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ABSTRACT 

 

 Organic photovoltaics (OPVs) offer the prospect of inexpensive processing 

compared with conventional crystalline semiconductor cells.  These cells are still lower 

in efficiency than their inorganic counterparts, in part because a detailed understanding of 

the role that interfaces play in these devices is lacking.  The electronic properties of the 

surface of the common transparent electrode Indium:Tin Oxide (ITO) have been studied 

both on a macroscopic and nanoscopic scale, and the interface between ITO and organic 

materials has been studied on a macroscopic scale as well.  Little work has been done on 

the nanoscopic properties of the ITO/organic interface.  This dissertation introduces a 

new conducting-probe atomic force microscope (CP-AFM) technique, Scanning Current 

Spectroscopy (SCS), for probing the nanoscopic lateral variation in the electronic 

properties of this interface, and demonstrates its utility by examining the ITO/copper 

phthalocyanine (CuPc) interface.  SCS demonstrates large lateral variations in the hole 

collection efficiency at that interface on a nanometer length scale, and that the 

distribution of these variations is affected by ITO pretreatment.  Measurements on OPVs 

demonstrate that the performance of these devices is dependant on the nanoscopic lateral 

variation in surface properties that SCS measures, and that in the case of the ITO/CuPc 

interface SCS explains the observed device behavior better than techniques that yield 

macroscopic average electronic properties, such as photoelectron spectroscopy. 

 Additionally, this dissertation discusses advances made in the design of an 

integrated optical refractive index sensor.  The sensor uses organic light-emitting diodes 
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(OLEDs) and OPVs as integrated light-sources and detectors on top of a slab waveguide 

substrate.  The platform offers potentially high sensitivities to refractive index changes 

(and the selective binding of chemical and biological analytes), and is amenable to large 

scale integration for on-chip multiplexed detection.  The refractive index response has 

been demonstrated previously, but the performance was limited by electrical noise and 

OLED drift.  The use of different absorbing species in the OPV, integration of multiple 

sensors on a single substrate, addition of a reference channel to monitor OLED drift and 

the use of lock-in amplification for signal processing allow the sensor to detect changes 

of 10-4 refractive index units. 
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 CHAPTER 1: INTRODUCTION 

1.1 Organic Photovoltaic Devices 

1.1.1 A Brief History of Photovoltaic Devices 

Photoconductivity and the photovoltaic effect have been known for over a hundred 

years; however only in the last 60 years have they received serious attention and made 

many advances.  Photovoltaic devices built with organic materials have received serious 

attention in only the last twenty or so years.  The photovoltaic effect was first observed 

by Becquerel in 1839.1  The cell was an electrochemical cell with platinum electrodes 

and a silver halide film; a photocurrent was observed when light was shined on the 

electrodes.  In 1873 Smith, and in 1876 Adams both made observations on the 

photoconductivity of Selenium.2, 3  Photoconductivity was first described in an organic 

material, anthracene, in 1906 by Pochettino and in 1913 by Volmer.  The first solid state 

photovoltaic cell was built by Bell Labs in 1954;  it was a silicon cell exhibiting a 6% 

power conversion efficiency.4  The power conversion efficiency of the best laboratory 

cells increased rapidly in the next few years, reaching a plateau in the mid-teens by 1960, 

with renewed interest in the early 1970’s producing a modest increase, and a steady post-

1983 series of increases lead to a power conversion efficiency of ca. 25% by the turn of 

the century.5  

Early work in organic photovoltaic devices during the 1970’s and early 1980’s 

consisted of a photoactive material, sandwiched between dissimilar metals.6, 7  These 

single-layer cells had very poor power conversion efficiencies.  A breakthrough was 
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made in 1986 when Tang built a two-layer organic photovoltaic device.  This cell, 

composed of copper phthalocyanine (CuPc) and a perylene-bisimide dye (PTCDI), had a 

power conversion efficiency of 1%, an order of magnitude better than the single layer 

cells had been able to achieve.8 The reason for this increase will be discussed in the next 

section.  In an effort to increase the surface area of the interface between the two 

materials, a blended heterojunction was introduced by Heeger in 1994.9  Great 

improvements in the efficiency of blended, or bulk, heterojunctions could not be realized 

until soluble fullerene derivatives were used to increase the concentration of the electron 

accepting material in the bulk heterojunction.  These cells reached monochromatic power 

conversion efficiencies of 2.9%10  Advances in controlling the morphology of the donor-

acceptor blends has led to power conversion efficiencies of ca. 5%. 11-13 

 

1.1.2 Theory of Operation Organic Photovoltaic Devices 

Organic photovoltaic devices generate photocurrents differently than inorganic 

photovoltaic devices.  Our basic understanding of these devices owes much to the work 

of Brian Gregg of the National Renewable Energy Laboratory, from two 2003 papers.  

The electron current in either type of device, under illumination or in the dark, is given by 

Equation 1.1:11, 12 

( ) ( ) ( )n n FnJ x n x E xµ= ∇  

Equation 1.1 
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where the Jn(x) is the electron current at x, n(x) is the concentration of conduction 

electrons at x, µn is the electron mobility and EFn(x) is the electrochemical potential of an 

electron at x. An analogous equation describes the current due to holes.  The 

electrochemical potential is commonly referred to as the Fermi Energy, and in the dark at 

thermal equilibrium it is the same for both holes and electrons.  Under illumination 

photocarriers are generated, and the electrochemical potentials of holes and electrons split 

and are referred to as the quasi Fermi Level for each carrier. The electrochemical 

potential is the sum of the electrical potential and chemical potential, and so Equation 1.1 

may also be written in terms of those potentials: 

( )( ) ( ) ( ) ( )n nJ x n x U x xµ µ= ∇ + ∇  

Equation 1.2 

 

where del*U(x) is the gradient of the electrical potential at x and del*µ(x) is the gradient 

in the chemical potential at x.  The gradient of the chemical potential is equal to the 

product of the thermal energy, kT, and the ratio of the gradient of the concentration, and 

the concentration.  All currents in both organic and inorganic devices are due to one of 

the two gradients in Equation 1.2. 

The heart of both types of PVs is a heterojunction between two different types of 

materials, which introduces an electrochemical potential gradient under illumination.  

Inorganic PVs generally use a heterojunction comprised of an n-doped material and a p-

doped material as the photoactive region.  These materials are semiconductors that have 

dopant atoms added that either add free electrons (n-type) or localize electrons, freeing a 

hole (p-type).  Organic PVs generally make use of undoped semiconductor materials, 
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which due to their relative ionization potentials (I.P.) and electron affinities (E.A.) have 

offset energy levels (Figure 1.1).  The doped inorganic materials have free charge 

carriers, and so when the n- and p-type materials are placed in contact there will be a 

concentration gradient of both holes and electrons.  The holes will flow from the p-type 

material to the n-type material, leaving behind negatively charged acceptor dopants and 

the electrons will flow from the n-type material to the p-type, leaving behind positively 

charged donor dopants.  As the carriers meet and annihilate each other, an electric field 

builds up across the junction.  Equilibrium occurs when the currents due to the electrical 

potential gradients and chemical potential gradients balance, i.e. there is no gradient in 

the electrochemical potential for electrons (the Fermi Energy) in either materials or the 

junction.  There is, however, a built in electric field due to the immobilized, ionized 

dopants in the junction region.  This built-in potential is equal to the difference in the 

electrochemical potential of electrons (Fermi Energy) in the bulk n- and p-type materials 

since, by definition, the Fermi Energy levels in both materials and the junction must be 

equal at thermal equilibrium. 

In general, organic PVs are made of electron donor and acceptor materials that are 

not doped intentionally.  Either electron donor or acceptor materials can be either n- or p-

doped by impurities; however, the concentration of impurity dopants will be much 

smaller than the concentration of intentional dopants in the inorganic materials and, for 

reasons discussed later, OPV active layers are significantly thinner than those of 

inorganic materials.  This means that there are not enough ionized dopants in the device 

to fully equalize the difference in the electrochemical electron potential difference 
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between the two materials.  Therefore, generally speaking, there is no built in potential 

due to the electron donor/electron acceptor heterojunction (the actual electronic structure 

varies depending on the heterojunction, and measuring these properties is an active area 

of research).13-15  There may be, and often is in practice, a small built-in potential due to 

the difference in Fermi Energies between the electrical contacts to either material, but this 

is not a pre-requisite for the function of OPV devices. 
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Figure 1.1 Band diagrams for inorganic and organic photovoltaic junctions.  The top two diagrams 

represent the energy levels for the inorganic (left) and organic (right) materials used in the 

heterojunctions, when they are not in contact with each other.  The bottom two diagrams show what 

the energy levels look like when the two materials are placed in contact and they reach equilibrium. 

  

To extract photocarriers in a PV, three steps are necessary; create free electrons 

and holes, separate them, and then collect them at the electrodes.  Because of their very 

different electronic properties, inorganic and organic PVs do this differently.  Inorganic 
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materials, due to their covalently-bonded nature and high dielectric constants, create free 

carriers very rapidly upon absorption of a photon.11  The covalent nature of the material 

means that geminate charge carriers (newly created electron-hole pairs) are not localized, 

and the high dielectric constant lowers the Coulombic force which attracts them.   This 

means that the exciton binding energy, the energy required to separate the electron and 

hole, is very low and easily overcome by the thermal energy available at room 

temperature.  Thus, free carriers are generated wherever light is absorbed in these 

materials.  The photocarriers are separated if they are formed near, or in, the junction 

region with the built-in potential.  Carriers diffusing to or created within this region are 

swept to the appropriate side of the junction by the built-in potential.  Practical devices 

are designed such that the built-in potential region is large enough that most of the 

incident light is absorbed in or near it.  In these devices the driving force for the 

photovoltaic effect is the electrical potential gradient due to the ionized dopants in the 

junction region.  The chemical potential gradient actually opposes charge separation, but 

its magnitude is much smaller. 

 Organic PV devices are Van der Waals materials, and have lower dielectric 

constants than inorganic materials.  This means that excitons are localized on individual 

molecules (or short regions of a conductive polymer chain), and that the Coulombic 

attraction between the electron and hole is relatively large.   It is difficult to generate free 

photocarriers without high electric fields or using photoinduced electron transfer to 

separate the charges.11  This is why single layer organic PV devices are not very efficient; 

not many free carriers are generated.  The success of multiphase (planar and bulk 
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heterojunction) OPVs lies in exploiting photoinduced electron transfer from one phase to 

the other.  This generates the free carriers and separates them in one step.  This process is 

outlined in Figure 1.2.  A photon is absorbed by a molecule in the electron donor layer.  

The absorbed energy excites an electron, creating an exciton.  Given enough time, the 

exciton will relax back to the ground state, and the energy of the absorbed photon will be 

converted fully to heat.  The exciton can diffuse from molecule to molecule by resonant 

energy transfer, however, and may reach an interface between the electron donor and 

electron acceptor materials before it relaxes.  If this occurs there is an energetic driving 

force, the difference in energy between the lowest unoccupied molecular orbital (LUMO) 

level of the electron donor and the LUMO of the electron acceptor, for electron transfer.  

The electron can undergo photoinduced electron transfer from the electron donor to the 

electron acceptor, creating a hole and an electron and separating them into different 

phases at the same time.  This separation of electrons and holes across the interface 

creates a large concentration gradient, and the primary driving force for the photovoltaic 

effect in organic materials is the formation a chemical potential gradient.  This process 

occurs almost exclusively at the interface between donor and acceptor molecules.  Only 

photons absorbed within diffusion distance of the interface can be converted to 

photocurrent; this is why organic photovoltaic devices are relatively thin.  
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Figure 1.2 Mechanism of photo-charge carrier generation in organic photovoltaic devices.  A photon 

is absorbed, generating and exciton: an electron and hole Coulombically bound on the same 

molecule.  The exciton may diffuse from molecule to molecule by resonant energy transfer.  If the 

exciton reaches a Donor/Acceptor interface before it relaxes, there is an energetic driving force to 

transfer the electron to the electron acceptor, separating the two charge carriers.  Once separated, 

the charge carriers may diffuse away from the D/A interface and be collected. 

