.11.  While the 

illustration does show how much net power couples to each layer, it lacks any 
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information about how the emission propagates through the succeeding layers.  For 

instance, if ~19% of the total emission escapes into the air, then what is angular power 

profile in the air, and what factors define the power transition between refractive indices?  

Answering these questions brings about the fundamental nature of the transition of non-

collimated radiant intensity upon changing refractive index which ultimately defines the 

totally internally reflected power profile used in the integrated sensing platform. 

 

    4.5.2   Basic Principles of Radiant Intensity Throughput 

 
Collecting the angular power profile emitted into the air involves measuring of the 

external radiant intensity over all angles from normal.  Assuming isotropic emission in 

the organic, the internal radiant intensity (I1) is constant over all internal angles. With the 

external radiant intensity (I2) measured experimentally, the correlation between the 

internal and external radiant intensities is the factor of practical interest.  Assuming no 

power is lost in the transition from n1 to n2, the total power transmission is quantitative, 

thus Φ1 = Φ2.  The change in the radiant intensity between refractive indices is therefore 

equivalent to the inverse change in the solid angle, equation 4.8.   
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22
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2

Ω
Ω

=
ΩΦ
ΩΦ

=
I
I                  where Φ1 = Φ2           (4.8) 

.  
The solid angle in any medium is defined by the surface area of a unit radius 

hemisphere as defined in spherical coordinates by the polar, θ, and radial, φ, angles as 

depicted in figure 4.11 and equation 4.9. 

                                                  )cos(cos 21 θθφ −=Ω                                           (4.9) 
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Upon a refractive index transition, the radial angle does not change, therefore φ1 = φ2.  

Combining the previous two equations gives the general solution for the solid angle 

transition, equation 4.10.  
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    4.5.3  Vectoral Analysis of  Solid Angle 

 
Although equation 4.10 is completely valid, it is somewhat tedious for practical 

application.  Applying Snell’s law to relate the propagation pathways in both media, a 

more practical form of radiant intensity throughput factor can be obtained.  To calculate 

the succinct steradian transition between refractive indices, the solid angle is first defined 

as the product of two, unitless, perpendicular arcs, Ω = LθLφ, as shown in figure 4.13.  

The importance in separating the solid angle into a pair of arcs is that each type of arc 

changes to a different degree upon a change in refractive index.  The solid angle 

transition is therefore a two part system consisting of a radial component (Lφ1/Lφ2) and 

polar component (Lθ1/Lθ2).  To solve for the total solid angle ratio, the ratio of each type 

of arc is solved independently then combined to arrive at the final result, equation 4.11.   

                                           
2

1

2

1

2

1

φ

φ

θ

θ

L
L

L
L

=
Ω
Ω

                                                     (4.11) 

 
 
 
 
 
 



 

 

109 

 
 
 

 
 
 
 
 
 

 
 
 
 
Figure 4.13 The solid angle represented as a pair of unitless perpendicular spherical 
surface arcs.  This type of definition is necessary because the radial, Lφ, and polar, Lθ, 
arcs change to a different degree upon a change in refractive index. 
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        4.5.3.1  Radial Component, Lφ1/Lφ2 

 
 Upon a change in refractive index, the radial angle does not change (φ1 = φ2);  the 

radial arc, however, does change (Lφ1 ≠ Lφ2).  Arbitrarily selecting a radial angle of 2π, 

the radial arc in either medium is simply the circumference (2π sin θ) subtended by a 

specific polar angle as shown in figure 4.14.  The radial component is therefore the ratio 

of the two circumferences, equation 4.12.  Entering a lower refractive index increases the 

polar angle which increases the radial arc in n2.  This effect is analogous to walking ten 

steps around the north pole (greater n) versus ten thousand steps around the equator 

(lower n).  Applying Snell’s law, the radial component reduces to a simple constant of the 

ratio of refractive indices which is independent of both the polar and radial angle.     
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    4.5.3.2  Polar Component, Lθ1/Lθ2 

 
The polar arc of a unit radius hemisphere is equivalent to the integrated change in 

the polar angle.  The derivative of the polar angles in the two media defines the polar 

component.  The two angles are correlated by Snell’s law, therefore the polar component 

is simply the derivative of Snell’s law, equation 4.13.   
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Figure 4.14 The radial component, Lφ1 / Lφ2, describing the transition of the radial arc 
between two refractive indices for n1 > n2 assuming a radial arc of 2π.  The radial angle 
remains constant upon the transition, but the radial arc increases causing a reduced 
radiant intensity in n2 by a factor of n2/n1.  
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The polar component carries an angular dependence which accounts for a reduced 

external radiant intensity at more oblique angles in lower refractive index media.  The 

nature of the polar component is easily illustrated by a differential angular analysis of 

Snell’s law shown in figure 4.15.  An angular range of 0-1° in the organic couples to 0-

1.7° in the air.  The polar component around normal is therefore 0.59.  Like the radial 

component, the polar component is simply n2/n1 at normal.  Increasing the angle from 

normal, however, reduces the magnitude of the polar component.  For instance, an 

angular range 34-35° in the organic couples to 71.8-77.1° in the air.  At this oblique 

angle, a 1° range of organic emission couples into a 5.3° range in the air resulting in a 

polar component of 0.19.  The increased angular spread in n2 (when n1 > n2) causes a 

reduction in the polar component, giving a maximum of n2/n1 at normal that trends down 

to a value of zero at 90° in the air.    

 

    4.5.4  Practical Radiant Intensity Throughput  

 
With both the radial and polar components defined, the individual components of 

equation 4.12 and 4.13 are combined to arrive at the complete radiant intensity 

throughput factor, equation 4.14.  While Snell’s law relates the incident and refracted 

angles for a collimated ray, it does not address optical power.  The relationship in 

equation 4.14 is essentially Snell’s law applied to non-collimated radiant intensity.  
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Figure 4.15  The polar component, Lθ1 / Lθ2, of the radiant intensity for two different 
incident propagation angles.  At normal, the transition of the polar arc spreads by factor 
of n2/n1.  At a greater angle of incidence the polar arc spreads to a greater degree as 
dictated by the derivative of Snell’s law.  This angular dependant spreading of the  power 
distribution dictates the shape of the observed  power profiles.    
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4.5.5  Theoretical Angular Power Profiles 

 
Equation 4.14 is highly versatile and applicable for any angle in any refractive 

index.  Using this equation, the angular power profile for every layer in the device can be 

calculated as illustrated in figure 4.16.  The power profiles in the figure are normalized 

for visual clarity.  At normal, cos θ = 1 and sin θ = 0, hence each refracted profile has a 

maximum radiant intensity of (n2/norg)2 with respect to the organic.  Although the power 

profile for ITO (n = 2.0) is not shown, this model is equally valid for higher refractive 

indices where the radiant intensity increases as a result of a reduced solid angle of 

propagation. 

The power profile in the substrate escapes into the air from either the front of the 

device or the end of the substrate.   The predicted power profile for front emission is a  

straightforward calculation of equation 4.14 from the organic into air.  Any power in the 

substrate propagating at an angle greater than the air/glass critical angle is totally 

internally reflected.  The internally reflected power profile is sustained through the 

substrate until it encounters the substrate edge.  At the edge, the interface between the 

glass and the air causes another refraction event.  This interface, however, is at a right 

angle from the previous interface of the layered planar structure.  When exiting the end of 

the substrate, the 90° shift causes the angles that were previously the least attenuated into 

the substrate to now be the most attenuated  into the air.  At the point the radiation strikes 

the end of the substrate, the incident rays are oriented in either an “up” or “down” bounce 

configuration.  The two incident orientations, along with the two perpendicular refraction  
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Figure 4.16 A cross sectional representation of the normalized angular power profiles 
in the OLED as predicted by equation 4.14.  The angular radiant intensity is partitioned at 
the angles shown and redistributed at each interface.  The radiant intensity throughput 
factor defines the totally internally reflected power profile used in the integrated 
platform.  
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events, shape the end out-coupled emission into a winged pattern consisting of two 

symmetrical lobes.    

 

    4.5.6  Angular Radiometry 

 
As stated previously, the internally reflected power profile utilized for the 

integrated sensor platform is not directly measurable.  The external emission out of the 

front of the device and the end of the substrate are the only power profiles available for 

direct measurement.  Conveniently, the physics defining both external power profiles are 

the same as that defining the internally reflected power profile, therefore the external 

power profiles are a representative example of the internal profile.  A good correlation 

between the theoretical prediction for external emission and what is actually measured by 

angular radiometry is indicative of the validity of the physics defining the internally 

reflected power profile. 

Figure 4.17 compares the relative external power profiles for front and end 

emission obtained through angular radiometry against the theoretical power profiles 

predicted by equation 4.14.    Figure 4.17a illustrates a fairly good agreement between the 

theory and the experimental data and correlates to similar profiles presented in the 

literature.24-26  The data for end emission, figure 4.17b, contains a considerable amount of 

noise as a result of low light levels experienced by the external detector as a result of the 

experimental setup.  Regardless of the noise, the profile’s general shape shows a fairly 

good correlation to the predicted profile.  The angular radiometry data obtained for both 

the front and the end emission power profiles display enough correlation to reasonably 
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Figure 4.17 Comparison of external radiometric data with the theoretical prediction 
from equation 4.14 for (a) front emission and (b) end emission. 
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confirm the validity of the radiant intensity throughput as the primary factor determining 

the angular power profiles throughout the device.  While the radiant intensity throughput 

may be the primary factor shaping the power profiles, the deviations between the theory 

and the data indicate that other factors may indeed be present.  These additional effects, 

however, seem to play a minor role in the overall shape of the power profiles and can, to 

a first approximation, be ignored in most cases.  

 

    4.5.7  Inherent Properties of Snell’s Law 

 
 The refraction throughput factor is based on Snell’s law and adheres to the same 

principles of transcendence and directionality.  A ray originated in the organic layer at an 

internal angle less than the organic/air critical angle propagates through the ITO, the glass 

substrate, and finally escapes into the air.  The resulting external angle in the air is 

calculated with Snell’s law from the refractive index of the organic and the air with the 

internal organic angle.  The refractive index and angles of propagation for the 

intermediate layers do not play a role in the calculation.  The radiant intensity throughput 

factor obeys this same principle and requires only the initial and final media of interest.  

In contrast, Fresnel’s law does not transcend the intermediate layers and requires a 

throughput calculation for each different refractive index experienced in the optical path.  

Snell’s law is also non-directional.  An individual ray’s direction of propagation has no 

bearing on the angles involved.  Either media can be designated as n1 or n2.  The 

discussion thus far has implied that the light originates in the organic.  Although true, the 

calculation of the refracted radiant intensity does not stipulate any directionality.  Once 
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again, either media can be designated as n1 or n2 without any alteration to the base 

function.  In practice, this designation is made based on which of the two angles is readily 

known.  Designation of the known angle as θ2 in the medium of n2 is simply for the ease 

of use of equation 4.14 as it is written.  Just like Snell’s law, the radiant intensity 

throughput carries no dependence on the direction of propagation and can be used in any 

conformation.  

 

    4.5.8  Calculating Internal Quantum Efficiency and Radiant Intensity 

 
 The experimental evidence from external radiometry confirms the general validity 

of the radiant intensity throughput factor.  The importance of this relation is in its 

application towards acquiring the OLED’s internal quantum efficiency to obtain the 

internally reflected radiant intensity.  While the previous discussion offers insight into the 

concept of the radiant intensity throughput, the strength of this factor lies in its 

application example of how to apply this factor to the integrated sensing platform.  The 

following is a real world example outlining the use of this factor to obtain the OLED 

internal quantum efficiency and internally reflected radiant intensity.      

For this example,  the front emission of an OLED is measured with a 1cm x 1cm 

detector at a distance of 10 cm and at an angle of 40° from normal.  A forward drive 

current of 10mA is applied to the device and a radiant optical power of 1µW is measured 

on the detector.  Two fundamental aspects of importance to be calculated here are the 

OLED’s internal quantum efficiency, ηint in A/W, and the radiant intensity in the glass 



 

 

120 

substrate at an angle of interest.  This example will calculate the radiant intensity at 55° 

in the glass substrate. 

With any radiometric measurement, the first value of interest is the external 

radiant intensity measured by the detector.  The external solid angle of collection is 

defined as Ω = Ad/r2 where Ad is the detector’s area and r is the distance between the 

device and the detector.  With the dimensions given above, the solid angle of collection is 

0.01 steradian (sr).  The detector experiences a radiant flux (Φ) of 1µW over a collection 

solid angle of 0.01sr resulting in a measured external radiant intensity (I = Φ/Ω) of 

100µW/sr.   

To obtain the internal quantum efficiency, the internal radiant intensity is 

calculated from the external radiant intensity.  The radiant intensity throughput is based 

on the geometric argument of the solid angle.  Either the radiant intensity or solid angle 

transition can be used for this calculation; the latter being more easily applied to the 

current case, equation 4.15. 
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The organic is designated as n1 (norg = 1.7) and the air as n2 (nair = 1.0).  The 

detector collects an external radiant flux (Φθ2) of 1µW over an external solid angle (Ωθ2) 

of 0.01sr at an external angle (θ2) of 40°.  With conservation of energy (Φθ1 = Φθ2), the 

same optical power collected over the external solid angle of 0.01sr must originate from 

an internal solid angle (Ωθ1) of 0.0029sr as determined by equation 4.15.  The externally 

collected power of 1µW originates from an internal solid angle 0.0029sr, therefore the 
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internal radiant intensity (Iθ1 = Φθ1/Ωθ1) is 345 µW/sr.  Considering all 2π steradians of 

isotropic hemispherical emission in the organic, the OLED puts out a total optical power 

of 2.17 mW when driven at 10 mA of input current resulting in an internal quantum 

efficiency of 0.217 W/A.   

 With the internal radiant intensity (Iθ1) known, arriving at the radiant intensity for 

55° in the glass substrate becomes a straightforward application of the radiant intensity 

throughput factor.  Designating the organic (norg = 1.7) as n1, the glass substrate (ngls = 

1.5) as n2, and with a glass angle of 55° as θ2, the angular dependant radiant intensity in 

the substrate (Iθ2) is easily obtained.  Plugging the known parameters into equation 4.14, 

we arrive at an Iθ2 value of 223 µW/sr at 55° in the glass substrate. 

 The calculation carried out above is based on the organic’s isotropic emission 

profile. The radiant intensity throughput in equation 4.14, however, is not limited to 

isotropic sources.  Any non-collimated incident power profile encountering a change in 

refractive index obeys equation 4.14. Because this factor is rooted in Snell’s law, 

anywhere Snell’s law applies for collimated rays, the radiant intensity throughput applies 

for any non-collimated optical power making this a highly versatile property applicable to 

a wide range of optical power transitions.   

 

    4.5.9   Observed Reflection Effects on the Angular Power Profile 

 
The refraction throughput described above is the dominant factor in determining 

the angular power profile in any medium.  Reflection, while not being a dominant factor, 
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is prevalent enough at to warrant a brief discussion on its effect in shaping the angular 

power profile.  The reflection throughput for any incident polar angle is governed by 

Fresnel’s law, equation 4.16. 
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Reflection takes place at every optical interface giving a more heavily attenuated 

transmittance at more oblique angles.  Reflection is a true attenuation where the 

transmitted power is actually rejected from entering the proceeding layer.  Refraction 

obeys conservation of energy where the resulting transmitted power profile is a 

restructuring of the incident power with no actual rejection.  Put simply, reflection 

reduces the power throughput, while refraction only redistributes it. 

Displaying the angular power profiles is more conceptually clear when plotted in 

polar form versus Cartesian. The comparison of the net magnitude of each factor is 

readily apparent in both polar and Cartesian plots, but the subtle effects of reflection at 

more oblique angles are most pronounced only in the Cartesian form, therefore the data is 

displayed in this format for this section.   