 

 Because of the different mechanisms for charge generation and separation in 

inorganic and organic PVs, the driving force for charge separation, and ultimately the 

origin of the photopotential, is different for the two systems.  This is shown schematically 
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in Figure 1.3.  Inorganic devices have carrier generation throughout the device, and the 

free carriers are separated by the built in potential gradient.  The separation of 

photocarriers is hindered by the concentration gradient of charge carriers, whose 

gradients are opposite that of the built-in potential.  Thus, the maximum photopotential of 

an inorganic p-n junction cell is the built-in potential of the junction, minus the chemical 

potential of the photocarriers (which is small compared to the built-in potential).   

The maximum photopotential obtainable in an OPV is determined by the maximum 

chemical potential gradients of the photocarriers; the built-in potential may add or 

subtract from this value.  A completely satisfactory predictive model for these values 

does not exist, but the maximum photopotential is thought to be the difference between 

the electron donor’s I.P. and the E.A. of the electron acceptor.  Experimentally, the 

maximum obtainable photopotential correlates strongly with this value,16 while it is only 

loosely correlated with the difference in work function of the contacting metals.17  The 

maximum photopotential is also predicted and observed to be proportional to the 

logarithm of the ratio of the short-circuit current to the reverse-saturation current, J0.
18 
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Figure 1.3 Band diagrams and carrier concentration profiles for organic and inorganic PV devices 

operating at short-circuit current.  In the case of inorganic p-n junctions, the built-in electrical 

potential gradient is the driving force for charge separation; it is opposed by the chemical potential 

gradient of the charge carriers.   The chemical potential gradient of the charge carriers in OPVs is 

the driving force for PV behavior; the built-in potential due to the electrodes or adventitious doping 

can oppose, or as shown, assist it. 
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1.1.3 Parameters of Interest 

There are some parameters of interest that one must understand in order to 

understand how PVs are tested and evaluated.  PV cells are generally diode-like; that is 

they follow a generally exponential dependence of current on bias, and they are rectifying 

(pass significantly more current at positive bias than at negative bias).  They are often 

described by the ideal diode equation: 

0 exp 1
eV

J J
nkT

 
= − 

 
 

Equation 1.3 

 

where J is the current density, J0 is the reverse saturation current, e is the electron charge, 

V is the applied bias, n is the diode ideality factor, k is the Boltzman  constant and T is the 

temperature in Kelvin.  If one plots the natural log of J (Figure 1.4), the plot has a linear 

region, whose slope is (nkT)-1.  The extrapolation of the line back to zero bias gives –

ln(J0).  These two parameters describe the diode-like portion of the J-V response.  The 

sub-linear region on this plot corresponds to the diode being limited by series resistance, 

Rs.  A more general equation, Equation 1.4, takes into account the effects of this series 

resistance as well as a parasitic, parallel resistance, Rp, and the photocurrent produced 

under illumination, Jph:
19 
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Equation 1.4 
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where A is the cell area.  Both the resistances and the photocurrent depend on the 

illumination intensity.  The diode quality factor and ideality factor also depend on the 

illumination intensity, or alternately the data may be fit by assuming the dark diode 

parameters are not light dependant and adding another exponential diode term which does 

depend on the illumination intensity. It should be noted that this equation does not 

adequately fit J-V curves in the reverse bias regime and the exact physical origins of the 

photo-dependence of Rph and the diode are not well understood.    
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Figure 1.4  Semilog J-V plot of a PV diode in the dark, illustrating some of the parameters of interest 

in understanding PV diode performance. 
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 Many of the parameters of interest in regards to PV performance are most obvious 

on a linear J-V plot of the dark and light curves, such as Figure 1.5.  The portion of the 

plot that is most interesting is quadrant four.  In quadrants one and three, the power 

(Power = current x voltage) has a positive sign, meaning the PV diode is dissipating 

external power in those regions.  In quadrant four, however, the positive bias times 

negative current gives a negative power; the PV is generating power in this quadrant.  

The open-circuit voltage, Voc, is the x-intercept, i.e. current equals zero.  It is the 

maximum photovoltage obtainable from the PV under the given illumination conditions.  

The short-circuit current, Jsc, is the y-intercept, i.e. the current when the applied bias is 

zero, or the maximum photocurrent which is able to do external work.  Since an external 

load must operate at a point on the light J-V curve if it is hooked up to the PV, the shape 

of that curve is of interest because how sharp the bend is determines how much power the 

PV can supply to an external device.  Since power is the product of current and voltage, it 

is represented as an area on a J-V plot.  The maximum power the cell can deliver, Pmax, is 

the area of the largest rectangle which can be drawn with one corner on the origin and 

another on the J-V curve in the fourth quadrant.  A parameter called the fill-factor, FF, 

measures the sharpness of the J-V curve and is determined by the ratio Pmax and the 

theoretical maximum power Voc x Isc, another rectangle: 

max

oc sc

P
FF

V I
=

⋅
 

Equation 1.5 
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The maximum power conversion efficiency (PCE) of the PV cell is defined by the ratio 

of Pmax and the power/unit area of the light incident on the PV, and is generally 

represented as a percentage. 
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Figure 1.5 Parameters of interest for characterizing PV diodes under illumination. 

 

1.2 Indium:Tin Oxide Electrodes 

1.2.1 Electronic Structure 

Tin-doped indium oxide is a popular transparent electrode material, due to its 

favorable electronic and optical properties.  To understand these properties, it makes 

sense to start with stoichiometric indium oxide.  The electronic structures of both In2O3 
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and ITO are shown in Figure 1.6.  As a metal oxide, In2O3 has a fully-filled valence band 

composed of oxygen 2p and indium 3d orbitals, with the valence-band edge primarily 

having O 2p character.  It has a ca. 3.5 eV bandgap, meaning it does not strongly absorb 

light in visible wavelengths.  The conduction band is composed of empty indium 5s 

orbitals.   

Generally In2O3 films are sub-stoichiometric: In2O3-x.  The percentage of vacant 

sites on the oxygen sub-lattice, x, being related to deposition and post-deposition 

annealing conditions.  Oxygen vacancies are charged defects.  Removing the bonded O2- 

ion from the lattice as half of an oxygen molecule has the effect of doping the crystal 

with two free electrons due to the ionic bonds broken with adjacent In3+ ions.  

Additionally, the anti-bonding indium 5s orbitals adjacent to the oxygen vacancy no 

longer interact with the bonding oxygen orbitals, and so their energy is reduced below the 

edge of the conduction band.  These are localized states, but as the concentration of 

oxygen vacancies increases, the localized indium 5s:oxygen vacancy states increase in 

density and form an impurity band (green band in Figure 1.6), effectively decreasing the 

value of the conduction band minimum.   

In ITO the replacement of In3+ ions with Sn2+ ions creates tin 5s states, having one 

electron, near the bottom of the impurity band formed by the oxygen vacancies.  These 

localized tin 5s electrons are easily ionized into free charge carriers.  The result of the 

doping from the replacement of In3+ with Sn2+ and the creation of oxygen vacancies is a 

decrease in the conduction band minimum, with a Fermi Energy above the new 

conduction band edge due to the heavy doping.  This is a degenerate n-type 
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semiconductor, i.e. a material with a shallow pool of free electrons at the bottom of the 

conduction band.  This is what gives ITO it’s high, metal-like conductivity.  It retains its 

transparency because the valence/conduction band gap is still larger than the energy of 

visible photons, and the promotion of electrons within the conduction band is spin-

forbidden.  This electronic structure is has been measured experimentally, and agrees 

qualitatively with theoretical simulations.20, 21 
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Figure 1.6 The electronic structures of In2O3 (left) and indium:tin oxide (right).  Indium(III) oxide is 

a transparent wide-bandgap insulator.  ITO is a degenerately-doped n-type semiconductor.  The 

doping comes from oxygen vacancies, each effectively adding two electrons to the crystal, and 

divalent tin ions, which effectively each donate one electron to the crystal.  There are so many free 

electrons that the Fermi Energy lies within the conduction band of the ITO, and it therefore acts 

metallic.  The ITO remains highly transparent because there is too large a bandgap for visible light 

to excite valence band electrons to the conduction band, and the excitation of electrons from the 

bottom of the conduction band to within the conduction band is spin-forbidden. 
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1.2.2 Morphology 

ITO films are commonly available as sputtered films.22  These sputtered films are 

micro-crystalline and often annealed after deposition to increase the grain size.  The 

crystallites form columns perpendicular to the substrate, in the case of D.C. magnetron 

sputtered films, the preferred texture is <100>.  Each columnar crystallite is rotated 

randomly relative to its neighbors, forming large angle boundaries between crystallites.  

Crystallites typically show a sub-grain structure as well.  The sub-grains share the parent 

grain’s texture, and they all are aligned in similar crystallographic directions, but they are 

separated by small-angle boundaries.  The columnar structure/substructure is discernable 

in the tapping-mode atomic force microscopy height image in Figure 1.7. 

In addition to the texture of the film, ITO morphology also displays separation of 

chemical phases.  The doping of ITO with tin is practically limited by the solubility of tin 

oxide phases in the bulk and on the surface of the ITO films.20  The tin oxide phases 

cause scattering and darkening of the film.  These tin oxide phases have been shown to 

exist via high-resolution transmission electron microscopy.  A TEM image is shown in 

Figure 1.8, reprinted with permission.23  Using the crystallography of the observed phases 

the authors were able to identify In2O3, SnO and Sn2O3 phases. 
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Figure 1.7 Tapping-mode AFM height images of a sputter-deposited ITO film.  The tops of the 

columnar crystallites (200-400nm flake-like features) and the sub-grain structure (small, round feat 

ca. 10nm features) are both clearly discernable. 
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Figure 1.8 A high-resolution TEM image of an evaporated ITO film (left) and a higher magnification 

image of the same region (right).  In the image on the right, the materials present are identified by 

their crystallographic properties.   Inclusions of SnO in an In2O3 matrix are also identified by their 

electron diffraction patterns.∗∗∗∗  

 

1.2.3 Surface Chemistry 

Michael Brumbach and Thomas Schulmeyer of the Armstrong group have 

previously described the surface chemistry of freshly deposited ITO with X-Ray 

Photoelectron Spectroscopy, and tracked it upon exposure to atmosphere.24  The work is 

also described in detail in Brumbach’s dissertation.25  The freshly deposited ITO surface 

is free from carbon.  The surface is partially hydroxylated, as shown by the existence of a 
                                                 
∗ Reprinted from Thin Solid Films, 370, T Nakao, T. Nakada, Y. Nakayama, K. Miyatani, Y. 

Kimura, Y. Saito and C. Kaito authors, Characterization of indium tin oxide film and practical ITO 
film by electron microscopy, Pages 155-162, Copyright (2000), with permission from Elsevier. 
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shoulder on the high binding energy side O(1s) peak.  This partial hydroxylation of even 

clean, as-prepared surfaces is characteristic of highly reactive metal oxide surfaces such 

as In2O3 and ITO.  Immediately upon exposure to air or water vapor, the higher binding 

energy shoulder of the O(1s) peak doubles in intensity, corresponding to the full 

hydroxylation of the surface.  This occurs within five seconds; the shoulder has the same 

intensity at five seconds exposure as it does at sixty seconds exposure.  Over days and 

weeks, the intensity of this shoulder continues to grow.  Over this time period a carbon 

(1s) peak also arises; the continued growth the O(1s) peak appears to be due to oxygen in 

the carbonaceous surface contaminates that slowly build up on the surface over time.  

After several weeks the XPS electrodes of the freshly deposited ITO films resemble those 

of commercially obtained films.  

The effect of surface treatment on commercially obtained ITO films was also 

studied.  Detergent/solvent cleaning (DSC-ITO), oxygen plasma treatment (OP-ITO) and 

etching ca. 10 nm from the surface of the ITO with 0.2M FeCl3 in concentrated HCl (AE-

ITO) were explored.  Although previous reports have demonstrated that oxygen plasma 

treatment decreases the surface concentration of carbon,26 all three surface treatments 

tested produced C(1s) peaks with the same area.  The DSC-ITO carbon peak was slightly 

broader, indicating a variety of carbonaceous contaminants on DSC-ITO.  The AE-ITO 

surfaces had O(1s) peaks with shapes nearly identical to those of freshly-deposited ITO 

that had been briefly exposed to water vapor or atmosphere.  This result indicates that the 

acid-etching procedure produces an oxide surface with a thin hydride layer, which is 

presumably uniform due to the apparently self-limiting rate of its reaction.  The DSC-ITO 
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and OP-ITO surfaces had more extensive and varied hydroxide coverage.  The effective 

active area of the treated ITO was also examined by using dimethyl ferrocene as a probe 

molecule for cyclic voltametry. These experiments indicated that all the surfaces 

exhibited <2% geometric active area, with the DSC-ITO having the lowest area and the 

AE-ITO having the largest active area, consistent with previous conducting probe AFM 

measuremnts.26  ITO films having a higher surface concentration of tin showed improved 

active area (and less dependence on surface treatment).  This was attributed to tin oxide 

being harder to hydrolyze, and therefore a tin-rich surface had more uncontaminated 

regions.   

A related topic is the work function of the ITO as a function of surface 

pretreatment.  Commercially obtained ITO generally has a work function ca. 4.5 eV, but 

the work function can be increased by up to 0.8 eV by oxygen plasma treatment.27, 28  

This can be understood in terms of the electronic structure of ITO.  The oxygen plasma 

treatment was shown to increase the concentration of oxygen in the near surface region.  

The increase of oxygen in the lattice decreases the concentration of oxygen vacancies, an 

electron donating dopant responsible for the degenerate doping of ITO, as discussed in 

section 1.2.1.  The decrease in the doping at the ITO surface causes a chemical potential 

gradient of electrons, which diffuse towards the surface, leaving behind uncompensated 

positive charge on the dopants in the bulk ITO and leading to an electric field which 

bends the band upward at the ITO surface.  The surface band bending is responsible for 

the increase in ITO work function by oxygen plasma cleaning. 
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1.3 Diode Ideality Factor and Heterogeneity 

1.3.1 Experimental Examples of Variable Ideality Factor/I0  

Temperature-dependent measurements of J0 for Schottky diodes are commonly 

used to measure the barrier height at the metal-semiconductor interface.  The diode 

current is given by the Ideal Diode Equation, Equation 1.3.  The pre-exponential factor, 

J0 in a Schottky Diode is given by Equation 1.6: 

* 2
0 exp( )B

e
J A T

kT

φ
=  

Equation 1.6 

 

where A* is the effective Richardson’s Constant, T is temperature and φB is the barrier 

height for carrier injection at the contact.  These measurements are often only made at 

room temperature.  Sometimes the barrier height calculated varies from device to device, 

and is significantly lower than what is expected based on the Fermi Level offsets of the 

semiconductor and metal used in devices.  When this behavior occurs, anomalously high 

diode-quality factors are also measured.  The measured barrier heights and diode quality 

factors are correlated.29  This behavior has been described using an effective barrier 

height, which is temperature dependent.30   

Following from Equation 1.3, if the measured slope of the semi-log J-V curves of 

a diode are plotted verses kT, the results should be a straight line, going through the 

origin, whose slope is the diode ideality factor, n.  In heterogeneous diodes the line is 

offset by a constant value corresponding to a T0 other than 0 Kelvin, a behavior known as 

the T0 anomaly.31, 32  These observations are explained by an exhaustive theoretical and 
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computational paper by Sullivan in terms of small regions of decreased barrier height.33  

The electric field in the semiconductor near the inhomogeneity has a saddle-point (i.e. 

effective barrier height) in between the barrier height for injection from the 

inhomogeneity and the larger barrier height of the clean junction (Figure 1.9).  The 

barrier height due to this saddle point depends on the carrier concentration in the 

semiconductor, the offset in barrier heights between the clean junction and the 

inhomogeneous region and the physical dimensions (and geometry) of the 

inhomogeneous region. 
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Figure 1.9 Numerically simulated iso-potential maps of the semiconductor region adjacent to a low 

Schottky barrier height inhomogeneity at a contact.  The contact is at the top of the diagram; the 

bulk of the semiconductor extends past the bottom of the maps.  The electrical potential exhibits a 

saddle point, with a potential in between that of the low and high barrier heights.  The potential at 

the saddle point depends on the two barrier heights, the semiconductor doping level and the 

geometry of the inhomogeneity.  The top, middle and bottom maps show respectively: an 

inhomogeneity extending into the semiconductor, one flush with the contact and one recessed into the 

contact.**  

 

                                                 
** Reprinted from The Journal of Applied Physics, Volume 70, J.P. Sullivan, R.T. Tung, M.R. 

Pinto and W.R. Graham authors, Electron transport of inhomogeneous Schottky barriers- a 
numerical study, Pages No.7403-7424, Copyright (1991), with permission from Elsevier. 
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 The anomalously high J0 and diode quality factor can be understood in terms of 

the distribution of current from the lowered barrier height in the inhomogeneous region 

and the higher barrier height from the rest of the junction.  At low bias, the current is 

dominated by the lower barrier height region, but this current quickly saturates and then 

the current is dominated by the current from the larger area, high barrier height region.  

The total current through the device is the sum of the two currents.  The decreased slope 

and increased intercept due to these currents being added is the origin of the anomalously 

high ideality factor and the decreased fitted barrier height leads to the lower fitted barrier 

height.  The temperature dependence of the ideality factor (the T0 anomaly) is due to the 

temperature dependence of behavior of the saddle-point potential at the inhomogeneous 

contact region.  This is illustrated in a numerical simulation of the current from Sullivan 

et al., shown in Figure 1.10. 
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Figure 1.10  Numerical simulations for the current through inhomogeneous Schottky contacts at 

different temperatures.  The dashed lines represent the current through the low barrier height 

inhomogeneity; the solid lines represent the current through the clean regions of the contact and the 

circles represent the sum of the two, the current through the device.  The slope for the total current 

in (b) is lower than that of either of the two component currents, and the y-intercept is greater. **  

 

                                                 
** Reprinted from The Journal of Applied Physics, Volume 70, J.P. Sullivan, R.T. Tung, M.R. Pinto 
and W.R. Graham authors, Electron transport of inhomogeneous Schottky barriers- a numerical 
study, Pages No.7403-7424, Copyright (1991), with permission from Elsevier. 
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1.3.2 Effect of Poor Electrode Uniformity in Photovoltaic Devices 

Inhomogeneous contacts in inorganic photovoltaic devices are known to cause 

decreased device performance characterized by varied and anomalously high ideality 

factors and J0.
34, 35  The mechanism is slightly different than that of the Schottky diodes 

described in the previous section.  In the case of the p-n junctions, a partially blocked 

contact has reduced carrier extraction efficiency, and causes an increased concentration 

of photocarriers in the region of the blocked contact (Figure 1.11).  This increased 

concentration of charge carriers causes both a chemical potential gradient and an 

electrical potential gradient in the region surrounding the blocked contact region which 

opposes the electrical potential gradient responsible for charge separation.  Because of 

this local decrease in the driving force for carrier separation, the area surrounding the 

blocked contact will have a different J-V response than the rest of the device.  The total 

current through the device is the sum of the currents through all the areas composing the 

device, and as described in the previous section this non-uniform behavior results in 

increased ideality factors and J0, along with a concurrent decrease in device performance 

due to the local decrease in charge carrier separation efficiency.  The distribution in 

electrical potential around blocking contacts has been measured by Corescan (similar to 

CP-AFM on a centimeter lateral length scale).34  The variation in local J-V characteristics 

in the vicinity of blocked/broken contacts has been measured with local illuminations 

techniques.36-38  Because of the relatively long lifetimes and high carrier mobilities in 

inorganic materials, the relevant length scale for non-uniform contacts is millimeters.  In 

organic excitonic PV cells, the lower carrier mobilities and much thinner semiconductor 
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layers make the performance of these devices subject to variations in contact uniformity 

on a much smaller scale, down to the nanometer level.  The only technique capable of 

probing contact uniformity on these length scales is the new Scanning Current 

Spectroscopy conducting-probe atomic force microscopy technique introduced in Chapter 

Three and applied to organic heterojunction PV cells in Chapter Four of this work.   

 

p-n Junction

Carrier Concentrations in
an Inorganic PV with a

Broken Finger Electrode

Carrier Concentrations in
an Organic PV with a

Contaminated Electrode

5mm 5nm  

Figure 1.11 Schematic diagram of the carrier concentration profiles near regions of contact 

inhomogeneity in inorganic (left) and organic (right) photovoltaic cells.  The concentration of holes is 

represented in red (high concentration) to yellow (low concentration) and the concentration of 

electrons is represented in Blue (high concentration) to light blue (low concentration).  The diagram 

on the left shows a cross-section of an inorganic p-n photovoltaic in the vicinity of three finger 

electrodes; with the center electrode have an open-circuit break rendering it useless.  The 

concentration of holes is increased in the vicinity of the broken contact, causing an electrochemical 

potential opposing carrier extraction, leading to increased recombination.  The diagram on the right 

shows the same process occurring at a chemically contaminated region of a transparent electrode in 

an organic PV.  The lateral size scale is six orders of magnitude smaller for the diagram on the right. 
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1.4 Substrate-Coupled Light in Organic Light-Emitting Diodes 

1.4.1 Introduction to OLEDs 

The first observation of direct current-excited electroluminescence from organic 

materials, by Pope et al.,  was from single crystals of anthracene.39  Work by Helfrich and 

Schneider showed surprisingly high quantum yields (ca. %5 photon/electron), but high 

operating voltages of several hundred volts.40  Interest in OLEDs was invigorated in 

1987, when Tang and Van Slyke published a paper describing a two-layer, thin film 

OLED with much lower operating voltages and high quantum yields.41  The discovery of 

electroluminescent polymers in 1990 was promising,42 given the facile and inexpensive 

processing they offer.  Since then OLED architectures have increased in complexity, with 

a concomitant increase in external quantum efficiency and decrease in operating voltages.  

Doping the OLED materials with first fluorescent,43 and then phosphorescent,44 emitters 

yielded leaps in brightness and quantum efficiency. OLEDs based on phosphorescent 

dopants can yield devices with internal quantum efficiencies approaching 100%.45  

Recently, electronic doping of hole and electron injection and transport layers in OLEDs 

has been demonstrated.46  OLEDs doped with phosphorescent emitter layers and having a 

p-i-n electronic doping structure have current efficiencies of 70 Lm/W, and turn-on 

voltages at the thermodynamic limit. 
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Figure 1.12 Schematic OLED processes (bilayer device shown).  Electrons and holes are injected into 

the device, and are transported by the electrochemical potential gradient.  When holes and electrons 

encounter each other, they are Coulombically attracted and form an excited state, either an exciplex 

or exciton.  The electron relaxes, filling the hole and releasing energy in the form of an emitted 

photon.     

 

The mechanism of electroluminescence in OLEDs is essentially the reverse of the 

operation of OPVs.  Electrons and holes are injected into the device; they are attracted to 

each other and form either excitons or exciplexes (an excited-state complex of two 
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molecules);47 then the charge carriers recombine and a photon is emitted.  These 

processes are illustrated for a bilayer OLED in Figure 1.12.  The quantum efficiency of 

OLEDs can be limited by two factors:  poor electron/hole capture efficiency and poor 

quantum yield of the excited states formed.  In general, the hole injection efficiencies and 

mobilities will differ from those of the electron.  The imbalance of these parameters leads 

to poor excited state formation efficiency, due to many charge carriers traversing the 

device without forming excited states.48  The bilayer cell (Figure 1.13) mitigates this 

problem by providing electronic barriers for both charge carriers, as well as keeping the 

excited states away from the electrodes where they can be quenched.49  It also allows 

more flexibility in tailoring the properties of the materials responsible for transporting 

two charge carriers.  Another strategy for increasing the efficiency of excited state 

formation is to confine the charge carriers to an emissive region with the use of electron 

and hole blocking layers.50  The multilayer OLED architecture shown in Figure 1.13 has 

electron and hole blocking layers on the left and right sides, respectively, of the emissive 

region. 
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Figure 1.13 Schematic of several OLED device architectures.   

 

 Another strategy for increasing the current efficiency and brightness of OLEDs is 

increasing the quantum yield of the excited state.  This was first explored by using ca. 