The reflection throughput into air, assuming one reflection at each interface, is ca. 

0.93 at normal, figure 4.18a.  Compared to a refraction throughput of ca. 0.346 at normal, 

reflection is a minor factor and can be simply ignored in most cases.  While the net 

magnitude of the transmitted power profile is dominated by refraction, the profile’s shape 

at more oblique angles is dependent on both factors.  Approaching 90° reflection 

becomes comparable to refraction, making the effect of reflection more prominent in the 
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Figure 4.18 (a) Predicted throughput for front emission into air for reflection, 
refraction, and the combined contribution of both factors illustrating the dominance of 
refraction.  (b) Normalized throughput of the factors shown in (a) compared to external 
radiometry data illustrating the overall dominance of refraction on the profile shape with 
the contribution of reflection becoming evident through the tailing effect at more oblique 
angles. 

(a) 

(a) 

(b) 
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power profile.  The normalized plot in figure 4.18b shows that each factor plotted 

independently trends directly down to zero when approaching 90°.  Plotting the two 

factors in conjunction with each other results in a tailing effect observed at more oblique 

angles as the data shows.  This tailing effect from reflection is also present in the 

internally reflected power profile, but is never the dominant characteristic and is limited 

to the most oblique angles of propagation.  For most applications involving the general 

trend of the internal power profile, reflection can be omitted, but evidence of the tailing 

effect should be kept in mind when the response is primarily dependant on more oblique 

angles.     

 

4.6  Refractometry 

 
    4.6.1   Signal Response to the Sample’s Index of Refraction 

 
With a high coupling efficiency and adequate detector interaction profile, the 

integrated platform’s source to detector communication is high enough to feasibly detect 

attenuations caused by chemical species in contact with the substrate surface.  To 

examine the device’s surface sensing capabilities, a Teflon block with a 3/8” hole bored 

though it is compression clamped directly onto the substrate to form the sample cell.  

Upon affixing a sample cell, the detector’s overall response becomes a combination of 

both analytical signal and stray light.   

The analytical signal is susceptible to refractive out-coupling into the sample.  

Upon interaction with the sample, the internally reflected light is no longer bound by the 
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substrate/air interface but rather the critical angle established by the substrate/sample 

interface.  The signal’s optical coupling coefficient is therefore dependant on the 

refractive index of the sample.  Water, as a general example, out-couples more than half 

of the incident power, leaving only the remaining power occupied by the critical angles 

from water to glass to comprise the signal’s optical coupling coefficient. 

Expanding the polar coupling factor of the signal shows the system’s signal 

response is a straightforward measure of the cell’s index of refraction (ncell), equation 

4.17.   
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As the sample’s index of refraction is increased, more of the optical power is coupled into 

the cell leaving less internally reflected power to interact with the detector, thus further 

reducing the signal. This relationship holds for any index of refraction less that that of the 

guiding substrate.   

 

    4.6.2  Stray Light 

 

The detector’s response is a combination of both an analytical signal and stray 

light.  Quantitative signal analysis requires that the system’s stray light is known.  Stray 

light, by definition, does not interact with the sample and therefore does not undergo 

refractive out-coupling.  When the sample’s refractive index exceeds that of the substrate, 

θ1 θ2 
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all the analytical signal is out-coupled.  Fully extinguishing the signal with a high 

refractive index sample leaves only the stray light to comprise the detector’s response, 

thus revealing a straightforward method to easily measure the system’s stray light.     

 

    4.6.3  Analytical Refractometry 

 

With the stray light known, the signal’s proportionality to the sample’s refractive 

index in equation 4.17 can be used for analytical refractometry using a simple two-point 

calibration.  First the stray light is measured with a high index sample and subtracted 

from each subsequent measurement as a background.   The remaining analytical signal is 

then normalized (calibrated) to a known standard with a relatively low refractive index 

such as water.  With this simple calibration method, the integrated sensing platform can 

be operated as a quantitative refractometer for any sample with a refractive index less 

than the guiding substrate. 

The system’s refractometric response is illustrated in figure 4.19.  The plot 

compares the theoretical values predicted by equation 4.17 with the experimental 

response obtained from a series of known refractive index samples listed in table 4.1.  

The two data points greater than n = 1.5 represent the stray light measurements.  These 

points deviate from the trend of the signal indicating the lack of quantifiable 

refractometric response as a result of full signal out-coupling.  The analytical data shows 

excellent agreement to the predicted response throughout the entire dynamic range.  Such 

a strong correlation obtained from a first generation prototype is a promising sign for the  
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Figure 4.19 Refractometric response of the integrated sensing platform illustrating 
adherence to the predicted response over the entire applicable range and the deviation 
from the trend for samples with an index greater than the guiding substrate.  
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Table 4.1 A list of the samples with their index of refraction used to test the 
refractometric response of the integrated sensing platform including the samples used for 
the stray light measurements.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Sample Index of 
Refraction 

Water 1.333 
Ethanol 1.361 
Ethyl acetate 1.372 
n-Heptane 1.388 
t-Amyl alcohol 1.405 
Cyclohexane 1.426 
n-Methyl pyrrolidone 1.470 
Toluene 1.497 
Chlorobenzene 1.525  
Trichlorobenzene 1.572  
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future of this technology.  While the limit of detection was not specifically addressed in 

this study, the system’s response readily detects toluene; resulting in an approximate 

sensitivity of ±0.005 refractive index units.  Future generations of the integrated sensing 

platform  designed to specifically enhance the refractometric response will undoubtedly 

show sensitivity improvements over the already promising results of this preliminary 

study.    

 
 
4.7 Integrated Electro-Active Sensor Response   

 
   4.7.1  Overview  

 
To further test the range of capabilities of the integrated sensing platform, the 

device was fabricated as an integrated electro-active sensor by incorporating an optically 

transparent electrode over the sensing area.  The device is easily fabricated in this fashion 

by selectively leaving a section of ITO covering the sample cell area during the initial 

patterned etching of the platform.  Electro-active internal reflection techniques have the 

distinct advantage of coupling the surface confined optical response of ATR with the 

surface selective response of electrochemistry allows for multi-dimensional investigation 

of electro-active chromophores.138-141    This proof of concept study is an additional 

confirmation of the versatility of the integrated platform for use in studying absorbance 

based phenomena as well as the refractometric response.  Furthermore, spectro-

electrochemical techniques such as absorpto-voltammetry can be used to elucidate the 

specific electrochemical signature associated with the electrochromic current while 
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ignoring any other interfering currents that may limit low level detection by 

electrochemical methods alone.138   

 

    4.7.2  Electrochromic Properties of Heptyl Viologen Dibromide 

Heptyl viologen dibromide (HVBr2) is a colorless, water soluble organic salt that, 

when electrochemically reduced, forms a highly colored film on the surface of the 

reducing electrode.  HV+2 is water soluble only in its highly polar dicationic state.  When 

HV+2 is electrochemically reduced to its radical cation (HV+1•), it no longer possesses 

enough ionic polarity to remain water soluble and therefore deposits as a solid film of 

HVBr on the electrode surface.  The reduction of HV+2 fills a vacancy in the molecule’s 

valence band, reducing the absorbance bandgap from the UV regime into the visible, 

becoming highly colored.  This transition is easily visible to the naked eye and has 

attracted efforts in applications for electrochromic windows.143  Implementation on a  

commercial level has been limited by inherently poor write-erase efficiencies as a result 

of irreversible crystalline states forming on the electrode over prolonged cycling periods. 

 Matsuda has done spectro-electrochemical studies of heptyl viologen on an 

electroactive ATR arrangement with conventional coupling optics to an external source 

and detector.144-147  This work demonstrates that HV electrochromism is readily 

detectable through internal reflection methods.  This evidence does not automatically 

insure that such experiments will yield results on the integrated platform where the 

sensitivity of the detection element is considerably less than a conventional radiation 

detector, but the deposition of a solid dye layer directly onto the ITO surface should elicit 
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a very high absorbance for any ATR measurement.  The absorbance spectrum of HV is 

well suited for attenuation of the aluminum quinolate emission from the integrated OLED 

as evident through the high degree of spectral overlap shown in figure 4.20.  The spectral 

overlap and surface deposition process makes HV an ideal candidate for the initial testing 

of a platform with an unknown response/sensitivity.   

 
   4.7.3  Cyclic Voltammetry of  HVBr2 

 
 The cyclic voltammetry (CV) of heptyl viologen on clean ITO is shown in figure 

4.21 for 10mM HVBr2 with 0.3M KBr supporting electrolyte in water when scanned at 

5mV/s.  Starting at potentials positive of any electrochemical activity, the potential is 

slowly swept negative and eventually causes a large cathodic current from the reduction 

HV+2 to HV+• and takes the characteristic shape of a diffusion limited redox reaction.  

This process produces a dark violet film on the ITO surface which is easily observed with 

the naked eye.  Reversing the scan causes the net current to become anodic and initiates 

the oxidation of the surface film back into it’s dicationic state where it solvates off of the 

surface and diffuses away from the electrode.  The cathodic current exhibits the typical 

shape of a thin film where the current quickly ceases when all the reactant has been 

consumed.   In this step, the intense violet color disappears and the electrode is once 

again colorless.   

During the reduction sweep a small cathodic prewave current is observed at 

potentials slightly positive of the onset of the large cathodic current as shown in the inset 

of figure 4.21.  The source of this prewave current has been attributed to the reduction of  
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Figure 4.20  Normalized spectra of OLED emission and HVBr absorbance indicating 
significant spectral overlap for a high electro-active response observed on the integrated 
sensing platform. 
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Figure 4.21  Cyclic voltammetry of 0.01M HVBr2 with 0.3M KBr scanned at 5 mV/s on 
an ITO electrode.  The inset shows expansion of the prewave region. 
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pre-adsorbed layers of heptyl viologen, but no color change is observed in this region 

when viewed with the naked eye.   

 
    4.7.4  Transmission Absorpto-Voltammetry  

 
Spectroelectrochemistry of electrochromic materials has the distinct advantage of 

monitoring changes in absorptivity from Faradaic electron transfer processes while 

ignoring any non-Faradaic charging currents.  Absorpto-voltammetry (AV) measures the 

change in absorbance with respect to the change in voltage (dA/dE) which elucidates the 

optical signal as a proportional depiction of the Faradaic current observed in the CV.  

Figure 4.22 shows the CV and AV of 1mM HVBr2 with 0.3M KBr scanned at 5mV/s on 

ITO as observed through a transmission geometry.  As expected, the AV closely follows 

the faradaic current producing the colored HVBr film while not responding to the sloping 

background current.  Upon scan reversal the AV tracks the anodic stripping current as the 

film is bleached back to its dicationic state.   

The AV does not, however, show a discernable response to the prewave current 

preceding the dominant reduction process.  Transmission absorbance, being pathlength 

dependant, typically lacks the sensitivity required to detect the subtle optical changes 

caused by thin adlayer films.  Although the transmission AV does not respond in the 

prewave region, but is clearly observed through ATR measurements reported in the 

literature owing to the high surface sensitivity of internal reflection methods. 
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Figure 4.22  Cyclic voltammetry and transmission absorpto-voltammetry of 1mM HVBr2 
with 0.3M KBr scanned at 5 mV/s on an ITO electrode.  Both curves are normalized to 
the cathodic peak value. 
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    4.7.5  ATR Absorpto-Voltammetry on the Integrated Sensing Platform 

 
In an ATR geometry, the effective evanescent pathlength is specifically confined 

to the immediate surface region allowing for high surface sensitivity and selective 

observation of the surface adlayers.  Figure 4.23 shows the CV and AV of 10mM HVBr2 

scanned at 5mV/s on ITO as observed through ATR on the integrated sensing platform.  

In the reduction sweep, the integrated system’s optical signal responds primarily in the 

region of the prewave.  At higher overpotentials the AV response reduces to zero from 

full signal quenching as the measured intensity in this region matches the platform’s stray 

light intensity.  Prior to the signal fully extinguishing, the curve deviates from its 

downward trend and exhibits a small shoulder.  Examination of figure 3c shows this 

sharp increase in absorbance corresponds to the onset of the prominent reduction current.  

Shortly after the onset of bulk reduction the signal fully quenches.   

Following background subtraction, the integrated charge density from the 

prewave region is roughly 170 µC/cm2.  Assuming a molecular area for HV of 0.5-1.0 

nm2 gives a charge density of 32-16 µC/cm2 per monolayer146, 148-150 resulting in an 

adlayer roughly 5-10 layers thick on the surface prior to bulk deposition from the 

prominent reduction current.  Similar charge density values were observed for the 

prewave with 1mM HV scanned at the same rate.  Significantly lower charge densities 

have been observed for similar concentrations at higher sweep rates indicating that the 

charge passed in the prewave region is scan rate dependant with greater coverages 

resulting from slower scan rates.146, 147  The slow scan rate used for this study appears to 

be the primary cause of full signal quenching in the prewave region.  
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Figure 4.23  Cyclic voltammetry and absorpto-voltammetry of 10mM HVBr2 with 0.3M 
KBr scanned at 5mV/s on ITO as observed through an ATR geometry on the integrated 
sensing platform. 

(a) 

(b) 
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Upon scan reversal, the colored film produced by the surface adlayers and the 

bulk deposition layers oxidize and bleach the colored superstrate in a single step without 

distinction between the two types of layers present.  The AV response therefore does 

track the faradaic current on the anodic stripping step as all the reactant exists in the same 

phase of the solid surface layer thus adhering to the same kinetic mechanism for 

oxidative stripping.    

This initial study on the response of the integrated sensing platform to the 

electrochromic absorption of heptyl viologen demonstrates the proof of concept for both 

surface absorption and the platform’s use as an electro-active sensing element.  As 

expected for an ATR measurement, the device shows high sensitivity to a surface bound 

absorber as evident by the full signal quenching with ca. 5-10 layers.  The platform 

displays a much greater sensitivity to the surface bound HV electrochromic absorption as 

the platform easily detects the prewave events which are below the limit of detection with 

a conventional transmission measurement.    

 

4.8  Conclusion 

In conclusion, we have successfully demonstrated a novel ATR sensing platform 

that utilizes an OLED as the light source and an OPV as the detector integrated directly 

onto the sensing element.  This unique integrated sensing platform requires no additional 

coupling optics, is fabricated with inexpensive components, and has the versatility of 

being fabricated on a variety of substrates in any number of conformations.  Furthermore, 

the basic function of this platform allows for the fabrication of an entire optical system on 
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an area less than a square inch with low power requirements.  This platform is well suited 

to be developed into hand held, mobile field applications as well as reducing the 

dimensions and integration as a stand alone optical detection system for lab on a chip 

type applications.  This work encompasses the necessary design features required to 

produce a high rate of success in device fabrication, optimized device to device coupling, 

and adequate responsivity of the total internal reflection sensing element.  The general 

design employed for this initial proof of concept study defines a functional blueprint for 

the success of this project and explores the relevant factors to be addressed and improved 

upon in future designs. 