1mol% highly fluorescent dye doped into the electron transport layer of a bilayer LED.43  

With proper selection of materials, excited states formed on host molecules in the 

emissive region of the OLED will transfer their energy, via resonant energy transfer, with 
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nearly unit efficiency to the guest molecules which then fluoresce.  This increases 

fluorescence quantum yield because a guest molecule doped to appropriate levels will not 

aggregate, while the fluorescence yield of the host molecule will always be suppressed by 

aggregation-induced quenching.  This is demonstrated in Figure 1.14, with the N-N’-di-

isoamyl quinacridone (DIQA)/aluminum quinolate (Alq)51 guest/host system used in the 

OLED light sources used in the integrated optical sensor platform discussed in Chapter 

Five.52  Phosphorescent emissive dopants are capable of even greater quantum 

efficiencies.  They are capable of harvesting both singlet and triplet excited states, while 

the fluorescent dopants are limited to singlet states which are formed at an approximate 

rate of only 25%.44 
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Figure 1.14 Guest-host energy transfer in electroluminescence.  Shown in yellow is the EL spectrum 

of an OLED whose emission is from the electron transport/emission molecule aluminum quinolate 

(Alq).  Shown in green is the EL spectrum from an otherwise identical OLED with 1mol% DIQA as a 

guest doped into the host Alq emission layer.  Having a very small Stokes’ Shift, the DIQA molecule’s 

absorbance spectrum overlaps the fluorescence spectrum of Alq well, resulting in nearly quantitative 

energy transfer to the DIQA.  The DIQA then fluoresces with a high quantum yield and a narrowed 

emission characteristic of the non-aggregated DIQA molecule.
52

 

 

1.4.2 Total-Internal Reflection 

The refraction of light at an interface between dissimilar materials is described by 

Snell’s Law: 

1 2

2 1

sin
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n

n

θ

θ
=  

Equation 1.7 
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where n1 and n2 are the refractive indices of the materials the light ray is in traveling in, 

and impinging upon, respectively.  The angle of incidence of the light ray from the 

surface normal is θ1, and the angle of refraction from the surface normal in the second 

material is θ2.  Figure 1.15 is a diagram of this behavior.  There is an angle of incidence, 

θcritcal, the critical angle, beyond which an incident ray will not be refracted into the 

second medium, but will be completely reflected back into the first medium.  The critical 

angle can be derived by setting θ2 to 90° in Equation 1.7 and solving for the critical angle 

of incidence: 

2

1

arcsincrit

n

n
θ

 
=  

 
 

Equation 1.8 

 

This reflection is a consequence of the light having a lower velocity in the second 

medium than in the first.  It can be visualized with ray optics, if the incident light wave is 

represented as a series of planes of constant phase as shown in Figure 1.15.  As the light 

is incident on the interface, the planes of constant phase are bent, because the light travels 

faster in the lower refractive index material.  If the incidence angle is greater than the 

critical angle, the planes of constant phase are bent to such an extent that the wave 

propagates back in the direction it came from.  This is a useful visual, because it shows 

that the incident light, while totally reflected back into the first medium, actually 

protrudes past the interface into the second medium.  More correctly, the solution to the 

wave equation under those boundary conditions has a non-propagating, exponentially 

decaying solution in the second medium.  The exponential tail protruding into the second 
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medium is known as an evanescent field.  If a third medium with a high (real or 

imaginary) refractive index is placed in the vicinity of, but not necessarily touching, the 

boundary where the evanescent field is protruding, energy from that field may propagate 

in (real refractive index) or be absorbed by (imaginary refractive index) that third 

medium.  The math describing these processes is analogous to that describing the 

tunneling of electrons through classically “forbidden” regions.  The solutions also do not 

have directionality; the equations do not differentiate between a light ray going one 

direction versus the other.  Experimentally, this means that photons undergoing total-

internal reflectance may be absorbed by a medium on top of the light-guiding element, or 

a photon generated within a few wavelengths of medium’s surface can be coupled into 

that media and propagate at angles greater than the critical angle: a phenomenon not 

predicted by classical optics.  The consequences of the second situation are discussed in 

section 1.4.3.  The first situation is often exploited in Attenuated Total Internal 

Reflectance photometric or spectroscopic measurements, where a beam of light is 

propagated by total internal reflection and allowed to interact with a sample over many 

separate bounces.  Although the amount of light absorbed in a single bounce may be 

small, over many bounces the absorption becomes orders of magnitude higher than for 

transmission geometry with the same sample.53, 54 
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Figure 1.15 Illustration of Snell’s Law (left) and an illustration of the evanescent field at the 

refractive index boundary during total internal reflection (right).  Snell’s Law describes the 

refraction of light as it passes from one medium with a refractive index n1 into another medium with 

a lower refractive index n2.  If a beam of light (blue ray) is incident on the interface at an angle θ1 

from the surface normal, less than the critical angle, it will be refracted into the other medium at an 

angle θt.   If the incident angle is greater than the critical angle (red ray) the light will be totally 

internally reflected within the first material.  Even though the light is totally reflected by the 

interface, the electric field of the reflected light penetrates a short distance into the second medium.  

This is shown schematically on the right with a constant-phase wavefront diagram.  As the light 

approaches the interface, the edge of the wavefront closer to the interface enters the second medium.  

Since the speed of light is faster in the lower refractive index medium, the wavefront travels faster in 

the second medium and it outpaces the wavefront in the first medium.  This effectively changes the 

direction of propagation into a direction incident on the interface again, and the wave is reflected 

into the first medium.  In the process of being reflected, the wave penetrates into the second medium 

even though it does not propagate in it. 

 

1.4.3 Substrate-Coupled Modes in OLEDs 

As a consequence of the properties of evanescent fields discussed in the previous 

section a large percentage of the light produced in an OLED is trapped in substrate 
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modes.  Because the active layers in the OLED are thinner than the wavelength of light 

they emit, there can be strong micro cavity effects in OLEDs, and the photons are emitted 

less than a wavelength from the substrate, leading to strong coupling with totally 

internally reflecting substrate modes .55  This is widely considered an important problem 

in the field of displays and lighting, as it is one of the largest limitations to external 

quantum efficiency, and there have been a number of strategies to either minimize the 

amount of light coupled to substrate modes or to modify the front of the substrate to 

increase the outcoupling of substrate modes.56-58  While this lost light is problematic to 

the display community, it has been exploited by using it to send data (a television signal) 

optically through a slab waveguide with modulation frequency of up to 1 MHz,59-61 and 

by using it as the basis of a touch/proximity sensor.62, 63  Previously, the Armstrong group 

has reported on the use of OLED substrate-coupled light interacting with an organic 

photovoltaic detector as a refractive index sensor.64-66  Chapter Five of this work will 

describe the design and implementation of the next generation of this device. 

 

1.5 Dissertation Overview 

1.5.1 Scanning Current Spectroscopy 

Scanning Current Spectroscopy is a new technique we developed while exploring 

treated ITO surfaces, both bare and in conjunction with organic semiconductor films, 

using conducting probe atomic force microscopy in an effort to understand how these 

treatments affected the performance of macroscopic photovoltaic cells.  It is widely 
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acknowledged in the literature that ITO surface treatments affect organic device 

performance. It is also known, but often ignored, that the surface electrical, chemical and 

morphological properties of ITO are spatially non-uniform (as outlined in 1.2).  Yet there 

has been very little work done linking the non-uniformity at the nano-scale with the 

performance of organic devices at the macroscopic scale, as there has been with inorganic 

devices (outlined in section 1.3).  After obtaining many, many CP-AFM images of these 

surfaces, I recognized the heterogeneity of the current distribution, but I could glean 

nothing about the mechanisms behind it.  I also obtained many J-V curves at various 

points, and found them to be much more enlightening, yet they still did not tell the story. 

I was presenting some of these images and J-V data at the Materials Research Society 

meeting in the spring of 2007, and after pointing out the large variations in individual J-V 

behavior on some surfaces I was asked by Bernard Kippelen: “Can you map that 

behavior?”  That question resulted in a procedure for doing just that.  I already knew of 

Force-Volume AFM, where Force-Distance curves are taken in an array across a surface, 

and then the parameter of interest (such as adhesion force, compliance of the sample or 

tip-sample attraction) is calculated from each Force-Distance curve and then mapped 

onto the surface.  Scanning Current Spectroscopy is the analogous electronic technique to 

Force-Volume AFM; indeed, Current-Volume CP-AFM would have been a good name 

for it as well.  SCS measures J-V curves in an array across a surface, and then fits the 

curves to an appropriate model.  The parameters from that model are then mapped to the 

surface.  There are different modes of SCS, corresponding to different current regimes, 

and different parameters are available depending on the current regime.   
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Chapter Three demonstrates the use of SCS in three different modes.  In the first mode, a 

tunneling model is used to fit the current at a partially blocked ITO electrode, and the 

model is fitted to yield a map of the contamination layer thickness on the ITO surface.  

The other two SCS modes use a thin copper phthalocyanine film on ITO as a sample.  In 

one mode, the current is fitted to a modified space-charge-limited current model.  By 

observing how much one fitted parameter (the exponent determining the current’s 

dependence on bias) deviates from the value predicted by the model, SCS allows 

qualitative mapping of the injection efficiency of an electrode/semiconductor interface.  

If the data fits the model, another parameter, depending upon the thickness of the 

semiconductor and the effective electrode area, may be mapped.  The third mode maps a 

thermionic emission current at the ITO/CuPc interface, and it yields parameters having to 

do with the energetic disorder and effective electrode area of the ITO. 

 

1.5.2 Photovoltaic Devices  

Chapter Four brings the SCS technique to bear upon the problem it was conceived 

to tackle.  Organic photovoltaic devices are built on a treated ITO surfaces and tested.  

The average and standard deviations for the currents through a set of devices are obtained 

and plotted.  The average current curves show what the affect of the ITO surface 

treatments are, while the standard deviations of those curves demonstrate the repeatability 

of the devices.  The standard deviation of the current is a function of bias.  The standard 

deviation curves show were on the J-V curve devices built on particular surface exhibit 

the most variation.  These data are compared with SCS maps of the 
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electrode/semiconductor injection efficiency, and are explained in terms of the 

nanoscopic variations in the electrical properties of the treated ITO/semiconductor 

interface. 

 

1.5.3 Integrated Optical Sensor Platform 

The integrated optical sensor platform is an idea conceived and demonstrated by 

former Armstrong Group member Adam Simmons.  His idea was to use the OLED light 

“lost” to total internal reflection in the glass substrate, as outlined in section 1.4.3, as the 

light source to do waveguide based absorbance and refractometry measurements.  The 

detector is an organic photovoltaic device (OPV) at the other end of the substrate- this 

allows the light to be generated, propagated, sampled and detected with no moving parts 

or free-space optics; it is entirely integrated.  Adam’s dissertation, as well as two 

papers,64, 66 describe the theory of operation and the characterization of the first 

generation sensor, as well as it’s use to measure the refractive indices of various solvents 

and solutions as proof of concept.  This is briefly discussed in this work, in Chapter Five.   

The Gen I device was able to measure the pre-reduction surface adsorption of an 

estimated 5-10 monolayers of heptyl viologen during an absorptovoltammogram 

experiment.  This apparent sensitivity to surface bound chemical species, along with its 

relative physical robustness and potential for massively parallel integration, makes the 

integrated optical sensor platform a potentially useful platform for chemical and 

biological sensing, especially given the availability of chemistries for modifying glass 

surfaces with specific biological probe molecules.  With an eye towards enhancing the 
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sensitivity and decreasing the background signal and noise, as well as demonstrating 

multiple sensors on a single substrate, a second-generation device was built.   

The Gen II device features a dual-beam architecture, to overcome problems with a 

pronounced drift in output of the OLED light source.  It uses a detector with a higher 

quantum efficiency to keep the signal level high as compensation for throughput losses 

due to a design trade-off necessary to allow multiple sensors on a single substrate.  

Additionally, battery-operated, integrated OLED drive/OPV signal processing circuitry 

was designed.  The OLED drive circuit supplies the OLED with a pulsed-current supply, 

while the OPV signal circuitry collects signals from the two detector channels, conditions 

them, and uses lock-in amplification to enhance the signal to noise.  The implementation 

of these changes, as well as their impact on the performance of the Gen II sensor platform 

is discussed in Chapter Five. 
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 CHAPTER 2: EXPERIMENTAL METHODS 

2.1 ITO Electrode Preparation and Treatment 

2.1.1 Sources for Materials 

 Tin doped indium oxide films on glass substrates were obtained from Colorado 

Custom Concepts.  Concentrated hydrochloric acid was obtained from (EMD).  Absolute 

Ethanol was obtained from Decon Labs, Inc.  Concentrated HCl and FeCl3*(H2O)6  were 

obtained from EMD, Triton-X100 detergent was obtained from Alfa Aesar.  All solvents, 

acids and reagents were used as received. 

 

2.1.2 Cutting and Etching 

 The substrates were cut to size with a diamond knife, discarding the outer 1” of 

each sheet (as the coatings are not uniform near the edges of the sheets).  The cut 

substrates were cleaned (see section 2.1.3) prior to patterning.  The substrates were 

masked by placing a sheet of Parafilm (Pechiney Plastic Packaging Co.) and melting it to 

the ITO surface with a heat-gun.  Then patterning was effected using an appropriate 

aluminum template (Figure 2.7 and Figure 2.9) to cut the Parafilm with an Exacto knife.  

After removing the portion of the Parafilm covering the regions of ITO to be etched, the 

substrates were placed in an etching bath of 0.2M FeCl3 in concentrated hydrochloric 

acid until there was no trace of the ITO in the unmasked region (about 5 minutes).  The 

substrates were then rinsed in water and the remaining Parafilm was peeled off and any 
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residue scrubbed away with microfiber cloths (Peca Products Inc. ST-1) prior to cleaning 

again (2.1.3) 

 

2.1.3 Detergent/Solvent Cleaning 

 The substrates were rinsed with water to remove any glass chips or other debris, 

and then scrubbed with microfiber cloths (Peca Products Inc. ST-1) and Triton X-100 

detergent to remove any gross contamination, then rinsed again in water.  Next the 

substrates were sonicated (Branson 2510 sonicator) for 15 minutes each in water/triton 

x100, Millipore water and absolute ethanol; after each sonication treatment the substrates 

were rinsed three times with the next solvent/solution.  The substrates were stored, 

covered, in ethanol until ready for use, when they were blown dry with nitrogen.  All ITO 

substrates received this treatment, even if they later were acid etched or oxygen plasma 

cleaned.  Substrates receiving only this cleaning are referred to in this work as 

“Detergent/solvent cleaned” or DSC-ITO. 

 

2.1.4 Oxygen Plasma Cleaning 

 Substrates were oxygen plasma-treated in a Harrick PDC-32G plasma 

cleaner/sterilizer for 15 minutes on medium power (10.5 watts).  The cleaned and dried 

substrates were placed face-up in the plasma cleaner, and then vacuum was applied.  The 

bleed valve on the plasma cleaner was hooked up to a regulated (ca. 10 PSI) supply of 

oxygen gas.  The bleed valve was opened wide for one minute, and then closed for one 
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minute, successively three times to purge the atmosphere in the cleaner.  The bleed valve 

was then left ca. one sixteenth of a turn open before the plasma was turned on.  Once the 

plasma ignites, the bleed valve is adjusted to maximize the brightness of the plasma.  

After the cleaning period, the plasma was turned off and the cleaner allowed to rest for 

two minutes.  To prevent pump oil vapor from being sucked into the cleaner, the vent 

valve on the chamber was opened before the vacuum pump was shut off.  Electrodes 

which received this treatment are referred to in this work as “oxygen plasma treated” or 

OP-ITO. 

 

2.1.5 Acid Etching 

Acid etching was also used to remove the top several nanometers of ITO.  The 

etchant was an approximately 0.2M solution of FeCl3 in concentrated hydrochloric acid.  

The ITO substrate was held with polyethylene forceps (VWR) and the surface was 

flooded with enough of the etchant to cover the surface, ca. 0.5mL.  The acid was 

allowed to stay in contact with the ITO for 8 seconds.  The surface was then irrigated 

thoroughly with Millipore water from a squirt-bottle, and then immersed and swirled in a 

beaker of Millipore water and dried with nitrogen.   The surface was then placed in the 

vacuum deposition chamber within 1 minute of the etching process, and the chamber was 

evacuated immediately.  Delaying this process or loading acid-etched samples through 

the glove-box resulted in degradation of the device performance.  Electrodes receiving 

this treatment are referred to in this work as “Acid-etched” or AE-ITO. 

 



 
 
 

70 

2.2 Preparation of Template-Stripped Gold Electrodes 

2.2.1 Sources for Materials 

 Gold shot was obtained from Kurt J. Lesker Co.  Alumina-coated tungsten boats 

were obtained from R.D. Mathis Co.  Silicon wafers were obtained from Wacker 

Siltronix Co.  Concentrated sulfuric acid was obtained from EMD and 49% hydrofluoric 

acid was obtained from Fischer Scientific.  30% Hydrogen Peroxide was obtained from 

J.T. Baker.  353ND4 Epoxy was obtained from Epotek. 

 

2.2.2 Cleaning of Silicon Wafers 

 Silicon wafers with a 1000Å thermal oxide coating were cleaned in a piranha 

bath.  3 parts 30% hydrogen peroxide were added to 5 parts concentrated sulfuric acid 

and then the wafer was incubated in the piranha bath for two hours, or until bubbles 

stopped forming on the wafer.  The wafer was then thoroughly rinsed in Millipore water 

and blown dry with nitrogen 

 

2.2.3 Deposition of Gold 

 The wafer was then placed in a vacuum deposition chamber, and a gold film was 

deposited by physical vapor deposition.  The gold was evaporated using a silica-coated 

tungsten boat at a base pressure of at least 5*10-7 Torr.  The 200nm thick film was 

deposited at ambient temperature at a rate of 0.1Å/s for the first 20nm and then a rate of 
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5Å/s for the remainder of the film.  Deposition thickness was measured by a quartz-

crystal thickness monitor (Leybold Infinicon). 

 

2.2.4 Assembly of the Template-Stripped Gold Film and Substrate 

 Glass substrates were cleaned with the detergent/solvent cleaning process outlined 

in section 2.1.3 above.  These substrates were then glued to the gold film with a 

chemically-resistant, dimensionally-stable epoxy (Figure 2.1).  The two part epoxy was 

mixed thoroughly according to the manufacturer’s instructions, and was then centrifuged 

at 10 krpm for 5 minutes, or until no bubbles were present, in a VWR Model V 

centrifuge.  The adhesive was applied to the clean glass substrates, being careful not to 

introduce bubbles or leave uncoated spots.  The glass substrates were then laid onto the 

gold film one edge at a time, to discourage the trapping of air under the substrates.  With 

the wafer supported on a flat surface the glass pieces were pressed down to remove any 

remaining air bubbles.  The epoxy was then cured for 2 hours at 100°C, as per the 

manufacturer’s instructions.  It was important to keep the wafer level in the oven.  The 

heat from the oven decreased the viscosity of the epoxy before it set, and if the wafer was 

not level the glass pieces would migrate and aggregate at the low side of the wafer.  With 

the glass substrates contacting each other, it was not possible to remove them 

individually.   

 When needed, a glass substrate was pried off the silicon wafer, cleaving the gold 

film from the silicon oxide, and exposing an ultra-flat (ca. 5Å RMS) gold surface.  

Because the gold surface was stored in intimate contact with the template (silicon wafer), 
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it could remain uncontaminated practically indefinitely.  Each freshly-exposed gold 

surface was flooded in 1% hydrofluoric acid for ca. 10 seconds and then rinsed with 

Millipore water and blown dry with nitrogen to insure that no insulating silicon oxide 

remained on the surface. 

 

 

Figure 2.1 Template-stripped gold surfaces before and after being stripped from the silicon wafer 

template.  Because the gold surface is deposited on the template (silicon), it can be stored nearly 

indefinitely without worries of contamination.  The fresh gold surface is exposed by cleaving the 

glass/epoxy/gold substrate from the template.  Note the relative lack of bubbles or voids on the 

cleaved gold surface. 
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2.3 Preparation of Organic Photovoltaic and Light-Emitting Devices and Thin Films  

2.3.1 Purification of Materials 

The structures of the molecular materials used in this work are show in Figure 2.2.  

copper phthalocyanine (Sigma Aldrich), titanyl phthalocyanine (Sigma Aldrich), 

pentacene (Sigma Aldrich), bathocuproine (Sigma Aldrich), triphenylene diamine (H.W. 

Sands Co.), N-N’-di-isamyl quinacridone51  (DIQA, synthesized by Ware Flora) and C60 

Fullerene (MER Co.) were purified three times each via vacuum sublimation.  

PEDOT:PSS was obtained from Baytron.  Aluminum (Alfa Aesar) and Lithium Fluoride 

(Sigma Aldrich) were used without further purification.  Alumina-coated tungsten boats 

were obtained from R.D. Mathis.  Boron Nitride for the small-molecule crucibles and 

tantalum wire were obtained from Kurt J. Lesker Co.  Chromel and Alumel wire for the 

thermocouple was obtained from Omega Engineering.  The Knudsen cell crucibles were 

baked at 600°C under ultrahigh vacuum until the chamber pressure dropped to 1x10-7 

torr.  They were then allowed to cool before being charged with material for deposition. 
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Figure 2.2 Structures of the molecular materials used in this work. 

 

Sublimation purification was carried out with a home-built sublimation system.  

The crude material was placed in a glass jar at the end of a long glass tube.  The tube was 

then completely lined with ca. three inch long glass sleeves.  The open end of the glass 

tube was connected to a turbo pump, and the other end was placed into a heater.  The 

heater was composed of a copper/beryllium tube with four evenly spaced resistive 
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heating elements clamped to it.  The tube, heating elements and a thermocouple were 

enclosed by an aluminum box and insulated with glass fiber.  The temperature and the 

relative power distributed to each resistive element was controlled by an Omega 

Engineering CN76000 PID temperature controller and several rheostats (Figure 2.3).  

This allowed a very shallow temperature gradient to be established along the glass tube.  

Ideally, the temperature gradient would be established such that the crude molecule 

sublimed from the end of the tube, and then deposited in a crystalline band a short 

distance down the tube (Figure 2.4).  In this manner the molecule of interest can be 

separated from lower vapor-pressure materials, which would not travel as far down the 

temperature gradient, and higher vapor-pressure materials, which travel further along the 

gradient.  After cooling, the tube is vented and the band of purified material is recovered 

from the appropriate glass sleeve.  Afterwards, all the purification glassware was cleaned 

thoroughly and was stored in a base-bath until the next use, to ensure their cleanliness. 
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Figure 2.3 Small-molecule sublimation purification system.  The crude material is placed in a heated 

tube under ultra-high vacuum.  The temperature controller is used to maintain a sufficient 

temperature gradient such that the molecule sublimes at one end of the tube, but deposits in a highly 

crystalline band in the middle of the tube.  The tube is lined with ca. 3 inch long glass tubes, which 

are later removed and allow the separation of the purified material from the impurities with a lower 

sublimation temperature, which travel past the band, and impurities with a higher sublimation 

temperature, which do not reach the band. 
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Figure 2.4 Aluminum quinolate after sublimation purification.  The Alq in the bright yellow band to 

the left is highly crystalline, and well-separated from the band to the right.  Subsequent to the photo 

being taken, the inner glass sleeves were removed and the band of purified Alq was recovered.  All 

other material was discarded.     

 



 
 
 

78 

Rough

Pumps

Turbo

Pumps

Knudsen

Cells

Metal

Source

LiF

Source

Turbo Pump

Controllers

Temperature

Controllers

Thickness

Monitors

Sample

Throw-Arm

Testing

Glovebox

Metal Deposition

Chamber

Organic Deposition

Chambers

 

Figure 2.5 Annotated picture of the ultra-high vacuum deposition system used to produce organic 

thin films, photovoltaic devices and light-emitting diodes.  The system is capable of depositing eight 

different small molecules, one metal and lithium fluoride.  The three chambers are vented to an 

oxygen- and water-free nitrogen atmosphere, and a gatevalve coupling allows samples to be 

transferred to the glovebox on the left via the throw-arm.  This allows changing/setting masks and 

testing or encapsulating the organic devices without exposing them to atmosphere. 
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2.3.2 Deposition of Organic Materials 

 Organic thin films were deposited in an ultra-high vacuum chamber (Figure 2.5) 

by physical vapor deposition.  The Knudsen cell sources (Figure 2.6) were formed from 

boron nitride, heated resistively by tantalum wire and had their temperatures monitored 

by a k-type thermocouple.  The current through the resistive heaters was controlled by 

Omega Engineering CN76000 PID temperature controllers.  The thickness of organic 

films was monitored by 10 MHz quartz crystal oscillators (Newark) and an HP 5384A 

frequency counter.  The thickness monitors were calibrated by obtaining 1000 Hz thick 

films of each organic, and then measuring the depth of a razorblade’s scratch in the film 

using AFM.  In our experimental setup, the molecules all had a thickness response of ca. 