 The two types of response explored in this study demonstrate the integrated 

platform’s innate utility as a refractometer and an electro-active sensing element for the 

multi-dimensional interrogation of surface bound electro-active chromophores.  The 

fundamental integrated OLED coupling properties naturally make this platform highly 

sensitive to changes in the superstrate’s refractive index.  The system’s refractometric 

response is highly predictable and the quantitative refractive index detection 

demonstrated in this work is a promising sign for practical implementation into a fully 

functional, hand held analytical sensing device.  Furthermore, the electro-active surface 

sensitivity demonstrated though the electrochromic response of heptyl viologen is proof 

of the platforms ability to detect subtle changes in absorbance from very thin layers of 

surface bound chromophores.  While this initial study was for the proof of concept, the 

highly sensitive colorimetric response can theoretically be further implemented into a 

solid state indicator layer for the detection of gaseous or solution species.  The design 
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features and the two types of responsivity demonstrated in this work lay the basic 

foundation for the possibilities of this unique and versatile sensing platform.  This 

preliminary work will hopefully assist in further advancements of this novel technology.              
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CHAPTER 5 

ANALYSIS OF THE VOLTAGE DEPENDENT PHOTOCURRENT IN 

COPPER PHTHALOCYANINE/ FULLERENE PLANAR HETEROJUNCTION 

ORGANIC PHOTOVOLTAICS 

 
 

5.1    Introduction 
 

A functional photovoltaic consists of a multicomponent equivalent circuit 

producing a variety of different current characteristics through the device; the sum of 

which produce electrical power when illuminated.  Many of current pathways through a 

photovoltaic are dissipative in nature and detract from the overall power production of 

the device.   The photocurrent generating circuit element is the only power producing 

entity in the circuit.   Interpreting and understanding the voltage dependent photocurrent 

therefore is one of the most important aspects of photovoltaic research.  The methods 

used for photocurrent analysis warrant a concerted focus in the overall effort to 

understand and improve photovoltaic technologies.    

 There are several different strategies employed to analyze the voltage dependent 

photocurrent produced by solar cells.  The most in depth approach is to use simulation 

techniques which require the simultaneous solution of multiple equations with multiple 

variables to arrive at a concerted result.14, 18, 151-153  While simulation techniques are 

useful in simultaneously evaluating a wide variety of physical parameters of the system, 

such methods are more involved and cumbersome than what is practical for the analysis 

of day to day experimental photovoltaic data.    
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 To simplify the interpretation of OPV data, more practical analysis methods have 

been proposed to empirically measure and fit the observed photocurrent behavior.  A 

conventional approach often used for inorganic solar cells assumes the photocurrent is a 

voltage dependant constant with the value of the short circuit current.15  This method, 

however, often falls short in accurately describing the photocurrent for organic cells.  

Yoo et. al. has proposed an empirical fitting method to describe the illuminated J-V curve 

based on the addition of a secondary diode and an additional shunt current.154  All the 

fitting parameters for this method are extracted directly from the data and accurately 

describe the observed photocurrent behavior for pentacene / C60 based OPVs.   

Different organic semiconductors, however, display different photocurrent 

characteristics and not all types of OPVs can be fit with these methods.  Copper 

phthalocyanine / C60 based OPVs tend to exhibit a sigmoidal shaped photocurrent which 

is not accurately fit by the by either method.  This type of photocurrent behavior is 

predominant in CuPc / C60 based cells, but not limited to this specific structure as it has 

been observed for a number of different platforms employing different architectures with 

a variety of different materials.23, 33, 36, 135, 155-160  Such a prevalent feature in organic 

photovoltaics technology could greatly benefit from a more practical method of empirical 

data analysis as is done for pentacene based cells.   

The following discussion outlines a methodology to extract the empirical fitting 

parameters of the sigmoidally shaped photocurrent commonly observed for CuPc / C60 

based OPVs.  This method is based on a simple current-voltage function whose 

parameters are readily available in the data.  This method produces excellent quality fits 



 

 

143 

to the data and is easily accomplished without more involved numerical simulation 

techniques.  Applying this method leads to accurate analysis of OPV data through a 

simplified approach of describing the voltage dependent photocurrent with the most 

simple expression possible while still correctly fitting the data obtained experimentally.         

           The following discussion will first analyze a few attempts of using traditional 

methods of empirical fitting techniques,  followed by an example of our proposed 

method, then assess some possible theoretical explanations of the observed behavior, and 

finally analyze a few examples of applying this insight to experimental studies. 

 

5.2    Conventional Photovoltaic J-V Data Analysis 

 
    5.2.1  Dark Diode Current-Voltage Analysis 

The basic assessment of photovoltaic parameters involves the analysis of the 

current-voltage (J-V) response in both the dark and under illumination.  Figure 5.1 

illustrates the two typical forms of the dark response, linear and semi-logarithmic.  The 

data shown is for a copper phthalocyanine/fullerene planar heterojunction OPV with the 

structure .  Details of the device structure and fabrication are outlined in the experimental 

section.  The device’s dark response is accurately described with the modified Shockley 

equation,  

                         AR
VkTn
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d p
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sd

eJVJ +−=
−

)1()( 0                                 (5.1) 

where J0 is the saturation current density, nd is the diode ideality factor, k is the 

Boltzmann constant per elementary charge, T is the absolute temperature, Rs is the series  
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Figure 5.1  (a) Linear and (b) semi-log plot of dark diode J-V response shown for the 
experimental data (open symbols) and the modified Shockley equation (solid line) along 
with (c) the equivalent circuit. 
 

 

 

(a) 

(b) 
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resistance, Rp is the shunt resistance, and A is the device area.  The ideality factor, nd, and 

saturation current density, J0, are measured from the slope (1/ndkT) and Y-intercept, 

respectively, of the linear region in the semi-log plot shown in figure 5.1b.  The dark 

parameters for this device are J0 = 3.9 × 10-4 mA/cm2,  nd = 2.3, RsA = 2.3 Ωcm2, and 

RpA = 4.6 KΩcm2.      

                            
    5.2.2   Conventional Illuminated Photovoltaic Analysis  

Upon illumination of a photodiode, the characteristic dark diode J-V curve drops 

vertically into the fourth quadrant by the amount of the additional photocurrent. 

Typically, the illuminated J-V curve is empirically characterized  by the short circuit 

photocurrent, Jsc, obtained at V = 0, the open circuit photovoltage, Voc, obtained at J = 0, 

the maximum power point, Pmax, where the product of the photocurrent and the voltage 

reaches its absolute value maximum in the fourth quadrant, and the fill factor, FF, which 

is the maximum power divided by the product of the short circuit current density and the 

open circuit photovoltage as shown below for the values  illustrated in figure 5.2.   

                                                          
ocscVJ

P
FF max=                                                          (5.2) 

The fill factor is a general measurement of the sharpness of curvature in the fourth 

quadrant, with a higher fill factor generally being more desirable for greater power 

output.  This type of analysis is valid for any illuminated photovoltaic, but carries with it  

the generality of ignoring the intricacies of the processes involved in photocurrent 

production.  This methodology is adequate for the most general analysis but reveals little 

about the underlying principles that ultimately determine the factors that are required to  
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Figure 5.2   Dark (solid line) and illuminated (open symbols) J-V curves of a typical 
organic photovoltaic illustrating the values of the short circuit current density (Jsc), the 
maximum power point (Pmax) and the open circuit voltage (Voc). 
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produce efficient solar energy conversion.  A greater understanding of the actual 

photovoltaic mechanism come from fitting the entire J-V curve rather than analyzing a 

few individual points. 

 
    5.2.3    Conventional Treatment of the Photocurrent 

 Accurately fitting the entire illuminated J-V curve reveals the relevant parameters 

involved to produce the useful solar energy curve.   The treatment of the illuminated J-V 

curve used for conventional inorganic solar cells is to assume the same dark diode J-V 

characteristics with illumination producing an additional photocurrent which assumed to 

be a voltage independent constant with the value of the short circuit current density.15  

                             scAR
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With a constant photocurrent the open circuit voltage is predicted as 
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This type of treatment is shown in figure 5.3 compared to the illuminated curve of 

the actual data.  The conventional method overestimates the maximum power, the open 

circuit voltage and the fill factor. This method quite obviously falls short in properly 

fitting the data and is of little use in elucidating any information about the actual power 

conversion mechanism.  While this method may be adequate for inorganic solar cells, it is 

insufficient for properly dealing with organic photovoltaic data.  Unfortunately, this 
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methodology is still used in practice today for OPVs even though the results obtained are 

often erroneous.   

The primary cause of the failure of this method is in assuming the photocurrent is 

a voltage independent constant.  Taking this assumption out to infinite voltage implies 

that the photocurrent is an infinite power source.  With perfect efficiency, the power 

produced by and solar cell is ultimately limited by the input optical power.  By all means, 

experimental and theoretical, the photocurrent must reduce to a value of zero at some 

voltage.  A second source of error inherent to this method is in assuming the shunt 

resistance does not change under illumination.  The shunt pathway is any route through 

the device which bypasses the diode barrier to produce a linear J-V characteristic.  

Organic semiconductors are known to be responsive photoconductors.12, 13, 161  The 

conductance, Gp = 1/Rp, through the shunt therefore increases upon illumination and the 

resistance of this pathway is decreased.  The magnitude of shunt conductance tends to 

scale linearly with illumination intensity.36, 155-157  A more accurate fitting of the 

illuminated J-V curve should take into account the illuminated shunt resistance and the 

specific voltage dependence on the photocurrent.   

 

5.2.4   Double Diode Method of Fitting the Illuminated J-V Curve. 

 
 In order to more accurately describe the illuminated data, Yoo et. al. has proposed 

an alternative method for empirically fitting the experiment photocurrent.154  This method 

addresses both the voltage dependence of the photocurrent and the change in shunt 

current under illumination.  The voltage dependent attenuation on the photocurrent is  
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Figure 5.3    J-V response of the dark diode (solid line), illuminated diode (open 
symbols), and a plot of the theoretical model of the conventional treatment of the 
illuminated response assuming the photocurrent is a voltage independent constant of the 
short circuit current (solid symbols).  The inset shows the equivalent circuit used for the 
theoretical analysis using a constant photocurrent. 
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modeled as another diode with an exponential voltage dependence and the illuminated 

shunt is added in with another, illumination dependent parallel resistor.   
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The equivalent circuit for this model is shown in figure 5.4 where the lower three 

circuit entities are only present under illumination.  With this method, the illuminated 

shunt, RpL, is measured from the linear region under reverse bias where the 

photocurrent’s diodic voltage dependence has minimal change with respect to voltage as 

the photocurrent saturates.  The parameters of the second illuminated diode, I0L and nL, 

are obtained by subtracting off the short circuit current density and measuring the Y-

intercept and slope of linear region of the semi-log plot as is done for the typical dark 

diode analysis.  The semi-log plot in accordance with this method from the data in figure 

5.2 is shown in figure 5.4.  The semi-log plot produces a fairly linear region from which 

the fitting parameters are obtained.   

 The motivation for quantitative fitting of the voltage dependent photocurrent, 

Jph(V), is ultimately to produce and accurate fit of the experimental illuminated data.  If 

the individual voltage dependent dark, shunt, and photogenerated curves are all properly 

fit, the illuminated data will also achieve an accurate fit and the system is considered to 

be properly described by the empirical model and the equivalent circuit.  Figure 5.4, 

however, illustrates the illuminated fit obtained through the second diode method 

compared to the experimental illuminated data.  While the two diode fitting procedure 

does produce an adequate fit in the lower bias region, the fit increasingly deviates from  
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Figure 5.4  (a) Semi-log plot of experimental photocurrent data, (b) theoretical fit of 
illuminated data using a second diode and a second shunt (solid line) compared to the 
illuminated J-V data (open symbols), and (c) the equivalent circuit used to model the 
illuminated J-V curve with the second diode method.     
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the actual data at higher potentials.  This type of fitting procedure underestimates the 

open circuit voltage and the maximum power while overestimating the fill factor by 

producing a sharper curvature than what is present in the data.          

  
5.3  Linearizing the Voltage Dependant Photocurrent 

 
    5.3.1   Introduction 

Neither the constant photocurrent or the second diode fitting method accurately 

describes the illuminated data obtained for CuPc / C60 OPVs.  The dark diode and shunt J-

V behavior are easily and reliably measured from the experimental data with minimal 

chance for error, therefore the error in fitting the illuminated curves in the methods just 

described lies in the interpretation of the voltage dependent photocurrent.  The cause of 

this error is more than a simple, experimental deviation from the predicted photocurrent 

response and is rooted in the fundamental nature of the equation describing the voltage 

dependence on the photocurrent.  Rather than the photocurrent following a linear or 

exponential voltage dependence, the photocurrent in the our data tends to be sigmoidal in 

nature.  The following work outlines a methodology which specifically addresses the 

sigmoid style photocurrent.  This technique focuses on measuring the available 

parameters directly from the experimental data and accurately fitting the photocurrent in 

the most simple terms possible.    This method consistently produces excellent quality 

data fitting and allows for a simple and accurate interpretation of the factors involved in 

modifying the structure-property relationships of organic photovoltaics. 
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    5.3.2 Equivalent Circuit 

A prerequisite to analyzing Jph(V) is defining clearly its role in the equivalent 

circuit.  The equivalent circuit applicable to the photovoltaic response under illumination 

is specific quadrant to each, figure 5.5.  The major current provider in any quadrant is the 

dominant power source for that quadrant and ultimately determines the quadrant specific 

J-V behavior.  In the first quadrant there are two power sources active, Jph(V) and the 

applied reverse bias.  Under low reverse bias the photocurrent is the major current source 

and therefore dominant.  In the fourth quadrant the special case arises where there is only 

one active power source.  In the fourth quadrant the photocurrent is the sole provider of 

all the current in the circuit.   The J-V behavior in the fourth quadrant is therefore the 

result of this single power source encountering a variable impedance.  The fourth 

quadrant represents the true working curve of an applied solar cell; the first and third 

quadrants do not produce any net useable power.  The data in this quadrant is of greatest 

importance for solar power conversion and the focus of this method is on describing the 

equivalent circuit specific to this quadrant.  The entire illuminated curve is therefore 

modeled to the equivalent circuit shown for the fourth quadrant with the caveat that this 

model could incur a minor deviation in the first quadrant and will most likely exhibit 

some deviance from ideality in the third quadrant where the assumption that the 

photocurrent is the dominant current source no longer holds.  With this in mind, the 

quality of the fitted Jph(V) data is truly valid only when Jill(V) exists in the fourth 

quadrant, i.e. for the potential range of 0-Voc.   
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Figure 5.5  Schematic of the different equivalent circuits for each quadrant in an 
illuminated J-V curve.  The solid arrows represent the current pathways supplied by the 
photocurrent and the dashed arrows represent the current pathways supplied by the 
external applied current source. 
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    5.3.3 Empirical Photocurrent Equation 

The fourth quadrant circuit illustrates that the power generating photocurrent is 

oriented in parallel with the power dissipating elements of the illuminated shunt, the 

diode, and the load.  Each parallel circuit element has its own, specific rate equation 

relating that current to the terminal voltage; the photocurrent is no exception.  At any 

given voltage, the currents from the diode, the illuminated shunt, and the photocurrent 

(negative in sign) add linearly to produce the total illuminated current as measured across 

the load.   

                       )()()()( )( VJVJVJVJ phillpdill ++=                             (5.6) 

With the diode and illuminated shunt currents, Jd(V) and Jp(ill)(V), easily evaluated 

through conventional means, an accurate description of Jph(V) is all that is required to 

completely describe the data obtained under illumination.  Our own results as well as 

evidence in the literature,33, 135, 155-159, 162 have led us to propose that the voltage 

dependant rate equation for the photocurrent empirically follows the general form of the 

equation shown below.   
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 This equation is based on the general formalism for the concentration limited 

steady state diffusion currents observed in hydrodynamic voltammetry with only one 

form of the redox species initially present.163  This electrochemical system is a fitting 

platform to model the  photocurrent from a planar heterojunction as the bulk redox 

concentration is analogous to the saturation photocurrent and the thickness from the 
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heterojunction to the electrode is analogous to the thickness of the Nernst diffusion layer.  

Applying equation 5.7, figure 5.6 illustrates the primary equivalent circuit including the 

voltage dependent rate equation for each parallel circuit entity. 

Equation 5.7 consists of four general parameters to completely describe Jph(V).  