25-30 Hz/nm.  Prior to placing the substrate in the vacuum chamber, all of the charged 

sources were baked out to the base pressure of the system (ca. 1x10-7 Torr).  The 

temperature of each source would be slowly increased, with each new increase in 

temperature only occurring after the pressure in the chamber had decreased back to the 

base pressure of the system.  This procedure was followed for each source until the 

molecules began to deposit.   

Once the sources had been baked out and cooled to less than 50°C the chamber 

was vented to nitrogen, and the sample was loaded.  The chamber was pumped to base 

pressure, and then the appropriate molecular films were deposited at a rate of ca. 1-3Å/s.  

Co-deposition of molecules (DIQA and Alq) was performed in a similar manner, except 

the dopant molecule had an additional crystal monitor much closer to the Knudsen cell.  

The deposition rate of the dopant molecule was monitored by the second crystal, while 
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the deposition of the host molecule was monitored by the main crystal oscillator.  Since 

the dopant molecule was only present in concentrations of approximately 1wt% there was 

very little error in the thickness measurement of the host molecule.  The concentration of 

the dopant in the host was controlled by the relative rate of deposition of the two 

molecules.   Heating the next Knudsen cell for subsequent lavers began as soon as the 

previous film was finished; by the time the next molecule began depositing, the previous 

source had cooled sufficiently to stop deposition.  The chamber was not vented until all 

of the sources had cooled to 50°C, to protect the materials from any potential reactions at 

elevated temperatures. 
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Figure 2.6 Schematic diagram of Knudsen cell for physical vapor deposition of small molecules.  The 

crucible is formed from boron nitride, with a cavity for containing the material to be deposited.  A 

thin wall separates this cavity from a k-type thermocouple, used to monitor and control the 

temperature of the cell.  The cell is resistively heated by a tantalum wire wrapped around it.  A 

stainless steel shroud (not shown) reflects radiated heat back onto the cell, allowing higher 

temperature to be reached while also minimizing the exposure of the substrate to radiated heat. 

 

2.3.3 Deposition of Cathodes 

After the organic layers were deposited and the sources had cooled, the chamber 

was vented to the glove-box atmosphere and the sample was transferred into the 

glovebox with the throw-arm, via a gate valve. Inside the glove-box, the cathode mask 

was placed onto the sample, which was then placed back into the vacuum chamber 

without exposing it to atmosphere.  Aluminum and LiF/aluminum cathodes were 

deposited by physical vapor deposition from alumina crucibles in tungsten basket heaters 
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(R.D. Mathis Co.).  100nm of Aluminum was deposited at a rate of 3-5Å/s.  In the case of 

LiF/Al cathodes 1 nm of LiF was deposited at ca. 0.2Ås-1 prior to the aluminum 

deposition.  Thickness was monitored by a Leyborn Infinicon quartz crystal monitor.  

After allowing the aluminum source to cool for at least 30 minutes, the chamber was 

vented and the sample was transferred to the nitrogen glove-box for storage/testing. 

 

2.3.4 Masking for Photovoltaic Devices 

 There are two methods for patterning organic photovoltaic devices.  The device 

area is defined by the overlap of the two electrodes, regardless of the patterning scheme.   

One method is to use a continuous ITO film and a continuous organic layer, and pattern 

only the cathode (usually circular).  Contacts are then made to the ITO with either 

alligator clips or spear-tipped pogo pins, either of which will cut through the organic 

layer to make good contact with the ITO.  Contact is made to the cathodes by touching 

them with a fine metal wire or a pogo pin (preferably tipped with a ball of soft metal like 

gallium).  This method has the advantages of requiring only one mask, not requiring 

mask alignment, and avoids any ill-defined ITO edges being part of the geometry of the 

device.  The downsides to this method are that it is very easy to pierce the cathodes, 

shorting that device and the contact to the cathode is sensitive to vibration and prone to 

introducing electrical noise.  It is not possible to calculate device yields (other than 

100%) from this method, because it is impossible to determine whether a shorted device 

was made that way or pierced by the operator making contact to the cathode.   
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 Because of the shortfalls outlined above, this work made use of the other method 

of pattering devices.  In this method, the ITO is patterned into a strip; the organics are 

unpatterned or restricted to an area slightly larger than the ITO strip and the cathode is 

patterned in finger-like shapes.  The rectangular regions formed by the overlap of the 

cathode and the anode define the device area (7.16mm2).  Contacts can be made to the 

extended fingers of the cathode without piercing them; this allows accurate 

measurements of device yields.  The anode and cathode masks are shown schematically 

in Figure 2.7.  Because there is no worry about piercing the cathodes, a sample testing 

fixture is used to hold and make contact to all the devices at once.  This allows the 

devices to be rapidly tested, using a rotary switch to select the device being tested, rather 

than tediously and carefully making contact to each device individually.  The device 

fixture is shown in Figure 2.8. 
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Figure 2.7 Schematic of the masking system used for the organic photovoltaic devices.  The ITO 

(anode) was patterned into a strip, with flares at either end to enable contacts to be easily made.  The 

organic layer was not patterned.  The cathode mask consists of six rectangles overlapping the anode, 

forming six rectangular devices of area 7.16mm2.  Contact fingers radiate away from the devices to 

facilitate making contacts with pogo pins. 

 

 

Figure 2.8 Fixture for making electrical contact to the photovoltaic and light-emitting devices.  Left, 

front of the fixture showing a PV device loaded and ready for testing.  Right, back of the fixture 

showing wiring harness.  The wiring harness contains eight pogo pins, one for each device cathode 

and two pins that make contact to the top and bottom of the anode.  The wiring harness is held in the 

fixture by two friction-fit pins (top, right photo) that apply the proper force for the pogo pins to 

make contact. 
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2.3.5 Masking for the Integrated Optical Sensor 

 The masking system for the Integrated Optical Sensor is designed to maximize the 

area of the OLEDs and OPVs while minimizing the amount of spurious organic material 

or ITO between the OLEDs and OPV.  Both of these considerations are to maximize the 

signal from the sensor by increasing the light output and detector area and decreasing the 

absorbance/scattering of light between the light source and detector.  Each sensor chip 

actually contains two sensors, each composed of an OPV-OLED-OPV arranged in a 

linear fashion, with the two OPV detectors connected to the OLED optically by the glass 

substrate, which acts as a waveguide.  The mask layout is shown in Figure 2.9.  The ITO 

layer forms the anodes for both the OLEDs and OPVs, although they are not electrically 

coupled.  The OLEDs and the OPVs each have distinct masks for their respective organic 

layers and cathodes.  The individual layers are deposited one at a time, with the sample 

being transferred to the glove-box in between each deposition to change masks.  In this 

manner the whole device can be constructed without being exposed to ambient 

atmosphere.  The alignment tolerance for the masking system is approximately 0.5 mm, 

and the masks are aligned to the substrate by pins in the substrate mount which fit into 

the holes machined into the masks.  This system works extremely well.  Using precision 

machined pins, alignment tolerances of 100 µm should be easily obtainable in future 

generations of miniaturized sensor platforms. 

 



 
 
 

86 

OLED Organic MaskITO Mask/Template
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Figure 2.9 Masking system for the integrated optical sensor platform.  Each chip contains two 

complete sensors composed of a set of OLEDs and two OPV detectors.  The strip-like OLED light 

sources are in the center of the device (yellow), and the OPV detectors (blue) are at the corners.  The 

masking system is designed to limit excess organic materials on the waveguide (between the OLEDs 

and OPVs) to mitigate scattering and absorption of the light. 
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2.4 Characterization of Photovoltaic Devices 

2.4.1 Electrical Testing 

 Photovoltaic devices were characterized under nitrogen atmosphere in the 

MBraun Labmaster glovebox.  Figure 2.10 shows the testing rig used.    The sample is 

mounted in the sample holder as shown in Figure 2.10, and then the sample holder is 

placed in a clamp on the testing fixture.  Electrical measurements were made using a 

Keithley 2400 source-meter.  The meter was connected via a GPIB interface to a PC, and 

was controlled by a custom user interface written in the Labview environment.  The dark 

current of all devices was tested before the sample was exposed to light, to prevent light-

shocking the semiconductor materials. 

 

2.4.2 Light Source 

The light source was a 250W tungsten quartz halogen lamp (Cuda Products Co. I-

250), filtered through an infrared filter with a cutoff of 1,000 nm (Melles Grigot) and a 

ground-glass diffuser (Melles Grigot).  Light intensity was varied by moving the light 

source closer or father from the sample.  The light source was calibrated with a Newport 

818SL calibrated photodiode.  The spectral output of the lamp was measured, and then 

multiplied by the calibration curve of the photodiode.  This function was integrated with 

respect to wavelength to determine the output of the photodiode as a function of incident 

power from the tungsten lamp.  This allowed the proper calculation of the absolute power 

conversion efficiency for a cell under the spectral output of the lamp; if the external 
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quantum efficiency for the cell is also measured, one can calculate the predicted power 

conversion efficiency under AM1.5 solar illumination. 

 

Sample

Holder

Light

Source

IR Filter and

Diffuser

Rail for Adjusting

Light Intensity  

Figure 2.10 Photograph of the photovoltaic testing fixture.  The light from the quartz-halogen light 

source is filtered through an IR filter to prevent overheating the sample, and a ground-glass diffuser 

to produce uniform illumination of the sample.  The OPV chip under testing is held in the sample 

holder (Figure 2.8).  Illumination intensity is controlled by moving the light source back and forth on 

the rail, and is measured by removing the sample holder and placing a calibrated photodiode at that 

spot. 
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2.5 Integrated Optical Sensor Testing 

2.5.1 Encapsulation and Sample Introduction 

 The organic electronic components of the sensor platform are sensitive to oxygen 

and water vapor, and are liable to be washed away by solvents.  Therefore encapsulation 

and isolation of the (liquid) sample is crucial.  To this end a cell constructed from 

poly(etheretherketone) (PEEK) was used.  PEEK is highly solvent resistant, physically 

robust and easily machinable.  The cell, shown in Figure 2.11 acted as both encapsulation 

and the sample delivery system.  The completed sensor chip removed from the deposition 

chamber and transferred to the nitrogen glove-box.  A viton gasket was placed on the 

bottom half of the cell, then stainless steel strips were placed on the gasket in such a way 

that they could make contact to the organic devices.  The sensor chip was then placed on 

the gasket/stainless steel strips with the devices facing down.  This allowed the alignment 

of the stainless steel strips to be verified.  Then another viton gasket was placed on top of 

the sensor chip, then the top of the cell was carefully placed on the stack.  The nuts and 

bolts could then be tightened, sealing the organic devices in a nitrogen atmosphere and 

forming four sample wells on top of the waveguide portions of the two sensors.  Sample 

solutions were introduced by pipetting a known volume of sample into the “sample” well, 

and monitoring the change in detector output relative to the “reference” channel, with the 

“reference” channel filled with the “blank.” 
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Figure 2.11 Encapsulation/testing fixture for the Integrated Optical Sensor.  The sensor chip (Figure 

2.9) is sealed top and bottom by two viton gaskets and sandwiched between the two polymer pieces 

clamped with nuts and bolts.  This protects the organic electronics on the chip from the ambient 

atmosphere, and forms the sample introduction system.  Solutions are sampled by introducing them 

into the sample wells, situated above the waveguide between the OLED light source and OPV 

detectors.  Electrical contacts are made to the organic devices by 0.005” stainless steel contacts that 

are pressed against the anodes and cathodes of the devices by the sealing gasket and force of the 

nuts/bolts. 
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2.5.2 Characterization of the Sensor Platform 

 The OLED drive circuitry and OPV signal processing circuitry was contained in a 

single unit, shown in Figure 2.12.  The circuitry is discussed in detail in Chapter 5.  

Briefly, the OLEDs were driven by a pulsed constant-current source at a frequency of 

256 Hz.  The OLEDs emitted pulsed light at the drive frequency, some of which was 

coupled into substrate Attenuated Total Reflectance (ATR) modes.  This light propagated 

through the substrate, which acts as a waveguide.  As the light propagated past the 

sample and reference wells, the critical angle for total internal reflection changed, due to 

the increase in refractive index of the sample solution relative to air.  Any light 

propagating in modes having an angle greater than the angle for total internal reflectance 

were lost to the sample solution.  The remaining light continued to propagate through the 

substrate until it reached an OPV, where it was absorbed and converted to current.  The 

pulsed current output of the OPV detectors was converted to a voltage, which was then 

amplified and filtered.  Both the reference and sample voltage signals were fed into lock-

in amplifiers.  The output of both reference and sample lock-in amplifiers were 

simultaneously recorded by an analog to digital converter and computer. 
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Figure 2.12 Power supply and signal processing circuitry for the Integrated Optical Sensor platform.  

The sensor is decoupled from noise in the power grid by being powered completely off of batteries.  

This device pulses the OLEDs and amplifies, conditions and outputs the signals from the detectors. 

 

2.6 Atomic Force Microscopy and Scanning Current Spectroscopy 

Atomic Force Microscope measurements were made using a Dimension 3100 AFM 

with a Nanoscope IV controller and extended TUNA module from Veeco Instruments.  

Contact mode images and electrical measurements were made using Mikromasch CSC-

38 Titanium/Platinum coated probes.  For electrical measurements, the 0.08 N/m 

cantilever was used; the other two cantilevers were removed from the probe with 

tweezers to prevent them from making electrical contact with the sample.  Silver paint 
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(Ted Pella Leitsilber 200) was used to make electrical contact between the sample and the 

AFM’s vacuum chuck.  Before engaging the sample surface with the tip, the “Scan Size” 

was set to 0, ensuring the tip did not move relative to the sample, protecting both the tip 

and sample from damage.  Next, a Force Curve was obtained, and the sample 

engagement set-point adjusted to provide a 40nm cantilever deflection, corresponding to 

a tip-surface force of 3.2nN.  The “Ramp Channel” was changed to “Sample Bias.”  This 

allowed the AFM software to obtain current-voltage curves.  For tunneling measurements 

on bare ITO a voltage range of 0 to 4 volts with 256 data points and rate of 0.05 Hz was 

used.  For Copper Phthalocyanine films on ITO a voltage range of -2.5 to 2.5 volts with 

256 data points and rate of 0.25 Hz was used.  Once the proper current amplifier and scan 

settings were found, the Scan Array function was used to obtain an array of current-

voltage curves evenly spaced over the area of interest.  In this mode, Veeco’s (Nanoscope 

5.31R1) software lifts the tip off of the surface before moving to a new position, 

protecting the tip and surface from damage.  The data for this work consisted of 25 x 25 

point arrays, with a spacing of 20nm.  A Matlab program (Appendix A) imported the 

individual data files and sorted them into a cell array.  Each individual current-voltage 

curve was fitted to an appropriate equation (see descriptions above), and the fitted 

parameters were stored in separate matrices for analysis. 

 

2.7 Photoelectron Spectroscopy 

Photoelectron spectroscopy was performed on treated ITO substrates, both bare and 

with CuPc films, with a Kratos Axis-Ultra spectrometer.  ITO samples were prepared as 
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described in section 2.1, and transferred as rapidly as possible (< 1 minute) into the entry 

lock of the Kratos system.  The excitation sources used were the monochromatic 

aluminum Kα, at 1486.6 eV, and the He I line at 21.2 eV.  The X-ray source was driven 

at 20 mA and 15 kV, with no external bias applied and no charge neutralizer.  For UPS 

measurements a -5 V sample bias was applied to assist in collection of the low-energy 

photoelectrons.  Sputter-cleaned gold (work function = 5.1eV) was used as a calibration 

for the work function measurements.  The chamber typically operated at a vacuum of ca. 

5 x 10-9 torr.  To determine the energy level alignment between the treated ITO surfaces 

and CuPc films were deposited ex-situ, several angstroms at a time, in a deposition 

chamber attached to the Kratos.  The CuPc was thermally deposited at a rate of about 0.1 

Ås-1.



 
 
 

95 

 CHAPTER 3 SCANNING CURRENT SPECTROSCOPY 

3.1 Introduction 

 The role played by electrical contacts in organic photovoltaic (OPV) and organic 

light emitting diode (OLED) technologies, and the resultant current-voltage (J/V) 

responses in these devices, has been the subject of substantial research.26, 48, 67-79 The 

chemical and electrical properties of the interface between the contact material and the 

first organic layer, including i) physical heterogeneities (roughness),  ii) wettability 

(surface energy), iii) work function, and iv) the rates of hole harvesting (OPV) or hole 

injection (OLED) can play a critical role in determining device efficiency.70, 71, 80, 81  The 

stability of these contacts can also be the major factor determining lifetime of an OPV or 

OLED platform.82 

 Surface characterization techniques such as photoemission spectroscopies and 

surface vibrational spectroscopies have been used to characterize organic/oxide and 

organic/metal contacts specifically of interest for OPV and OLED technologies, however, 

these studies have generally focused on composition and properties measured over 

macroscopic length scales.   Conducting-Probe Atomic Force Microscopy (CP-AFM) and 

scanning tunneling microscopy (STM) and spectroscopy (STS) have been used to 

characterize current/voltage behavior of the contact surface, or that surface covered with 

monolayer thickness organic films, but the mapping of these electrical properties has 

rarely provided much information about the role of electrical heterogeneity at the 

electrode/organic interface in determining the performance of OPV devices.26, 78, 83, 84  
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 This chapter presents a novel and straightforward CP-AFM technique, Scanning 

Current Spectroscopy (SCS), with an automated approach to sampling current-voltage 

(J/V) behavior over a wide area on a conductor surface with thin insulating and/or 

semiconducting overlayers.  The focus is on the characterization of indium-tin oxide 

(ITO) surfaces; however the approach is easily generalized to any contact material with 

electrical activity that varies on sub-micron to micron length scales.  This approach is 

complementary to previous CP-AFM studies of either ITO surfaces with variable 

contamination layers and no organic overlayer,26, 84 or functioning organic devices,85, 86  

which have suggested that the electrical activity of ITO electrodes can be extremely non-

uniform on nanometer to micron length scales.  Electrochemical studies on these same 

electrodes, measuring the distribution of electrodeposited materials, such as conducting 

polymers,87 or the electron transfer rates to solution probe molecules,88 have also 

suggested that these surfaces, even after activation by chemical and physical means, are 

quite heterogeneous. It has been shown via both computer modeling and experimental 

testing of complete devices that non-uniform electrical behavior of the contacts in bulk 

inorganic Schottky and p-n diodes, and photovoltaic devices, result in large device-to-

device variation and poor power conversion efficiency.29, 33-35, 89-91   Preliminary work 

with the new technique indicates this to be true for organic photovoltaic devices as well.   

 This particular use of Scanning Current Spectroscopy, or SCS, may therefore 

prove useful in studying the role of electrode modifications in enhancing the performance 

and device yields of both organic and inorganic thin-film photovoltaic devices.  The 

spatially-resolved (SCS) method described here uses straightforward methodologies and 
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will readily lend itself to characterization of the electrical properties of a variety of 

organic/metal oxide and organic/metal heterojunctions.  This chapter will first introduce 

and discuss standard CP-AFM, and how it has already been used to characterize the 

affect of surface treatments on ITO electrode performance.  Then a general overview of 

the SCS technique will be given, followed by three different types of SCS, demonstrated 

on ITO electrodes with or without copper phthalocyanine (CuPc) layers.  The end of the 

chapter will compare and contrast the CP-AFM and SCS techniques, and discuss some 

limitations of the SCS technique.  

 

3.2 Synopsis of Standard Conducting-Probe Atomic Force Microscopy 

3.2.1 Theory of Operation 

Standard CP-AFM is a relatively straightforward technique based on contact mode 

AFM (Figure 3.1).  In both techniques, a cantilever with a sharpened tip is positioned 

such that the tip is in contact with the sample surface.  Contact with the sample causes the 

cantilever to bend upward.  The deflection of the cantilever is monitored with an optical 

lever and a position-sensitive, four-quadrant photodiode.  The optical lever is formed by a 

laser beam reflected off the back of the cantilever and onto the photodiode.  Because the 

photodiode is some distance away, very small fluctuations in the cantilever displacement 

become measurable movements of the laser beam’s reflection on the photodiode.  The 

vertical deflection of the laser beam (and thus the cantilever) is measured be summing the 

photocurrent from the top two quadrants and the bottom two quadrants of the photodiode.  
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The vertical deflection is the top sum signal minus the bottom sum signal.  The horizontal 

deflection can also be measured in a similar manner by taking the difference between the 

summed signals of the two quadrants on the left and the two quadrants on the right.   

With the cantilever deflection being monitored, the sample and the tip are moved 

relative to each other in a raster pattern via computer-controlled piezoelectric translators.  

As the tip moves across the sample surface, deviations in height will cause the cantilever 

deflection to change.  The computer monitors the cantilever deflection, and the base of 

the cantilever is moved normal to the sample surface by a third piezoelectric translator.  

This keeps the cantilever deflection, and thus the tip-sample force, constant as the tip 

moves across the topography of the surface.  The height data are the amount of 

movement normal to the sample surface required by the third piezoelectric translator to 

keep the tip-sample force constant.  The only difference with CP-AFM is that the 

cantilever and tip are coated with a conductive material (diamond-like carbon, platinum, 

gold), and the cantilever and sample are connected to electronics which vary the electrical 

potential and measure the current through the tip/sample.  In imaging mode, the tip-

sample bias is held constant and corresponding height and current maps are produced.  It 

is also possible to use a CP-AFM to measure current-voltage curves.  In this mode, the tip 

is held stationary and the bias is ramped while the current is collected.   

It is important to note that the only information given by the current maps in a 

standard CP-AFM experiment is the total resistance of the tip-sample system, as a 

function of x and y position on the surface.  Depending upon the nature of the sample and 

tip, the limiting resistance may arise due to a contact resistance (high work-function tip 
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making contact to an n-type semiconductor), tunneling through an insulating region of 

the sample (section 3.4, below), a bulk-limited resistance due to a thin film on the sample 

electrode (section 3.5, below) or bulk-limited resistance due to the sample itself 

(semiconductor).  In general, for CP-AFM experiments to be meaningful one must know 

something about the physical and electronic structure of the sample. 

 

 

Figure 3.1 Schematic diagram of a Conducting-Probe AFM experiment.  A cantilever with a metal-

coated tip is placed in contact with the sample surface.  This causes the cantilever to deflect; the 

deflection is measured by monitoring the displacement of a laser beam reflected off the back of the 

cantilever with a position-sensitive photodiode.  The lateral position of the tip is varied with a 

computer-controlled piezoelectric scanner.  A power supply can bias the tip relative to the sample 

and monitor the current flowing through the conductive probe.
24

   

 

3.2.2 CP-AFM Study of the Effect of Surface Treatment on ITO Electrical Activity 

CP-AFM has been used in the past to explore the electronic properties of ITO, as 

well as observe the effects of surface treatments on ITO.24, 26, 92  The surface of ITO 

rapidly develops a coating of carbonaceous and hydroxide contaminations when exposed 
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to atmosphere.  This contamination layer forms a tunneling barrier to electron transfer 

across most of the surface of the ITO.  Commercially obtained ITO has been stored for 

unknown lengths of time in unknown conditions before being purchased and used, and in 

general it has extensive contamination.  Different surface treatments can remove some of 

this layer, and CP-AFM is a good tool to study this.  Figure 3.2 shows the results of such 

an experiment.  Commercial ITO was obtained, and all samples received a 

Detergent/Solvent cleaning (DSC-ITO) as outlined in section 2.1.3.  Some ITO also 

received oxygen plasma treatment (OP-ITO) which is known to reduce carbon 

contamination.24, 26  Additionally some ITO received an aggressive acid etch, that 

removed the top ca. 8nm of material from the surface (AE-ITO).  The current maps show 

that even the best surface (the AE-ITO) has more than 90% of its geometric area 

contaminated.  The AE-ITO surface has a relatively even distribution of the active 

regions across its surface.  The OP-ITO has fewer regions that are as active as the AE-

ITO, and they are clustered and not evenly distributed across the surface.  There appears 

to be some less-active regions distributed between the clusters of highly active regions.  