Jhi is the maximum photocurrent available without the effects of any voltage dependant 

attenuation and involves the combined efficiencies of absorption, separation, and 

collection probabilities for a given spectrum of incident photon flux.  Jlo is the high 

overpotential steady state photocurrent minimum and is usually close to, but not 

automatically assumed to be, a value of zero.  Photocurrent generation is a spontaneous 

process and statistically a portion of the overall saturation current can be produced from 

the energetic LUMO-LUMO offset at the heterojunction and this current can flow 

through any pathway available; not all possible pathways carry a voltage dependence.  Jlo, 

therefore can have a value other than zero because applied potential alone cannot 

necessarily force all the photocurrent to recombine.  nph, like the ideality factor in the 

Shockley equation, is a measure of the voltage (field) dependence of the photocurrent 

attenuation and therefore the relative shape of the curve between the asymptotes of Jhi to 

Jlo.  E1/2 is the thermodynamic value describing the voltage at which the photocurrent has 

been attenuated half way between Jhi and Jlo and serves as a general reference potential of 

roughly half the maximum theoretical potential for photocurrent production as defined by 

the HOMO-LUMO offset of the donor and acceptor respectively. 

Figure 5.7 illustrates the isolated photocurrent plotted against a fitted Fermi 

function of equation 5.7.  The correlation shows excellent agreement throughout the 
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Figure 5.6  The equivalent circuit and defining equations for each parallel pathway used 
to model the illuminated J-V response. 
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Figure 5.7     Isolated photocurrent data (open symbols) compared to the theoretical fit 
produced with equation 5.7 (solid line) illustrating the parameters of the saturation 
current (Jhi) and the difference between the data and modeled low current minimum (Jlo). 
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power producing region of interest.  The strength of this method is that all the fitting 

parameters defining equation 5.7 are obtained directly from the experimental data.   

The values used for the fit in figure 5.7 are Jhi = -7.7mA/cm2, Jlo = -0.5mA/cm2, E1/2 = 

520mV, and nph = 3.25. Arriving at these values is a simple matter of appropriate data 

analysis.  In this analysis, the photocurrent is first isolated from the diode and shunt 

currents.  This isolated data is then manupulated into a linearized form for a simplified 

interpretation which will be addressed in detail in the following sections.  The following 

discussion outlines the methodology to obtain the parameters of equation 5.7 leading to 

an easy and accurate fitting of Jph(V).   

The first step in determining Jph(V) is isolating it from the other, dissipative 

currents present in the circuit.  The currents from each parallel pathway through the 

device add linearly to comprise the total observed current as in equation 5.6.  Conversely, 

the individual currents also subtract linearly from the total; making Jph(V) easily 

attainable with Jd(V) and Jp(ill) known from the data.    

                      )()()()( )( VJVJVJVJ illpdillph −−=                                (5.8) 

The dark response is first subtracted from the illuminated response.  With this 

initial operation we have removed both the diode current and the dark shunt current.  The 

shunt conductance (Gp = 1/Rp) is proportional to the illumination intensity and often 

shows a considerable increase upon illumination.36, 155-157, 164  The total shunt conductance 

under illumination, Gp(ill), is the combination of the dark shunt, Gp(dark), and the additional 

conductance from illumination, ∆Gp(ill). 
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                                          )()()( illpdarkpillp GGG ∆+=                                            (5.9) 

After removing the dark response from the illuminated J-V curve, the slope under 

reverse bias reveals the residual shunt conductance.  This residual current is measured 

then subtracted off to give the isolated voltage dependant photocurrent shown in figure 

5.7.  In forward bias, the photocurrent is the only negative (power producing) current in 

the circuit and resides entirely in the fourth quadrant of the J-V curve.  The shunt is a 

dissipative circuit element that bypasses the collection pathway through the load and 

must be removed to isolate the diffusion characteristics of the sole power producing 

element of the photocurrent.   

 
    5.3.4   Linearized Plotting of the Voltage Dependent Photocurrent 

Once Jph(V) has been properly isolated, the next step is to linearize the data to 

extract the core parameters.  Linearizing the photocurrent requires an accurate estimate of 

both Jhi and Jlo.  Jhi is easily measured from the flat-line current under low reverse bias 

where the photocurrent saturates.  Jlo, however, shows a deviation from the ideal value 

used for the fitted function in figure 5.7.  This deviation originates from the contribution 

of a secondary current applied by injection from the external power source at potentials 

exceeding Voc.  From Jsc to Voc, the photocurrent provides all the current in the circuit.  

Beyond Voc the actual circuit is not the idealized equivalent circuit depicted in figure 5.6 

from which the model is based, hence the data shows a departure from the ideal linear 

behavior.  Upon exceeding Voc, the dissipative current requirements of the diode and the 

illuminated shunt surpass what the photocurrent can supply, therefore the second, 
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external current source supplies what the photocurrent cannot.  This additional applied 

current increases gradually with increasing overpotential beyond Voc.  The onset of any 

appreciable deviation from ideality occurs at potentials substantially greater than Voc.   

The fundamental nature of the interaction of Jph(V) with the dissipative pathways 

causes Jlo to always reside at potentials greater than Voc.  The observed value of Jlo 

therefore inherently contains some degree of overpotential error.  This error poses a 

problem for the subsequent parameter extraction from the linear photocurrent plot where 

both Jhi and Jlo must be accurately known to form the plot’s ordinate.  This problem is 

effectively circumvented by using an indirect approach to obtain a reliable estimate of Jlo. 

The potential of E1/2 signifies the point at which the photocurrent has been attenuated by 

half the difference between Jhi and Jlo.  E1/2 can be estimated from the peak value of the 

photocurrent’s dynamic conductance (dJph(V)/dV), figure 5.8.  The dynamic conductance 

reveals a Gaussian function, the equation for which, in the same terms used for equation 

5.7, is shown below. 
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The photocurrent at E1/2, denoted as J1/2, typically resides at potentials less than that 

where the overpotential error becomes significant.  J1/2 is therefore a reliable measure of 

the photocurrent with minimal external interference.   It must be noted that the precision  
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Figure 5.8  Dynamic conductance plot of the isolated photocurrent data (open symbols) 
and the fitted curve produced by equation 5.10 (solid line) illustrating the conductance 
maximum (Gph(E1/2)) and the half wave potential (E1/2). 
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of the estimate of E1/2 from the Gph(V) plot is limited by the finite spacing of the voltages 

sampled for the data, thus acute data spacing in this region is highly desirable.  Obtaining 

J1/2 with this method, Jlo can be estimated through the simple relation below. 

                                        hilo JJJ −= 2/12                                                (5.11) 

With Jhi and Jlo known, the ordinate of the linear plot can be formed.   The isolated 

photocurrent, like any function adhering to the form of equation 5.7, can be linearized by 

plotting the logarithmic term (ln[(Jhi-Jph)/(Jph-Jlo)]) against the voltage, figure 5.9.   In this 

form, the data becomes linear over a wide potential range with an X-intercept of E1/2 and 

a slope of 1/nphkT.    

The photocurrent, when analyzed in this form, consistently exhibits certain 

characteristic trends.  The linear form of the isolated photocurrent has three distinct 

regions.  Under reverse bias the photocurrent is roughly constant at Jhi.  Instrumental and 

environmental noise cause current fluctuations about the mean value of Jhi.  Although this 

noise is hardly discernable in the normal J-V format, the logarithmic nature of the linear 

plot enhances these minor deviations making the noise readily apparent.  In the region of 

primary interest, from Jsc to Voc, the photocurrent is the sole current provider as the circuit 

model assumes.  The linear character of Jph(V) therefore dominates the  plot throughout 

this voltage range.  At open circuit, the load resistance becomes infinite, draws no current 

(JL(Voc) = 0), and the photocurrent is fully dissipated through the shunt and the diode (-

Jph(Voc) = Jd(Voc) + Jp(ill)(Voc).  At potentials greater than Voc, the photocurrent gradually 

loses its dominance as the circuit’s main current provider as described previously, and the 

data deviates considerably from linearity.  Deviations from ideality are logarithmic in the 
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Figure 5.9  Linear plot of the isolated photocurrent data (open symbols) compared to the 
best fit line (solid line) showing the high degree of linearity in the power producing 
region (Jsc to Voc) and the deviation from linearity into noise in reverse bias and at 
potential significantly exceeding the open circuit voltage. 
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form of the  linear plot.  Minor errors in the subtracted residual shunt current and/or the 

measured value of Jhi will have a marked effect on the range of linearity observed in the 

plot resulting in a discernable trend in reverse bias rather than random noise as discussed 

in the experimental methods section.  The linear plot reveals measurement errors at 

orders of precision undetectable in the standard J-V plot.  This sensitivity to error 

increases upon departure from E1/2, therefore the slope (1/nphkT) is measured at, or 

potentials slightly less than E1/2.   

 
    5.3.5    Fitting the Illuminated J-V Data 

 
With the isolated Jph(V), Gph(V), and the linear plot, the values of equation 5.7 are 

readily measurable and the specific rate equation of Jph(V) is known.  All the parameters 

of the individual currents in the equivalent circuit can be obtained directly from the data.  

Substituting the individual rate equations into equation 5.6 gives the complete J-V 

expression for the illuminated curve.   

                    lo
kTn

EV
lohi

illP

kTn
ARJV

ill J

e

JJ
AR

VeJVJ
ph

d

Sd

+

+

−
++−= −

−

2/1

1

)1()(
)(

0            (5.12) 

With the dark diode fit obtained through convention means, the illuminated shunt 

easily measured, and the photocurrent fit obtained through the method described here, an 

accurate fit of the illuminated data becomes trivial.  Figure 5.10 illustrates the illuminated 

data as well as the individual current components for both the experimental data and the 

fitted values extracted from the data.  As shown, a proper fit for each of the components 

automatically leads to accurate fit for the illuminated J-V curve. 
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Figure 5.10  Comparison of the experimental data (open symbols) and the fitted J-V 
curves (solid lines) for each of the individual circuit components and their summation 
into the illuminated J-V curve. 
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The quality of the fit shown in figure 5.10 is by no means an isolated occurrence.  

The specific data used in the above example, at 2.1% efficiency, was chosen to illustrate 

that the observed photocurrent behavior is not an anomaly, but representative a fairly 

high performance cell.  Examination of the isolated photocurrent reveals that this method 

works equally well for both traditionally shaped, as well as the kinked illuminated curves 

commonly observed. 33, 135, 155-159, 162   With this method, fits of this caliber are fairly 

routine for all types of illuminated data produced by CuPc/C60 cells. 

 

5.4  Parameter Characterization 

 
    5.4.1  Overview 

 
The previous section demonstrated that the voltage dependent photocurrent can be 

easily and accurately fit in the power producing region of interest with equation 5.7.  This 

fitting method is particularly useful because it describes the photocurrent with a simple 

equation using the fewest terms possible.  The next step in this analysis is to associate the 

empirical fitting parameters, at least qualitatively, with the physical mechanisms involved 

in photocurrent production.  The following sections will first qualitatively summarize the 

basic conceptual mechanism of photocurrent generation, then explore voltage dependent 

charge separation theory, and finally examine several experimental device modifications 

to correlate some of the key device features to the trends observed in the photocurrent 

parameters.    

 
 



 

 

168 

 
      5.4.2 Photocurrent Generation: Device Structure And Energetics 

 
Photocurrent generation in a heterojunction photovoltaic is a multistep process.  

The subsequent steps are photon absorption to form an exciton, exciton diffusion to the 

heterojunction interface, exciton dissociation across the interface into an electrostatically 

bound electron-hole pair, charge separation of the electron-hole pair into free charge 

carriers, and transport to the electrodes where the charge is collected.  The experimental 

data analyzed in this study is for  a planar heterojunction consisting of copper 

phthalocyanine (CuPc) as the donor and fullerene (C60) as the acceptor, therefore this 

discussion will refer to these specific materials and their relative energy levels.  In a 

CuPc/C60 heterojunction,  excitons are created in the highly absorbing CuPc layer, diffuse 

to the heterojunction interface, and dissociate into an electron-hole pair by charge transfer 

of an electron from the lowest unoccupied molecular orbital (LUMO) of the donor to the 

LUMO of the acceptor, figure 5.11.  This charge transfer is energetically favorable when 

the offset potential between the LUMO of the donor and the LUMO of the acceptor 

exceeds the exciton binding energy.  The exciton binding energy is defined as the 

difference between the optical and electrical (transport) bandgap.  Once the exciton has 

been dissociated across the interface, an electron resides in the LUMO of the acceptor 

and a hole resides in the HOMO of the donor.  The energetic offset of theses two levels 

(EHOMO
D – ELUMO

A) sets the theoretical upper voltage limit for photocurrent generation.    
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Figure 5.11   Schematic of the energy levels of the HOMO and LUMO in the donor and 
acceptor materials and the Fermi levels of the anode and cathode, as well as the 
photocurrent generation process in a planar heterojunction photovoltaic under short 
circuit conditions illustrating the individual steps of (1) exciton generation by photon 
absorption, (2) interfacial exciton dissociation and charged pair separation into free 
charge carriers, and (3) charge transport and collection at the electrodes. 
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While there is a finite time for excitons to dissociate before decaying to the 

ground state, fullerenes have shown to be ultra-fast electron acceptors22, 24-26  and 

interfaces employing fullerenes, which are the majority of efficient OPVs, are usually 

considered to have instantaneous exciton dissociation and therefore this step is generally 

not factored in the overall kinetics of photocurrent generation.  Exciton dissociation into 

the electron-hole pair is driven by the energetic difference between the LUMO levels of 

the donor and acceptor.  The potential energy of this transition is believed to translate into 

kinetic energy which contributes to the apparent separation distance of the electron-hole 

pair.  A larger the initial separation distance reduces the electrostatic binding of the pair 

and facilitates efficient separation into free charge carriers.  For a given acceptor 

material, typically a fullerene based moiety, a larger electron affinity of the donor 

facilitates the separation of charge pairs which theoretically increases the short circuit 

current, but reduces the theoretical upper limit of the open circuit potential.  Therefore, a 

larger LUMO offset reduces the theoretical upper limit of the open circuit potential, but 

benefits geminate charge separation leading to a greater short circuit current.     

Once the excitons have been dissociated into an electron-hole pair, the charges are 

not yet free to produce photocurrent. The charges remain more or less electrostatically 

bound together by their coulombic attraction.  This phenomenon is a direct consequence 

of the low dielectric constant of organic materials which limits the materials’ innate 

ability to shield the individual charges from each other.  This separated, but bound state 

can either recombine or be separated into free charge carriers to contribute to the 

photocurrent.  Interfacial recombination is generally regarded as a voltage independent 



 

 

171 

process, but is in competition with the voltage dependent process of charged pair 

separation .  Separation into free charge carriers is a competition between the forces of 

the electrostatic attraction working towards recombination and the separating potential 

supplied by the external electrodes working in conjunction with the energy gained from 

the LUMO-LUMO offset.  If enough separating potential is applied to overcome the 

residual electrostatic attraction after exciton dissociation, the charges will separate into 

free charge carriers.  The free charge carriers are then transported to the collecting 

electrodes driven by a combination of migration and diffusion.  Within the transit time 

required for charge transport from the heterojunction to the electrodes, the free charge 

carriers can decay to a ground state by intramolecular recombination through interaction 

with trap states located within the material and at the electrodes.  Trap states are result of 

electronic inhomogeneities within the material caused by morphological defects and 

adventitious impurities, both of which are common and generally unavoidable in organic 

semiconductors and can be induced by energetic mismatching between the semiconductor 

and the electrode material.12, 13, 15, 32      The following discussion will focus primarily on 

the theory of the voltage dependence of charge separation, then resort to experimental 

evidence in elucidating the processes occurring after the free charge carriers are 

produced. 

 
    5.4.3  Voltage Dependent Charge Separation: Onsager Theory 

 
The voltage dependent photocurrent can be accurately fit in the power producing 

region of interest with equation 5.7.   In order to gain insight into the physical meaning of 
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the empirical parameters used in this equation, we will first examine a well established 

method for modeling the photocurrent generation in low dielectric media.  One analytical 

model that is readily applicable for such systems is Onsager’s model for the voltage 

dependent charge separation of coulombically bound ion pairs.31  This theory has been 

used to model charged pair separation in bulk heterojunction solar cells by Blom and co-

workers and deserves consideration because it produces a generally sigmoidal shaped 

voltage dependent photocurrent.30, 40, 165, 166   Furthermore, Forrest and  co-workers have 

applied this theory, specifically to the CuPc/C60 planar heterojunction solar cells in 

conjunction with Monte Carlo simulations.17  Although this theory in itself does not 

completely describe our observed data when viewed in the form of the linear plot, 

Onsager theory is useful in the conceptual understanding of the principles responsible in 

producing the general shape of the photocurrent observed in our data and therefore 

deserves consideration.  

Organic semiconductors differ significantly from inorganic semiconductors by 

their low dielectric constants, typically in the range of 2 to 4.13  Onsager theory 

specifically addresses charge separation in low dielectric media and is therefore a useful 

basis for understanding charge generation in organic materials.  This specific version of 

Onsager theory incorporates Braun’s modification which includes decay to the ground 

state from the finite lifetime of photogenerated charge transfer state.16  The electrostatic 

binding energy (EB) of two charges separated by a distance (r0) is  
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where q is the charge, εr is the material’s dielectric, and ε0 is the permittivity of free 

space.  In low dielectric materials, the binding energy of geminate pairs is substantial and 

makes charge pair separation a limiting factor in photocurrent generation.  In order for 

the geminate pair to separate into free charge carriers, this binding energy must be less 

than the average thermal energy of kT.  This condition is satisfied when the separation 

distance between the charges is greater than the critical distance (rc)   
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The initial separation distance of the majority of the charged pairs in low dielectric media 

is less than the critical distance and therefore charge separation requires an additional 

energy supplied by the separating field applied by the electrode’s potential.  The voltage 

dependence of the photocurrent is the product of the total geminate pair population, Gmax, 

and the field dependent probability of separation into free charge carriers, P(E). 

                                                  )(max EPGJ ph =                                                          (5.15) 

The voltage dependent free charge carrier generation probability, P(E), is the result of the 

competitive rates of  the voltage dependent charge separation, kD(E), the recombination 

rate of the separated pairs, kR, and the decay rate of the charge pairs to the ground state, 

kF.                    
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The photogenerated charge transfer state produced upon initial separation has a 

finite lifetime and decays to the ground state at a voltage independent rate of kf.  The 
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voltage dependant separation rate, kD(E), describes the competitive forces of coulombic 

binding energy, EB, and the separating field, F, applied by the electrodes.    
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Once the geminate pair has been separated, the free carriers can then recombine 

by diffusing back together at a voltage independent rate of kR typically defined by 

Langevin bimolecular recombination  
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where n and p are the photogenerated charge carrier concentrations, nint is the intrinsic 

carrier concentration, and µn and µp are the mobilities of free electrons and holes 

respectively.  This recombination process is based on the diffusion of each type of charge 

back to the separating interface where the majority of recombination takes place.  

Onsager theory assumes an isotropic distribution of charge pair orientation.  An 

alternate form of equation 5.17 applicable for higher field intensities is   
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which simulates the special high field case of Onsager theory, the three dimensional 

Poole-Frenkel mechanism, resulting in an exponential dependence on the square root of 
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the field.  In the high field case, the isotropic nature of the charge interaction disappears 

as the localized field is skewed into linearity.  Approximating this equation to a linear 

case where the initial charge separation is always directly in line with the separating field 

yields the one-dimensional Poole-Frenkel mechanism which gives similar results as 

equation 5.20 as the exponential dependence of the square root of the field is the 

dominant feature of both models. 

When treating Onsager theory with the methodology used to linearize our 

photocurrent data, the plot does not produce a linear trend as observed for our data.  

Figure 5.12 shows an example of the linear plot of a best fit of the Onsager-based model 

described above compared to the experimental data.  Regardless of the modeling 

parameters chosen, the Onsager model exhibits a characteristic curvature not observed in 

the data.  This curvature is the result of both the exponential constant and the recursive 

Bessel function term on the right hand side of equations 5.17 and 5.20.  The non-linearity 

in the plot arises from the Bessel function describing the disproportionate probability of 

separating charge from an isotropic distribution under the influence of a linear applied 

field which skews the localized field around the central ion.    

While both forms of the Onsager model do not properly fit the experimental data, 

several useful properties about the nature of charge separation can be deduced from the 

trends in the models.  Figure 5.12 illustrates Onsager theory produces a distinct curvature 

when plotted in linear form.  The high field case of Onsager also exhibits a curvature, but 

becomes linear at higher separation fields.  Onsager theory assumes an isotropic 

distribution of charge pair orientation.  This assumption is valid for charge separation in 
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Figure 5.12  Linear plots of the experimental photocurrent data (open symbols) 
compared to the theoretical photocurrent produced by Onsager theory (solid lines) for (a) 
isotropic charged pair orientation from equation 5.17 and (b) the high field case of 
equation 5.20 where the charged pairs are oriented with the separating field.  
 

(a) 

(b) 
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bulk heterojunction cells and explains the success in modeling such systems with this 

theory.  The high field approximation assumes a semi-isotropic pair distribution where 

the distribution is skewed towards the applied field, but not explicitly oriented directly in 

line with the field.  Comparing normal Onsager and the high field case shows that the 

increased directionality of charged pair distribution leads to a greater degree of linearity 

in the plot with the greatest linearity being observed under higher applied separation field 

in the high field case when the pair distribution has the greatest degree of orientation with 

the separating field.  The linearity in the high field case is due to both directionality and 

increased separation distance under the application of an external field.  Following this 

trend one can deduce that the high degree of linearity observed in the linear plot of the 

experimental data is due to the highly directional nature of charged pair separation across 

the planar heterojunction interface.   

Beyond the lack of linearity observed in the linearized photocurrent plot of the 

two forms of the Onsager model, several other numerical modifications to the modeling 

parameters were required in order to produce the approximate fits shown in figure 5.12.  

The Onsager model is typically fitted with an initial separation distance of 0.5 to 1.0 nm 

which correlates to charge transfer to the nearest molecular neighbor.  The model also 

typically assumes the applied field drops across the entire distance between the 

electrodes.  An interesting feature of roughly fitting both versions of Onsager theory the 

experimental data is that in order to fit the slope into the range of that shown by the data, 

an  initial separation distance of roughly 5 nm was needed.  This should not automatically 

be interpreted literally as an actual separation distance of 5 nm, but rather an apparent 
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separation distance which simply correlates to the observed data.  The large apparent 

separation distance implies that there is an additional energy involved in facilitating 

charge separation.  Presumably, this additional separation energy is supplied by the 

energy gained from the donor-acceptor LUMO offset.  Another abnormal value required 

to fit the slope was that the device thickness had to be limited to roughly 20 nm (the CuPc 

layer) rather than the entire device thickness.  This implies that the majority of the 

voltage applied to the device is dropped across the donor layer.  Both the apparent 

separation distance and the applicable device thickness dictate the slope of the linear plot 

and measured parameter of nph.  These values are needed to fit the slope, but do not affect 

the curvature of the plot produced by these models.   

While Onsager theory may exhibit some useful characteristics in understanding 

the nature of the voltage dependent photocurrent, it is specifically derived for an isotropic 

distribution of initial charge separation without the additional separating energy of the 

heterojunction LUMO-LUMO offset.  The specificity of Onsager theory, as well as the 

complexity of the model, is beyond what is necessary to describe the observed 

photocurrent data.  The main principles of Onsager theory can be summarized into a 

simplified expression used for photoluminescence quenching in the presence of an 

internal separation potential such as that supplied by the energetic offset at the 

heterojunction interface.28  A more general model allows for a more open interpretation 

of a complex system such as an OPV which includes different material layers with energy 

level differences.  Under this generalized formalism, the field dependent free charge 

carrier generation efficiency (η(F)) is approximated as  
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where F is the applied field, e is the elementary charge, r is the charge separation 

distance, k is the Boltzmann constant, T is the absolute temperature, and B is the inverse 

dissociation branching ratio (B = (kd0+kg)/kd0) where kd0 is the zero field dissociation rate 

constant and kg encompasses all the voltage independent recombination rate constants at 

the separating interface.  This approximation is valid when the separation energy 

significantly exceeds the thermal energy, erF >> kT, which is the case at potentials less 

than the open circuit voltage.  Equation 5.12 is directly analogous to the empirical fitting 

equation used to describe our data and correctly depicts the relevant factors of Onsager 

theory in a simplified form.  In this form, the empirically measured value of nph 

corresponds to the active device layer thickness (d) divided by the apparent separation 

distance (r).  Once again, fitting the experimental data with equation 5.21 requires 

apparent separation distance of roughly 6 nm with the majority of the voltage dropped 

across the donor layer. 

One of the  limitations in applying charge separation theory to photovoltaic 

systems is obtaining a concise definition of the potential reference point of E1/2.  There 

are several reasons for this ambiguity.  The E1/2 value is determined by the zero field 

dissociation rate constant, kd0 , however, the potential of zero field is not a 

straightforward reference in a photovoltaic.  The systems typically being modeled are not 

photovoltaic systems, therefore the separation field and the applied field are one in the 
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same and the reference point of zero-field is simply zero applied voltage.  In a 

photovoltaic system, however, the applied field is the reverse direction of the separation 

field, making the point of zero-field an arbitrary reference presumably with a theoretical 

maximum of roughly twice the E1/2 potential corresponding to the ideal maximum 

photovoltage of the donor-acceptor HOMO-LUMO offset potential.  This theoretical 

maximum is often referred to as the built-in or compensation potential. The models 

discussed thus far are primarily focused on only describing the charge separation and do 

not account for the rest of the photovoltaic structure which includes series resistances, 

potential barriers at the electrodes, and other recombination pathways; all of which all 

play a role in influencing the observed photocurrent parameters.  The factors defining the 

actual value of E1/2 is a convolution of the HOMO-LUMO offset and potential drops 

through the device layers and any barriers present at the electrodes.  Shifts in E1/2 appear 

to be a general characteristic of recombination events following free charge carrier 

generation.   

 
    5.4.4    Correlating Photocurrent Parameters to Device Characteristics   

 
        5.4.4.1   Overview 

The theoretical investigation grants some insight into the fundamental nature of 

the voltage dependant curvature of the photocurrent.  This approach is somewhat limited 

to the heterojunction interface and does not encompass the full complexity of the multi-

step charge transfer between various materials in a asymmetric electronic environment of 

a photovoltaic. To gain a more in depth understanding of the how the photocurrent is 
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affected by various aspects of the device, we will examine how the photocurrent 

parameters behave when subjected to different experimental alterations.  These studies 

include variations in illumination intensity, series resistance, layer thickness, and 

oxidative acid induced potential offset at the ITO interface.  Each of these experiments 

has a unique affect on the combination of photocurrent parameters which can be 

interpreted to gain greater insight into the role of each parameter on photocurrent 

production.  With these studies we can develop a qualitative interpretation of which 

specific photocurrent parameters are associated to different aspects of the device.     

 

        5.4.4.2    Illumination Intensity 
 

Figure 5.13 shows the photocurrent response of an ITO/PEDOT:PSS/CuPc 

(20nm)/C60 (40nm)/BCP (10nm)/Al OPV under 25, 50, 75, and 100 mW/cm2 

illumination.  The saturation current, Jhi, scales proportionally with illumination intensity.  

There is a minor deviation from absolutely even increments in the saturation current 

within the data in figure 5.13a which is due to experimental error from a less than ideal 

illumination intensity at 75 mW/cm2 rather than an anomalous response of the device.  

The linear plot of the photocurrent, figure 5.13b, shows that the illumination intensity has 

little to no effect on the values of E1/2 and nph.  This study demonstrates the illumination 

intensity is simply a proportionality factor on the photocurrent over the entire voltage 

range and does not affect the mechanism of photocurrent generation/recombination other 

than supplying the exciton concentration available at the heterojunction interface.       
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Figure 5.13  (a) Sigmoidal photocurrent and (b) linear plots of photocurrent for a 
photovoltaic when exposed to different illumination intensities ranging from 25 to 100 
mW/cm2. 

(a) 

(b) 
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    5.4.4.3    Series Resistance 
 
 

Figure 5.14 illustrates the an OPV with a range of resistors externally added in 

series to the device.  The series resistance detracts from the power available across the 

load resistance by inducing a voltage drop that reduces the separation voltage applied by 

the electrodes.  The reduction in the separation voltage achievable by the electrodes as a 

result of the addition of a series resistance decreases the observed saturation current as 

shown in figure 5.14a.  In operation, the J-V curve obtained through the external circuit is 

accomplished by a resistance scan rather than an applied voltage scan as done for the 

dark J-V curve.  The additional series resistance has the effect of causing a pre-set 

voltage drop which decreases the short circuit current.  The series resistance causes a 

voltage drop opposing the voltage of the power source and therefore cannot be overcome 

in reverse bias which results in a decrease in the saturation current as well.  Linearizing 

the data, figure 5.14b, shows that an additional series resistance decreases E1/2, but does 

not appreciably affect nph over the range of resistances explored in this study.  In 

summary, an increased series resistance has the effect of reducing the saturation current 

as well as reducing the value of E1/2 without significantly altering the slope.  

 
    5.4.4.4    Interfacial  Potential Barriers 
 

When ITO is exposed to strong oxidizing acid etchants during the surface etching 

process, the freshly etched surface is temporarily in a more oxidized state than the bulk 

ITO.  The freshly etched surface has a greater work function than untreated ITO and  
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Figure 5.14  (a) Sigmoidal photocurrent and (b) linear plots of photocurrent for a 
photovoltaic with different external resistances added in series ranging from 0 to 33.0 
Ωcm2. 

(a) 

(b) 
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forms a barrier to hole collection rather than the ohmic contact commonly believed to 

form with PEDOT:PSS and hole transport materials.  Shortly after etching, the surface 

loses its stored oxidation potential as it shifts from equilibration with the etchant to 

equilibrate with the potential of the ambient environment by reacting with atmospheric 

species such as water and carbon dioxide.  This short lived oxidation potential can be 

locked in to the electrode by quickly applying PEDOT:PSS to produce a static potential 

barrier to hole collection in OPVs.  As the etched surface passivates during air exposure, 

the high work function barrier reduces.  Figure 5.15 shows the effect on the OPV 

photocurrent from various air exposure times prior to the application of PEDOT:PSS 

following the etching procedure.  While the saturation current does not change 

considerably upon air exposure, the linear plot reveals a trend of increasing E1/2 over time 

without an appreciable change in nph.  This trend is in contrast to that observed for a 

series resistance where both the saturation current and E1/2 decrease upon increased 

resistance.  With a series resistance, a greater separation field increases free charge 

carrier generation which in turn creates a greater current, thus causing a greater IR 

voltage drop through the series resistance.  An interfacial barrier, however, is a static 

potential drop and can be overcome by a greater applied separation field.   While a series 

resistance is a dynamic current dependant voltage drop, an interfacial barrier is a static 

cause a decrease in E1/2, but the saturation current attenuation results only from a 

resistance.  This distinction of E1/2 shifting with or without a change in the saturation 

current can be used to distinguish whether an experimental interface modification has the 

effect of producing only an interfacial barrier or a localized surface series resistance.        
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Figure 5.15    (a) Sigmoidal photocurrent and (b) linear plots of photocurrent for a 
photovoltaics when subjected to various air exposure times ranging from 5 to 60 seconds 
prior to the application of PEDOT:PSS following ITO etching with 12M HCl and 0.2M 
FeCl2.   
 

(a) 

(b) 
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    5.4.4.5    Layer Thickness 
 
 

Figure 5.16 shows a series of devices with 20 nm of CuPc and various C60 

thicknesses ranging from 20 to 80 nm.  Figure 5.17 shows a series of devices with 40 nm 

of C60 and various CuPc thicknesses ranging from 10 to 40 nm.  Both sets of data 

represent devices with the general structure of ITO/CuPc/C60/Al without the addition of 

PEDOT:PSS or BCP.  The interfacial modifiers were excluded to isolate the specific 

effects of the thickness of the donor and acceptor materials.  As this and other studies 

have shown, a consequence of excluding the interfacial modifiers is a significantly 

reduced value of E1/2.  According the Onsager theory and the various interpretations 

thereof, alteration of the device thickness should produce a change in the slope of the 

linear plot with nph increasing with thicker layers.  Many factors play a role in 

determining the value of nph such as the donor-acceptor LUMO offset, the active layer 

thickness, and the interfacial dielectric constant.  The directional nature of Pc films can 

have an affect on the apparent separation distance where an interface dominated by on-

end oriented (orthogonal) Pc stacks could feasibly produce a different electronic 

environment than an interface dominated by a lengthwise orientation.   This 

morphological variability can produce different values of nph from one deposition to 

another.  In order to circumvent this possible variation, the deposition for the thickness 

studies was specifically done to produce the same deposition for each heterojunction 

interface by altering the thickness deposition on the electrode oriented side in each case.  

In the CuPc study, for example, the thickest layer was started first and the thinnest layer 
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last with the ending film layer that comprises the heterojunction stopped simultaneously 

for all the devices to insure the heterojunction was same for all the devices.    

 
        5.4.4.5.1    C60 thickness 
 

 
Figure 5.16 shows a series of devices with 20 nm of CuPc and various C60 

thicknesses ranging from 20 to 80 nm.  Figure 5.16a illustrates the saturation increases as 

the C60 layer thickness increases, with the most notable trend occurring from 20 to 60 nm.  

Interestingly, when the data is plotted in linear form, neither the E1/2 value or the slope 

change considerably even when the total device thickness (anode to cathode) is more than 

doubled.   This study imparts a substantial variation to the dimensions of the device 

architecture.  The “voltage” depicted in the photocurrent equation (equation 5.7) is more 

realistically a representation of the field applied to the device and the photocurrent value 

of nph should show a change with the device thickness.  This phenomena was addressed 

with Monte Carlo simulations dealing with interfacial recombination.  In the context of 

the literature, greater photocurrent could be achieved by having a large mismatch in the 

mobilities of the donor and acceptor materials on each side of the heterojunction.  The 

greater photocurrent results from the non-limiting charge carrier, the fullerene in most 

donor-acceptor pairings,40, 167, 168 having a higher mobility and sampling a larger volume 

of material prior to returning to the heterojunction where it can recombine.  The larger 

volume sampled by the high mobility charge, the longer the slower charge has to diffuse 

away from the interface and avoid recombination.  The theoretical simulation 

demonstrated this principle by altering the mobility mismatch 
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Figure 5.16  (a) Sigmoidal photocurrent and (b) linear plots of photocurrent for a 
photovoltaics  with 20 nm of CuPc and various C60 thicknesses ranging from 20 to 80 
nm.  
 
 

(a) 

(b) 
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between the two materials.  For any two given materials, however, the same principle can 

be demonstrated by increasing the diffusion volume available for the high mobility 

charge.  Assuming the same interfacial free charge carrier population for each thickness, 

increasing the thickness of the C60 layer increases the volume through which the charge 

population can sample, thus decreasing the localized concentration available for 

recombination at the heterojunction.  Increasing the C60 thickness therefore has the 

apparent effect of decreasing the recombination concentration, much like increasing the 

generation concentration with illumination intensity which yields similar results of 

changing the saturation current without significantly altering E1/2 or nph.       

 
        5.4.4.5.2    CuPc thickness 

 
 Figure 5.17 shows a series of devices with 40 nm of C60 and various CuPc 

thicknesses ranging from 10 to 40 nm.  The linear photocurrent plot, figure 5.17a shows 

the saturation current increases with increasing CuPc thickness.  In the linear plot, figure 

5.17b, shows that increasing the CuPc thickness also decreases the slope resulting in a 

greater value of nph.  This result coincides with the trend predicted from the various forms 

of charge separation theory where the value of nph is a measure of the active layer 

thickness per apparent separation distance.  Assuming the apparent separation distance is 

only determined by the material energetics of the heterojunction interface, the change in 

the slope for any donor-acceptor pair can only be the result of altering the applied field by 

changing the active layer thickness.  In contrast to changing the C60 thickness,  
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Figure 5.17  (a) Sigmoidal photocurrent and (b) linear plots of photocurrent for a 
photovoltaics with 40 nm of C60 and various CuPc thicknesses ranging from 10 to 40 nm. 

(a) 

(b) 
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which showed no significant change in the slope, changing the CuPc thickness produces a 

substantial slope trend not seen with the other device alterations.  This evidence indicates 

that the majority of the voltage is indeed dropped across the CuPc layer and the voltage 

dependence of the photocurrent resides primarily, if not entirely, in the donor layer.     

 Figure 5.17 illustrates that changing the CuPc thickness not only affects nph, but 

also has a significant effect on both the saturation current and E1/2.  The general trend 

observed from this study is that increasing the CuPc thickness leads to more efficient 

photocurrent production.  The device structure utilizing 20nm of CuPc is the optimized 

value found by engineering efforts of the Forrest group who use a stylus profilometer to 

gauge film thickness rather than an atomic force microscope as is used for these studies.  

Profilometers tend to impart a much greater compression force when measuring thickness 

and very well may compress soft samples such as organic films resulting in a thinner 

reported value than what is actually present.  Such a discrepancy in underestimating film 

thickness could explain how a thicker CuPc film could produce a more efficient device.     

The increased thickness of CuPc producing a greater photocurrent also points to 

another important aspect of photovoltaic design of placing the heterojunction at a 

distance from the ITO electrode which is greater than the exciton diffusion length.  

Photon intensity and therefore exciton generation is at a maximum at the front surface of 

the device directly adjacent to the ITO electrode.  Theoretically the greatest photocurrent 

generation would arise from this high concentration of excitons reaching the 

heterojunction interface by diffusion for separation into free charge carriers.  The design 

of efficient photovoltaics, however, consistently puts the heterojunction interface at a 
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distance greater than the exciton diffusion length away from the ITO surface.  This 

evidence implies that there is a specific recombination event associated with the 

proximity of the ITO electrode to the heterojunction interface.   This recombination effect 

may be enhanced for these specific devices because PEDOT:PSS was not used in this 

study.  

 
Increasing the C60 thickness increases the overall photocurrent without 

significantly altering the nph or E1/2 values.  Varying the C60 thickness has an effect on the 

photocurrent similar to that of illumination intensity.   Using Monte Carlo simulations, 

Peumans and Forrest noted that interfacial recombination is affected by the non-limiting 

carrier’s propensity to diffuse back to the heterojunction after the initial separation.  With 

limited voltage drop across the C60 layer and holes being the limiting reactant, the free 

electrons randomly move throughout the layer until a hole is collected and transported to 

the cathode to become available for recombination with a free electron.  Assuming the 

same       

 

5.5    Conclusion 

 
This work encompasses an analysis methodology for the investigation of the 

voltage dependent photocurrent produced by CuPc/C60 based organic photovoltaics.  This 

method specifically addresses the power producing photocurrent of the photovoltaic 

circuit and allows for a more detailed interpretation of photovoltaic data than 

conventional means.  The strength of this analysis is that the underlying photocurrent 
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characteristics of the device can be easily be manipulated into a simple, linear 

representation.  In this form, the parameters of the photocurrent can be extracted and 

evaluated for a complete analysis of the system. This treatment of the data is simple 

enough to be routinely implemented for a detailed and accurate analysis of OPV 

photocurrent.  

The theory of charged pair separation in low dielectric media reveals some insight 

into the voltage dependent nature of photocurrent generation.  This approach, however, is 

somewhat limited in completely describing the photocurrent behavior by the constraints 

of the specificity within the theory’s derivation for non-photovoltaic systems which do 

not include the added complexities of a multilayered structure, a non-zero voltage 

reference point, and the multiple energy levels associated with the various materials and 

electrodes.   To further our understanding of how and why the photocurrent produces its 

characteristic features, several controlled experimental modifications were performed to 

illustrate how certain device characteristics affect parameters of the photocurrent. 

The saturation current, Jhi, is a combination of the exciton current reaching the 

heterojunction interface, the voltage dependent charge separation efficiency, series 

resistances, and any recombination current encountered by the free charge carriers in 

their pathway to collection at the electrodes.  E1/2 has a theoretical maximum determined 

by the energetic offset between the HOMO of the donor and the LUMO of the acceptor, 

but is reduced by factors beyond the heterojunction interface such as the electrode 

energetics, series resistances, and recombination pathways. The value of nph is primarily 

determined by the material properties and potential field present at the heterojunction 
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interface.  Charge separation theory points to a physical interpretation of the value of nph 

being equivalent to the active layer thickness divided by the apparent separation distance.   

The important factors involved in the apparent separation distance are the dielectric 

constant of the donor and acceptor materials, interfacial morphology, the directional 

orientation of the charged pair, and the LUMO-LUMO offset of the donor and acceptor. 

The results observed in the experimental device modifications reveal some 

characteristic trends about how different device features affect the fundamental 

parameters of the photocurrent.  The illumination intensity supplies the photon 

concentration available for free charge carrier generation.  Changing the illumination 

intensity alters the photocurrent generation at all voltages and does not affect the values 

of E1/2 or nph.   The etching equilibration time and series resistance studies illustrate the 

effects of different types of voltage drops away from the heterojunction interface.  A 

series resistance is a dynamic voltage drop and affects both the saturation current and 

E1/2, but does not alter nph.  An interfacial barrier, however, is a static voltage drop and 

only affects E1/2, but can be overcome with a greater separation field and does not detract 

from the saturation current.  The thickness studies demonstrate that the voltage of the 

device is primarily dropped across the CuPc donor layer by nph only changing when the 

donor layer thickness is altered while remaining constant when altering the acceptor layer 

thickness.  Altering the acceptor layer thickness has the effect of changing the volume 

sampled by the electrons and alters the concentration of countercharge available for 

recombination with the less mobile holes at the heterojunction.  The effect of the acceptor 
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layer thickness is similar to illumination intensity in that the saturation current changes, 

but E1/2 and nph remain fairly constant.       

The analytical methodology presented herein allows for easy measurement and 

accurate fitting of the sigmoidal photocurrent produced by planar heterojunctions by 

describing the data with a simplified expression involving only a few concise terms.  

Linear plotting of the photocurrent allows for accurate measurement of the fundamental 

parameters defining the shape of the photocurrent that ultimately determine the power 

conversion efficiency of the photovoltaic.  Interpretation of photocurrent by these means 

leads to a more in depth understanding of the device properties affecting solar power 

production.  The findings in this work will hopefully assist in the analytical interpretation 

of photovoltaic data and serve to clarify the underlying nature of beneficial device 

modifications in future OPV studies. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE DIRECTIONS 

  

6.1  Acid Etching ITO 

Treating ITO with aggressive oxidizing acid etchants has shown to significantly 

enhance the electronic activity of the electrode by removing the top-most surface layers 

which  typically contain contaminants and insulating surface moieties.  While plasma 

treating removes some of the adventitious contaminants, the method appears to 

selectively etch some of the insulating surface oxides while leaving  a substantial portion 

of the surface covered with insulating species.  Acid etching non-selectively etches the 

entire surface, removing both the carbonaceous contaminants and the insulating surface 

oxides to produce a more homogeneous surface with greater density of electronically 

active sites with fairly uniform coverage.  The etching method produces a greater 

uniformity of electronically active site density of the ITO surface over the conventional 

methods commonly used.   

The etching technique has the distinct practical advantage of increasing the 

consistency of OPV device behavior.  Variability in OPV research from device to device 

often inhibits the analytical interpretation of experimental modifications and reducing this 

variability enables a greater understanding of research efforts which ultimately advance 

the field of OPVs.  The additional uniformity of ITO active site density also allows for 

the fabrication of larger area OPVs.  Large area devices are advantageous for 

implementing OPVs into more practical applications beyond the basic device testing 
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format.  The benefits of increased OPV consistency for basic research purposes and the 

additional advantages of large area OPV production make the pretreatment method of 

acid etching ITO a highly valuable technique in the advancement of OPV technology.  

The benefits of the acid etching technique have already been realized and this method is 

routinely implemented in research efforts for OPVs and other technologies employing 

ITO. 

 
6.2  Integrated Sensing Platform 

 
    6.2.1  Future Directions 

 
        6.2.1.1  Overview 

 
The primary focus of this initial work on the integrated optical platform was to 

establish proof of concept and to explore and characterize a few of the capabilities of this 

novel optical sensing system.  While this primary goal was accomplished, the studies also 

revealed many of the unforeseen limitations of the system arising from both the data 

processing capabilities as well as some of the complications inherent to the integrated 

coupling scheme.  While such limitations hindered a more comprehensive interrogation 

of this specific platform, they established an understanding of the pertinent aspects to be 

addressed and improved upon for designing the future generations of this platform.  The 

following sections address several limitations of this initial design and suggests some 

possible means to reduce these limitations in future work as well as propose a few 

alternative applications of integrated device coupling.   
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        6.2.1.2   Thin Polymer Substrates 

 
The integrated OLED light source eliminates the need for additional coupling 

optics, but this convenience comes at the expense of loss of control over the internally 

reflected power profile.  With integrated coupling, all possible internal reflection 

propagation pathways are occupied to some degree.  A significant portion of this light 

does not interact with the sample, but does interact with the detector leading to stray light 

values upwards of 40% of the overall detector response for a water based sample.  With 

the detector’s output gain amplifier selected to encompass the entire range of input 

power, the low signal measurements were obtained on top of a substantial background 

intensity from the stray light.  Although the signal intensities investigated here were 

discernable, the noise produced by the gain amplifier will ultimately limit the sensitivity 

of samples producing a lower range of signal intensities. 

 A design strategy to improve the signal to noise ratio of future generation devices 

is to reduce the stray light.  The most direct route to accomplish this is to increase the 

interaction profile of the sample.  The sample’s interaction profile can be increased by 

lengthening the sample coverage between the source and the detector, but this ultimately 

leads to a longer substrate.  A more practical method, resulting in the same effect, is to 

reduce the thickness of the guiding substrate.  Reducing the thickness of a brittle 

substrate material like glass, however,  limits the structural integrity of the platform.  In 

order to reduce the substrate thickness while also maintaining mechanical stability, the 

platform should ideally be fabricated on a thin polymer substrate.  The polymer selected 

should have a high index of refraction to optimize the coupling from the integrated source 
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with low absorbance of the electroluminescent spectrum.  This design improvement 

should significantly reduce the system’s stray light contribution resulting in a higher 

signal to noise ratio. 

 The limited sample interaction profile of the prototype design also limited the 

platform’s sensitivity to detect absorbing solutions.  Despite numerous attempts to detect 

solution based absorbing species to obtain a Beer’s law relationship, the low interaction 

profile limited the effective pathlength to the point that no discernable trend in such 

experiments could be observed.  Increasing the effective pathlength by reducing the 

substrate thickness should increase the signal response enough to detect absorbance’s 

from such solutions.            

 

    6.2.1.3  Encapsulation 

 
The initial experiments on the integrated platform were carried out under ambient 

atmospheric conditions.  The performance of both OLEDs and OPVs degrades upon 

exposure to atmospheric water and oxygen.  This degradation results in limited lifetimes 

of the devices, with overall failure occurring within a few hours after initial exposure 

depending on frequency of operation over this time period.  Fortunately, this degradation 

effect is slow enough not to be apparent over the course of experimental characterization 

times which were typically performed as fast as possible.  To minimize device 

degradation during the initial characterization, the OLED and OPV were covered with 

Scotch tape as a simple means of protection from the environment.  This protection easily 

doubled the lifetime and allowed for a more thorough investigation of the system’s 
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analytical response.  While this “encapsulation” method was simple and effective, the 

tape provided an additional optical interference from scattering and/or refractive out-

coupling which could possibly result in an erroneous response.  Once a discernable 

response for a given experiment was observed from a device with encapsulation, another 

platform was fabricated and the experiment was repeated without device encapsulation to 

insure the observed response was a true measure of the integrated system without 

additional interference.  The results of this initial study reveal that a proper device 

encapsulation method with minimal optical interference is a necessary requirement for 

the long term stability and success of future generations of this platform. 

 

    6.2.1.4  Platform Characterization by Surface Confined Absorbing Species  

 
 The platform’s strong response to the electrochromism of heptyl viologen 

provided the preliminary evidence to established the platform’s ability to detect 

absorbance changes caused by species adsorbing to the surface as well as its utility for 

spectro-electrochemical applications.  While this experiment provided the fundamental 

proof of concept, it is far from ideal in characterizing the response of the platform itself.  

Ideally, the absorbing film would have a constant thickness, a refractive index which 

closely matches the bulk superstrate solution, and have a simple electrochromic 

mechanism.  Minimizing the unknown parameters of the sample is a key requirement in 

elucidating the unknown response of the integrated system which is inherently complex 

because of the wide array of incident internal angles, the non-linear incident power 

profile, and the system’s unavoidable refractometric response.  Many factors working in 
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conjunction limited this initial analysis from a more thorough interrogation of the sensing 

capabilities of the platform.  The slow potential scan (5 mV/s) of the heptyl viologen 

experiment was necessary to match the slow sampling rate of the integrated platform’s 

data acquisition program.  Faster sampling rates were attempted, but with the 

combination of low sample interaction, the detector’s low signal output, and inherently 

high stray light, the reduced integration time of acquisition resulted in high enough noise 

to severely convolute the experimental data.  Future designs should strive for a higher 

sample interaction profile to increase the sensitivity and reduce the stray light, as well as 

design a data acquisition method specifically suited for low light measurements.   

Heptyl viologen, while invoking a strong absorbance response, is far from ideal in 

characterizing the system’s sensitivity in terms of the effective pathlength from the 

evanescent field.  One requirement for such analysis is that the adsorbed film’s index of 

refraction not differ significantly from that of the bulk superstrate solution.  This 

requirement is not met, as pure bipyridial moieties typically have a refractive index 

around 1.6.  Another requirement is that the thickness of the adsorbed film not exceed 

one tenth of the penetration depth of the evanescent field.  With a distribution of incident 

internal angles comes a distribution of evanescent penetration depths and meeting this 

requirement comes into question with complications arising from determining the film’s 

thickness, which is not assumed to be constant over the course of the experiment. The 

thickness of the film would ideally be obtained by integrating the charge passed during 

deposition.  The validity of this type of measurement is called into question for heptyl 

viologen because a substantial background current is observed during the prewave, with 
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no corresponding optical response, for solutions containing only the KBr electrolyte.  The 

complex nature of the electrochromism of heptyl viologen in combination with the 

complex evanescent sensing response of the integrated platform made this experiment 

limited as a means to interrogate system’s response.  Several attempts were made to 

characterize the sensing capabilities of the integrated platform with less complex surface 

adsorbed and solution based absorbing species such as bromophenol blue, methylene 

blue, blue dextran, and Reichardt’s dye but yielded no discernable response.  Further 

characterization of the integrated platform’s sensing capabilities should become available 

though optimizing the detector interaction and reducing stray light with a thinner 

substrate and designing the data acquisition specific to the low light requirements of the 

system.  While the heptyl viologen experiment was far from ideal in terms of fully 

characterizing the system, it did establish the platform’s capabilities for absorbance 

detection and functionality with an integrated electro-active sensor, as well as reveal 

many of the limitations to be addressed and improved upon in future designs.   

 

    6.2.1.5  Integrated Spectroscopy 

 
 The study of the integrated platform involved only the single spectrum of 

aluminum quinolate electroluminescence.  The data obtained on this platform contains no 

information about the absorbance spectra of the superstrate analyte and is limited only to 

the magnitude of optical power.  The platform studied here is capable of photometry, but 

not a spectroscopy.  One way to further enhance the capabilities of this platform is to 

employ multiple OLEDs of different colors to cover a larger range of the visible spectrum 
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with selective control over which spectrum is probing the sample.  As a first, broad stroke 

attempt, one red, one green, and one blue OLED could be fabricated as a multicolor light 

source.  General RGB spectroscopic information could be obtained on such a platform.  

A more elegant approach used by the Winnewisser group is to fabricate a photodiode 

array with an integrated grating on the opposing side of the substrate from the detector 

array.  With this format the wavelength selection is performed at the detector.  The light 

source for such a device could be a single, white electrophosphorescent OLED to produce 

broadband emission.  Such a device would require lithographic patterning of the 

photodiode array with ink-jet printed OPVs.  Such a platform is a technical challenge, but 

demonstrates the capabilities of this integrated technology.      

 

    6.2.1.6  Alternative Designs 

 
 The prototype integrated platform was primarily designed for basic function to 

achieve the goal of obtaining initial characterization to demonstrate the proof of concept.   

for initial characterization.  within the confines of the capabilities available at the time.  

This design was limited by the confines of the fabrication capabilities available at the 

time.  The success of this initial study has brought about evidence that alternative 

platform structures could be successfully employed to further utilize the innate 

capabilities of this system.   

First, the amount of internally reflected light used in the device is defined by the 

radial collection angle of the detector.  The detector in the prototype design radially 

collects less than 10% of the totally internally reflected light.  The remaining light could 
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also be used for multiple sensors/detectors placed in a circular array around a central light 

source, figure 6.1a.  Employing an array of multiple analyte specific colorimetric sensors, 

the platform could perform simultaneous analysis on a wide range of analytes.  This 

design has the possibility of being fabricated at a low enough cost to produce an on site 

disposable sensor for screening an entire array of common environmental contaminants.  

Such a device would require considerable sensor engineering, but the real world 

applicability of such a device is definitely an attractive option for consideration in future 

development.     

 As mentioned earlier, the integrated platform’s sensitivity is limited by 

low interaction with the sample.  The sample area in the initial design is limited to the 

available substrate between the source and the detector.  The nature of integrated OLED 

coupling allows for alternative device layouts where the source, sensor, and detector do 

not have to directly line up.   Figure 6.1b illustrates such an alternate design with several 

possible advantages over the typical linear format.  In this design, the source and the 

detector are placed side by side with a slit cut in the substrate between the two.  The 

inside of the slit is blackened with a suitable material to eliminate direct cross-talk 

between the devices.  A certain distance below the devices the substrate is beveled with 

two 45° wedges and the edges of the substrate are then polished to a mirror finish.  The 

source to detector communication propagates through the double angle pathway shown in 

the figure.  While the radial collection angle for this scheme is only 6.4°, the sample 

interaction area is significantly enhanced.  The main advantage of this design is that it  
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Figure 6.1  Alternative designs for the integrated sensing platform including (a) a radial 
multi-sensor array and (b) an extended probe ATR sensor design.    
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does not require a sample cell affixed to the surface, but rather the active sensing area is 

submerged into the sample itself.  This alternative platform design could be implemented 

with minimal sample preparation and increased ease of use for bench top and field 

applications. 

 
    6.2.2  Conclusion 

This work successfully demonstrates a novel ATR sensing platform that utilizes 

an OLED as the light source and an OPV as the detector integrated directly onto the 

sensing element.  Despite many challenges, proof of concept was soundly established for 

this promising technology.  The integrated platform was successfully demonstrated to 

work for both refractometry and ATR absorpto-voltammetry of surface bound electro-

active chromophores.  Furthermore, this work encompasses the necessary design features 

required to produce a high rate of success in device fabrication, optimized device to 

device coupling, and obtain a high responsivity of the total internal reflection sensing 

element.  The general design employed for this initial prototype defines a functional 

blueprint for the success of this project and explores the relevant factors to be addressed 

and improved upon in future designs.  The design features and analytical sensing 

response demonstrated in this work establish the basic scientific foundation of this 

platform and will hopefully continue to be used for the future advancements of this 

unique and versatile technology.   
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6.3  Photocurrent Analysis 
 

Analysis of the voltage dependent photocurrent is an integral part of organic 

photovoltaic research.  This work encompasses an analysis methodology for the 

photocurrent produced by CuPc/C60 based OPVs.  This method allows for a more in-

depth analysis of photovoltaic data than conventional means by simplifying the 

photocurrent into a linear expression.  Linearizing the photocurrent allows for accurate 

measurement of the fundamental parameters defining the shape of the photocurrent that 

ultimately determine the power conversion efficiency of the photovoltaic.  The strength 

of this method is that the parameters of the photocurrent can be deduced from a few 

concise terms that can be easily extracted and evaluated for a more complete analysis of 

the system.  The measured photocurrent parameters and the empirical photocurrent 

equation consistently produce excellent quality to the experimental photocurrent data 

which also allows for accurate fitting of the complete illuminated photovoltaic data.  This 

treatment of the data is simple enough to be routinely implemented for a detailed and 

accurate analysis of OPV photocurrent. 

To gain insight into the physical device features responsible for each of the measured 

photocurrent parameters, we have investigated a combination of theoretical modeling for 

charge separation in low dielectric media and experimental evidence from device 

modifications to obtain a general understanding of the mechanism of photocurrent 

production.  These studies revealed several interesting trends and qualitatively show that 

the slope in the linear form is determined by the properties of the heterojunction interface 

including the dielectric constants, the charge separation distance, the donor-acceptor 
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LUMO offset, and the thickness of the charge transport limiting layer.  Generation and 

recombination at the heterojunction interface affect the saturation current, but do not 

significantly alter the position or slope in the linear plot.  The maximum potential of 

photocurrent production is determined by a combination of the donor-acceptor HOMO-

LUMO offset as well as the series resistance, potential barriers at the electrodes, and 

recombination events following interfacial charge separation.  The methodology used for 

photocurrent data analysis and the evaluation thereof outline in this work will hopefully 

assist in the analytical interpretation of photovoltaic data and serve to simplify OPV 

analysis and clarify the understanding of the underlying nature of beneficial device 

modifications in future OPV studies. 
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APPENDIX A: PHOTOVOLTAIC ANALYSIS METHODS 

 
    A.1  Ideal Dark Diode Characteristics 
 

The work encompassed in the previous chapters is based on the various opto-

electronic functions of organic diodes.  The analysis of all the devices discussed herein is 

founded on the basic principles of diode characteristics.  The most rudimentary function 

of the diode is current rectification, that is, flowing a large amount of current when a 

forward bias voltage is applied to the device while flowing very little current under 

reverse bias.  The idealized current density-voltage (J-V) behavior of diodes originates 

from the principles of thermionic emission and is described with the Shockley equation.   

Thermionic emission depicts the diode’s limiting interfacial charge injection from 

a metal electrode into the band structure of an organic semiconductor in terms of an 

incident charge density encountering an abrupt energetic barrier greater than a few kT.  

The electrode’s charge density is thermally distributed into a Fermi distribution and 

equilibrated about the Fermi level of the electrode.  Considering only the majority carrier 

encountering a significant energy barrier, the Fermi distribution is approximated as a 

Boltzmann distribution.12, 169  At equilibrium and assuming ohmic contacts, the 

electrode’s Fermi level is energetically aligned with the Fermi level of the materials 

throughout the device. Of all the interfacial charge density, only a portion has enough 

thermal energy to surmount the interfacial barrier energy, φb. The barrier height 

(activation energy) to be surmounted for non-equilibrium charge injection is determined 

by the energetic difference between the Fermi level of the electrode and, in the case of  
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Figure A.1   Ideal dark J-V response of a diode with the idealized equivalent circuit in 
the inset showing an exponential current dependence on the applied voltage.   
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electron injection, the lowest unoccupied molecular orbital (LUMO) of the organic 

material.  This example is equally valid for the injection of holes from the anode into the 

valence band of an organic where the barrier is defined by the difference between the 

anode Fermi level and the organic’s highest unoccupied molecular orbital (HOMO).    

The basic J-V behavior of a diode under forward bias is an exponential current 

dependence on the bias voltage shown in figure A.1.  This current-voltage behavior 

typically described with the Shockley equation, 

                                                )1(0 −= nkT
V

eJJ                                                   (A.1)     

where J0 is the reverse saturation current density, n is the ideality factor, k is the 

Boltzmann constant per elementary charge, and T is the absolute temperature.  The two 

factors specific to describing the diode behavior are the reverse saturation current and the 

ideality factor; both are the measurable parameters of more complex physical 

phenomena.  The reverse saturation current is a measure of a combination of factors 

including the barrier height (activation energy) to charge injection, the active area, the 

absolute temperature, the equilibrium interfacial charge density, and the zero field charge 

mobility.  In Schottky barrier cells, where there is only one significant barrier to charge 

injection, the reverse saturation current is approximated as 
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where T is the absolute temperature, k is the boltzmann constant per charge, φb is the 

barrier height to charge injection, and A* is the empirically measured effective 
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Richardson constant with units of Amps/(cm2K2).15  This relation shows that the reverse 

saturation current for charge injection is exponentially related to the barrier height.  

Closely matching the input (electrode) Fermi to the semiconductor’s acceptor level 

(LUMO for electron injection) causes high saturation currents and thus, high diode 

currents. 

The ideality factor is a measure of the voltage proportionality applied to the 

observed limiting diode current.  The ideality factor has a theoretical minimum of unity, 

but typically has a value around 2.0 ± 0.3 for organic diodes.13, 18, 154, 170  Ideality factors 

greater than unity are general attributed to recombination processes acting on the injected 

current through trapping pathways as a result of adventitious dopants or material defects; 

both of which are common in amorphous organic thin films.12, 13, 32, 171    

 The reverse saturation current and ideality factor are measured from the Y-

intercept and the slope, respectively,  from the forward bias region of the semi-log plot 

shown in figure A.2 where the Shockley equation takes the following form. 

                                                   )ln()ln( 0J
nkT
VJ +=                                            (A.3) 

   
    A.2  Real Dark Diode Characteristics 
 

The current-voltage characteristics of real diodes contain more complex behavior 

than that described by the basic Shockley equation.  The equivalent circuit of real diodes 

contains an additional resistance in series with the diode (Rs), as well as a shunt 

resistance (Rp) in parallel with the diode pathway.  The addition of these resistances 

results in the modified Shockley equation, equation A.4, where A is the device area.                             
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Figure A.2  Semi-log plot of the dark response of an ideal diode (open symbols) and the 
fit to the linear region (solid line) illustrating the measured parameters of the reverse 
saturation current (J0) and the ideality factor (n) taken from the Y-intercept and the slope 
respectively. 
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The series and parallel nature of the resistances and their effect on the observed 

behavior is most evident in the curvature trends of the semi-log plot, figure A.3.  At any 

point in a J-V curve, the observed behavior is determined by the rate limiting step of the 

least impeding parallel pathway.  The least impeding pathway allows the largest current 

density to flow which dominates the observed J-V behavior.  Under low forward or 

reverse bias, the shunt pathway is the largest parallel current in the circuit and thus 

dominates the observed behavior.  Further increasing the applied voltage increases the 

current density of the diode enough to surpass the shunt pathway as the least impeding 

route through the device.  A current dominance takeover from a parallel circuit element 

results in a visually evident increase in the slope of the semi-log plot from that of the 

previous trend.  Any trend deviation resulting in an increased slope is indicative of a 

current dominance takeover between two parallel circuit elements.   

Increasing the forward bias even further through the diode dominated region 

results in another type of trend deviation caused by the series resistance.  The series 

resistance causes a current dependent voltage drop in series with the diode.  This voltage 

drop reduces the amount of the applied voltage contributing to the rate limiting diode 

reaction.  The diode reaction itself is still the rate limiting step through the  pathway, but 

the driving force applied to that reaction is reduced by the series resistance.  The linear 

diode trend in the semi-log plot deviates from linearity in a gradual reduction of the slope 

towards a logarithmic curve at higher potentials as the voltage drop across the series  



 

 

216 

 

Figure A.3  Semi-log plot comparing the theoretical dark response of an ideal diode 
(open symbols) and a real diode (solid line) illustrating the departure from ideality caused 
by the series (Rs) and shunt (Rp) resistances as shown in the modified equivalent circuit 
displayed in the inset. 
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resistance increases with increasing diode current.  Special attention should be paid to the 

different nature of the trend deviation for a series versus parallel relationship to the diode.   

A current dominance takeover from a parallel circuit entity results in an increase the 

semi-log slope of the observed data.  A series impedance causes a reduction in the semi-

log slope from that of the previous trend.  In short; the semi-log plot turns up as a result 

of a low impedance parallel pathway, the plot bends over as a result of a series 

impedance limiting the diode current.    

Both the shunt and series resistances are, by definition, ohmic and thus produce a 

linear trend in the linear current-voltage plot while the diode current is exponential.  In 

the semi-log plot, however, the diode current becomes linear and the resistance 

influenced currents become logarithmic with respect to applied bias.  The directional 

nature of the deviation from any given trend reveals the series and parallel relationship of 

the circuit entities involved.  The curvature of any sustained trend reveals the identity of 

the limiting impedances producing that trend.   

The preceding methodology of diode analysis consistently shows good agreement 

between the observed data, the equivalent circuit, and the modified Shockley equation 

used to describe the data.  Applying this method of measurement and interpretation leads 

to accurate fitting of the observed J-V behavior as illustrated in figure A.4.  This method 

allows for identification and analysis of the generalized circuit parameters for the 

interpretation of the opto-electronic function of interest, specifically solar energy 

production from organic photovoltaics.   
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Figure A.4  Semi-log comparing the dark diode response of experimental data (open 
symbols) and the fitted model (solid line) using equation A.4 with the values shown in 
the inset illustrating the accuracy of the model to the data.  
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    A.3  Two Diodes In Parallel 
 

Amorphous semiconducting materials combined with heterogeneous electrode 

morphology can produce two, or more, types of diode characteristics in parallel to each 

other.  The current-voltage characteristic of any two parallel circuit entities is modeled 

simply by adding the two individual currents.  For two parallel diodes with an additional 

shunt resistance and no series resistance, the defining equation is   

 

                         AR
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01                         (A.5) 

 
where the subscripts represent the individual diodes.  The presence of two parallel diodes 

is only apparent when the two diodes have significantly different reverse saturation 

currents and different ideality factors otherwise only the least impeding pathway will be 

observed.  Specifically, in order to observe the characteristics of two parallel diodes, one 

diode must have a higher reverse saturation current and a higher ideality factor as shown 

in the semi-log plot in figure A.5.  The parallel nature of the two pathways is evident in 

the characteristic increase in slope between the two linear regions.  The circuit in figure 

A.5 contains three total parallel entities in the shunt and the two diodes.  The overall 

trend starting at zero bias and increasing the forward bias illustrates the current takeover 

from the shunt to the first diode, then the takeover of one diode to the next.  Measuring 

the parameters of J0 and n of each diode is the same procedure as that established for a 

single diode.   
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Figure A.5  Semi-log plot of two diodes and a shunt resistance in parallel as in the 
equivalent circuit shown in the inset.  The currents of the individual components of the 
two diodes (solid green and blue lines) and the shunt resistance (solid red line) add 
linearly to produce the total circuit current (black dotted line). 
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    A.4  Consecutive Diodes In Series 

 Two diodes in series have a limiting effect on the current-voltage curve causing a 

reduction in the current trend at higher voltages as seen in the semi-log plot in figure A.6 

as a result of traversing two barriers through the device.  The requisite for two reactions 

in series is that the total observed current is the same through each diode.  Equation A.6 

describes the current-voltage behavior of two consecutive reactions such as ABP, 

where the product, P, is the current.    

                                SIR
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The effect of the second diode is a voltage drop on the first diode similar to the series 

resistance.  While this circuit arrangement satisfies the requirement of a single current 

through the device, it lacks practicality as the second impedance does not become 

apparent until the current through the first diode exceed the saturation current of the 

second.  A second step through the device should produce an impedance on the first 

diode even if it is not specifically the rate limiting step, therefore this type of analysis is 

somewhat impractical for a P-N junction diode where the overall reaction is a second 

order bimolecular-type recombination.   
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Figure A.6  Semi-log plot of two diodes and a resistance in series as shown in the 
equivalent circuit in the inset.  The voltage drops of the individual components of the two 
diodes (solid green and blue lines) and the series resistance sum to comprise the total 
voltage drop across the electrodes to produce the total circuit current (black dotted line). 
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    A.5  Second Order Series Diode 
 
 A more practical arrangement of two diodes in series treats the overall reaction as 

a bimolecular second order reaction where the two barriers are the activation energies for 

injection of each type of charge, holes and electrons, from each of the two electrodes.  

The reaction scheme for this type of behavior follows a second order rate limiting 

mechanism for bimolecular recombination of holes and electrons, A + B  P.  This 

reaction does exhibit the effect of both rates on the overall current.  The lesser of the two 

rates defines the overall current observed through the device with a distinct crossover 

region when the rate limiting step changes from one charge carrier to the other, figure 

A.7.  The series resistance has been excluded in figure A.7 for visual clarity.  Diode 

currents in parallel add linearly, while diode currents in a second order series 

configuration of a PN junction add inversely to produce to total observed current, 

equation A.7.   
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,
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totald JJ
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+

=                                             (A.7) 

This methodology is highly practical when dealing with diodes without the typical 

surface modifiers such as PEDOT:PSS and BCP because injection of both charges is not 

very facile and constitutes the limiting step(s) to the system.  The second order behavior 

often arises when both interfaces are unmodified and the limiting charge injection step 

transfers between the two types of charges.  The data shown in this example cannot be fit 

with a single diodes in series with a resistance, nor can it be adequately fit using a space  
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Figure A.7  Semi-log plot a second order diode and a shunt resistance shown in the 
equivalent circuit in the inset.  The rate limiting current of the of the two diodes (solid 
green and blue lines) limit the overall current and dominate the characteristic of the total 
diode (black dotted line). 
 

 

 

 

 

 

 

1 

2 



 

 

225 

charge limited current (SCLC) model at higher bias.  The SCLC method produces a 

voltage dropping mechanism in series with the diode similar to a series resistance, but 

with a V2 dependence rather than a first order dependence of a simple resistance.  It is 

often assumed that any reduction in the slope that is not properly fit by a series resistance 

is automatically SCLC, but applying that type of methodology often results is poor fits, 

although better than applying a simple series resistance.168, 172-177  The second 

characteristic trend with increasing forward bias which deviates from the first diode at 

around 0.4 V is far too linear to be sufficiently fit with a resistor or an SCLC element, 

whereas the second order diode model of equation A.7 along with an additional series 

resistance consistently produces excellent quality fits for actual data as shown in figure 

A.8.     

 

    A.6  Conventional Analysis Of Illuminated Photovoltaics 
 

Upon illumination of a photodiode, the characteristic dark diode J-V vertically 

drops into the fourth quadrant by an amount of the additional photocurrent.  The 

conventional treatment of the illuminated J-V curve used for conventional solar cells is to 

assume the same dark diode J-V characteristics with an additional photocurrent as a 

voltage independent constant.  Typically, the illuminated J-V curve is empirically 

characterized  by the short circuit photocurrent, Jsc, obtained at V = 0, the open circuit 

photovoltage, Voc, obtained at J = 0, the maximum power point, Pmax, where the product 

of the photocurrent and the voltage reaches its absolute value maximum in the fourth 

quadrant, and the fill factor, FF, which is the maximum power divided by the product of 
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Figure A.8    Semi-log plot comparing experimental data (open symbols) and a fitted 
model (solid black line) using the second order diode model using two diodes (solid 
green and blue lines) and a series resistance using equation A.7. 
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the short circuit current density and the open circuit photovoltage as shown below for the 

values  illustrated in figure A.9.   

                                                              
ocscVJ

P
FF max=                                                     (A.8) 

The fill factor is a general measurement of the sharpness of curvature in the fourth 

quadrant, with a higher fill factor generally being more desirable for greater power 

output.  This type of analysis is valid for any illuminated photovoltaic, but carries with it  

the generality of ignoring the intricacies of the processes involved in photocurrent 

production.  This methodology is adequate for the most general analysis but reveals little 

about the underlying principles that ultimately determine the factors that produce 

efficient photovoltaics. 

 

      A.7  Diode Parameter Effects On Photovoltaic Performance 

 The characteristic parameters of the dark diode, n and I0, reflect the injection and 

transport properties of the interfaces and materials of the device.  While less impedance is 

desirable for extraction of the photocurrent from the heterojunction interface, it also 

results in greater dark current which opposes the photocurrent.  The characteristics of the 

dark diode can severely limit the power producing capabilities of the photovoltaic.  

Employing the naive approach of a voltage independent photocurrent, Figure A.10 

illustrates the affects of different values of the reverse saturation current on photovoltaic 

performance.  The reverse saturation current is the exponential prefactor of the Shockley 

equation and represents the density of parallel current pathways through the device as it 
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Figure A.9   Dark (solid line) and illuminated (open symbols) J-V curves of a typical 
organic photovoltaic illustrating the values of the short circuit current density (Jsc), the 
maximum power point (Pmax) and the open circuit voltage (Voc). 
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Figure A.10  Illuminated response of a photovoltaic with a constant ideality factor and 
different reverse saturation current values illustrating the characteristic trends in Voc, 
Pmax, and FF. 
 
 
 
 
 
 
 
 
 
 
 
Table A.1  Calculated open circuit voltage, maximum power output and fill factor for 
illuminated photovoltaics with a constant ideality factor and short circuit photocurrent 
while altering the reverse saturation current. 
 

n Ln (J0) Jsc (mA/cm2) Voc (V) Pmax (mW/cm2) FF 
2.0 -10 -5.00 0.597 2.15 0.72 
2.0 -9 -5.00 0.545 1.92 0.71 
2.0 -8 -5.00 0.494 1.69 0.69 
2.0 -7 -5.00 0.443 1.47 0.66 
2.0 -6 -5.00 0.391 1.25 0.64 

increasing J0 
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 scales linearly with area.  Reducing the reverse saturation current reduces the magnitude 

of the diode current and thus the rate at which the diode shuts off the photocurrent.  The 

reverse saturation current has a large effect on the open circuit voltage and the power 

output, but only a mild effect on the fill factor as the voltage dependence of the curve 

does not change with this parameter.   

The second parameter of the diode which affects the overall photocurrent output 

is the diode ideality factor.  The ideality factor dictates the exponential rate of curvature 

in proportion to the thermal voltage of kT.  Figure A.11 illustrates the effects the 

illuminated curve as a result of altering the ideality factor.  The ideality factor also shows 

a large  effect on the open circuit voltage and the maximum power output, but has no 

bearing on the fill factor as the open circuit voltage and maximum power scale 

simultaneously with the ideality factor.    

 
    A.8  Resistance Effects on Photovoltaic Performance 
 

In addition to the Shockley parameters of the diode having a marked effect on the 

power conversion efficiency of an illuminated photovoltaic, the parasitic series and shunt 

resistances also show distinctive characteristics on the illuminated J-V curve which limit 

the device’s total power conversion efficiency.  Figure A.12 illustrates the effect of 

raising the series resistance from 0 to 100 Ωcm2 on an illuminated photovoltaic.  The 

series resistance causes an IR voltage drop which only takes place when current is 

flowing, therefore the illuminated curve pivots about the open circuit voltage where the 

series resistance has no effect.  Increasing the series resistance decreases the power 
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Figure A.11  Illuminated response of a photovoltaic with a constant reverse saturation 
current and different saturation ideality factors illustrating the characteristic trends in Voc, 
and Pmax.  
 
 
 
 
 
 
 
 
 
 
Table A.2  Calculated open circuit voltage, maximum power output and fill factor for 
illuminated photovoltaics with a constant reverse saturation current and short circuit 
photocurrent while altering the ideality factor. 
 

n Ln (J0) Jsc (mA/cm2) Voc (V) Pmax (mW/cm2) FF 
2.4 -8 -5.00 0.593 2.03 0.69 
2.2 -8 -5.00 0.543 1.86 0.69 
2.0 -8 -5.00 0.494 1.69 0.69 
1.8 -8 -5.00 0.445 1.52 0.69 
1.6 -8 -5.00 0.395 1.36 0.69 

increasing n 
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Figure A.12  Illuminated response of a photovoltaic with a constant shunt resistance and  
different series resistances illustrating the characteristic trends in Jsc, Pmax, and FF. 
     
 
 

Rp (Ωcm2) Rs (Ωcm2) Jsc (mA/cm2) Voc (V) Pmax (mW/cm2) FF 
∞ 0 -5.00 0.494 1.69 0.68 
∞ 2 -5.00 0.494 1.66 0.67 
∞ 10 -4.99 0.494 1.50 0.61 
∞ 50 -4.96 0.494 0.90 0.37 
∞ 100 -4.08 0.494 0.54 0.27 

 
Table A.3  Calculated open circuit voltage, maximum power output, short circuit 
photocurrent and fill factor for illuminated photovoltaics with a constant ideality factor 
and reverse saturation current while altering the series resistance. 
 
 
 

increasing Rs 
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conversion efficiency and reduces the fill factor by flattening out the J-V curve around 

the open circuit voltage.  When the series resistance is very high, the short circuit current 

degrades as well as the series resistance produces the largest voltage drop when the 

current is greatest.     

Figure A.13 illustrates the effect of reducing the shunt resistance from 2000 to 

100 Ωcm2 on an illuminated photovoltaic.  The shunt resistance has no effect on the short 

circuit current as current only flows through the shunt when there is a potential applied to 

the electrodes.  Decreasing the shunt resistance allows more of the photocurrent to flow 

through the shunt which bypasses the load.  A low shunt results in a reduced open circuit 

voltage and decreases the power conversion efficiency as well as degrading the fill factor. 
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Figure A.13  Illuminated response of a photovoltaic with a constant series resistance and  
different shunt resistances illustrating the characteristic trends in Voc, Pmax, and FF. 
  
 

 
Table A.4  Calculated open circuit voltage, maximum power output, short circuit 
photocurrent and fill factor for illuminated photovoltaics with a constant ideality factor 
and reverse saturation current while altering the shunt resistance 
 
  
 

Rp (Ωcm2) Rs (Ωcm2) Jsc (mA/cm2) Voc (V) Pmax (mW/cm2) FF 
2000 0 -5.00 0.491 1.62 0.66 
1000 0 -5.00 0.489 1.55 0.63 
500 0 -5.00 0.483 1.41 0.58 
250 0 -5.00 0.470 1.15 0.49 
100 0 -5.00 0.407 0.62 0.30 

decreasing Rp 
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