The DSC-ITO has the fewest highly active regions, and the surface has a non-uniform 

distribution of the less-active regions.    
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Figure 3.2 Standard CP-AFM used to illustrate the effect of surface treatment on the electrical 

properties of the ITO surface.  Top row are height images, bottom row are standard CP-AFM 

current maps (tip bias -5 mV).  From left to right the columns are from DSC-ITO, OP-ITO and AE-

ITO.  CP-AFM shows that most of the ITO surface is not electrically active, and oxygen plasma 

treatment or acid etching increases the percentage of the surface which is electronically active. 

 

3.3 Scanning Current Spectroscopy Overview 

3.3.1 SCS Theory of Operation 

 SCS is predicated upon being able to extract physically meaningful parameters 

from current-voltage curves, obtained on ca. 20 nm2 areas, fitted to well-established 

models of electrical behavior in metal/organic and oxide/organic heterojunctions.  This 

approach allows us to map the electrical heterogeneity in such contacts, which in the case 

of ITO/organic heterojunctions can be significant.  This kind of heterogeneity has been 
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shown to have a negative impact on diode and photovoltaic device performance for 

inorganic materials,29, 33-35, 89-91 and the next chapter will explore the negative impact of 

this heterogeneity on OPV device efficiency, and the need to understand the origin of 

such heterogeneity in optimization of OPVs. 

This technique differs from standard conducting-probe AFM and scanning-

spreading resistance measurements,26, 78 which provide maps of the total tip-contact-

sample resistance and its variation but do not provide information about the specific 

mechanism(s) causing that variation.  SCS provides information about the mechanism of 

charge injection across the tip/sample heterojunction, and provides physically meaningful 

numbers related to the spatial variation of electrical properties.  Maps of electrical 

properties are obtained by simple modifications of force-distance curve protocols 

available in commercial AFM systems.  A conducting AFM tip is first used to obtain a 

force-distance curve, and once the set-point is adjusted, J/V data is obtained in 25 x 25 

point arrays, with a spacing of 20nm, as would normally be used to obtain a 2-D array of 

force-distance curves (see Experimental Methods chapter).   

 

3.3.2 Varieties of SCS and Parameters of Interest 

Three examples of SCS are shown in this work.  The first, discussed in section 3.4, 

involves tunneling through thin dielectric contamination layers on an ITO electrode 

surface,26 and the second, discussed in section 3.5, involves mapping of space-charge 

limited currents between a Pt tip and an ITO electrode, with an intervening molecular 

semiconductor layer.  The last type of SCS is also performed on a molecular 
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semiconductor on top of an ITO electrode, except it maps the spatial homogeneity of the 

injection of holes from the electrode into the semiconductor (section 3.6). 

 

3.4 Tunneling SCS for Mapping Electrode Contaminant Thickness 

3.4.1 Experimental Setup and Data Analysis 

 Figure 3.3 is the simplest illustration of the SCS technique: an array of current-

voltage curves is obtained across an area of a conductive electrode covered with spatially 

varying thicknesses of a dielectric (insulating) material which impedes the flow of 

current.  At the bias shown, electrons will tunnel from the bottom electrode, through the 

dielectric and into the Pt tip.  All of the J/V curves thus obtained can be fit with a 

tunneling formalism, e.g. the Fowler-Nordheim Equation:93-95 
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Equation 3.1 

 

where J is the current density (tunneling current I normalized to the effective area (Aeff) of 

the measurement, V is the applied potential, t is the thickness of the dielectric (insulating) 

contaminant layer, φ is the barrier height, e is the electron charge, mo is the free electron 

mass, h is Planck’s constant, meff is the effective electron mass in the dielectric layer, β is 

the electric field enhancement factor of the electrode geometry, and ω(E) and v(E) take 

into account the lowering of the tunneling barrier through image charge formation.  The 
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exponential portion of Equation 3.1 shows that tunneling current is strongly dependent on 

t.  

A condensed version of this relationship has been previously used to describe 

tunneling across insulating layers on ITO, and has been used in characterization of our 

J/V curves:26, 96  
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Equation 3.2 
 

This condensed form ignores the effects of image-charges on the tunneling barrier height, 

the electric field enhancement factor due to geometry of the electrodes and assumes an 

effective mass of the tunneling electron in the dielectric layer equal to m0. The effect of 

field enhancement factor may be assumed to be minimal because the electrons are 

injected from the (relatively) flat bottom electrode rather than the tip.  The effective 

electron mass is assumed to be m0 because the composition of the dielectric layer is not 

known.  The exponential dependence of tunneling current on t and φ is retained in this 

formalism.  If one knows, or can reasonably estimate, the electronic structure of the 

system in question, it is then possible to fit each individual current-voltage curve using 

the assumed barrier height φ for electron tunneling.  For purposes of the experiments 

shown here we assume that φ is constant and that variations in tunneling current arise 

solely from differences in thickness of the dielectric overlayer (see below).  The fitted 

data allows us to estimate t, and create a map correlating t with each x,y position from 

which J/V data was obtained.26   
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Figure 3.3 (A) The C-AFM experiment is performed on an electrode with a thin, heterogeneous 

insulating layer covering it (black) ; (B) an array of current-voltage curves are taken which show 

that the flow of current from the C-AFM tip to/from the sample is controlled by tunneling – the 

resultant current-voltage curves are fitted to the Fowler-Nordheim expression;
93

 (C) Fitted 

relationships provide for estimation of the thickness of the insulating layer (t), provided that the 

tunneling barrier heights can be reasonably estimated; (D)  the spatial variation of film thickness is 

then plotted in an SCS map. 

 

Additionally, the technique gives information on the mechanism of current flow.  

For instance, in the system described above, a pinhole in the dielectric layer would allow 

the metal AFM tip to directly contact the electrode below, forming an ohmic connection.  

This would result in a current which is proportional to voltage and easily differentiated 

from currents which are described by the tunneling mechanism of Equation 3.1 and its 

resultant J/V curves.  In a standard CP-AFM map, there is no information to indicate why 

a particular region has a high or low current.  An SCS map can provide that information:  

Low current regions are due to thick dielectric layers;26, 78 high current regions are due to 
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either thin dielectric layers or pinholes, with the bias dependence of the current 

differentiating the two cases.  

 

3.4.2 SCS of the Effect of Surface Treatment on ITO Contamination Layer Uniformity 

To demonstrate the SCS technique outlined in Figure 3.3 with a system of 

relevance to organic electronics, we use ITO electrodes.  We performed SCS on ITO that 

had received one of three different surface pretreatments: detergent/solvent cleaned 

commercial ITO (DSC-ITO) with significant contamination layers and low overall 

electrical activity, and oxygen-plasma cleaned ITO (OP-ITO), which is known to have 

less surface contamination, higher work function, and more spatially homogeneous 

electrical activity and acid etched ITO, AE-ITO.  OP-ITO is often the preferred bottom 

contact in both OLED and OPV technologies.97-100  Figure 3.2 shows standard CP-AFM 

current maps and corresponding topographic maps of the three surfaces.  The clustered 

columnar crystallites with smaller, rounded sub-grain structures seen in the topographic 

images are characteristic of DC magnetron sputtered ITO films.22  The CP-AFM current 

images highlight the most electrically active areas on the ITO surface, but cannot 

differentiate between a region with a thin contaminant layer and a region having no 

contaminant layer, nor does it give any estimation of the thickness of the contaminant 

layer covering the surfaces.   

 Figure 3.4 shows AFM height and SCS contaminant thickness images for a DSC-

ITO surface (A and C), and for an OP-ITO surface (B and D).  A layer thickness ≥ 6 nm 

indicates that the tunneling current was too small to reliably measure under the 
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experimental conditions discussed here.  The energy barrier height for electron tunneling 

from the degenerately-doped ITO through the contaminant layer was assumed to be equal 

to the work function of ITO (in this case we assumed φ ≈ 4.5 eV).  This assumption 

overestimates the real Pt/ITO tunneling barrier height, and thus underestimates the 

contaminant layer thickness.  The relative error of this measurement is the exponent of 

the ratio of the assumed barrier height to the actual barrier height, minus one.  If there is 

only one contaminant species, or several contaminants that have similar ionization 

potentials, then the relative error is the same for all points, and thus this error does not 

affect the data qualitatively.   

 



 
 
 

108 

0

H
eig

h
t (n

m
)

10

0

C
o

n
tam

in
an

t T
h

ickn
ess (n

m
)

6

100 nm

A

C

B

D

 

Figure 3.4 This figure demonstrates how SCS may be used to compare the effectiveness of electrode 

pretreatments.  Images (A) and (B) are 500 nm x 500 nm contact-mode AFM images (C) and (D) are 

the corresponding SCS maps of contaminant layer thickness obtained by fitting an array of current 

voltage curves to the Fowler-Nordheim equation.  (A) and (C) represent detergent/solvent cleaned 

ITO (DSC-ITO), (B) and (D) represent OP-ITO samples.  Dark colors represent regions with thinner 

contamination layers (higher tunneling currents).  The oxygen plasma cleaned surface has 

significantly thinner contamination layers than the detergent cleaned surface, consistent with 

expectations from previous studies, and is more homogeneous in its electrical properties on sub-

micron length scales.  Neither of the images demonstrates contamination-free areas, i.e. the 

contaminant layer on both surfaces is essentially continuous. 

  

 The DSC-ITO SCS image is mostly white- indicating that most of the 

contamination layer is 6 nm or thicker, i.e. tunneling currents were difficult to measure 

reliably under these experimental conditions.  This result is largely consistent with 
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previous C-AFM studies by Liau et al.26  Our current SCS system uses a linear pre-

amplifier attached to the C-AFM head; modification of future instruments with a 

logarithmic pre-amplifier will enable reliable characterization of thicker dielectric layers.  

OP-ITO surfaces show much thinner contamination layers, consistent with previous C-

AFM and XPS characterization of these surfaces.26, 78  It is important to notice that the 

data in Figure 3.4D show a relatively smooth variation of contamination thickness, 

indicating that the measurements truly correspond to real physical variations and are not 

due to random noise or artifacts.  The topography of the surface is only loosely correlated 

to contaminant thickness.  Regions where no current could be measured (white regions on 

SCS map) seem to correlate with topographic high points, but regions of thin 

contamination layers (dark blue) exist on both low points (center and left side) and higher 

points (top center lower right, lower left sides).  Neither of the SCS images in Figure 3.4 

demonstrated regions with ohmic J/V behavior (pinholes in the contaminant layer).  

Ohmic behavior is seen on ITO surfaces that have been etched with halo-acids and then 

examined immediately, as we have recently described, where the average contamination 

layer thickness is much lower.78  SCS data for these types of surfaces requires current 

limiting hardware/software (see section 3.7.2) as Pt-coated AFM tips can be damaged by 

high current densities, meaning that only small images are obtainable before loss of tip 

integrity.  This is not a limitation of the SCS technique itself. 

 



 
 
 

110 

3.5 Mapping Electrode Injection Efficiency with SCS 

3.5.1 Experimental Setup and Data Analysis 

 Figure 3.5 schematically demonstrates SCS for the study of the spatial uniformity 

of hole collection at the copper phthalocyanine (CuPc, ca. 10nm thickness)/ITO interface.      

There is no barrier for hole injection from the Pt tip into the valence band of the CuPc 

layer, because of the relative alignment of the frontier orbital energy levels of CuPc 

(ionization potential = ca. 4.8 eV)101 with the Pt tip (work function = ca. 5.6 eV).  This 

SCS current is in the same direction as the photocurrent in an organic photovoltaic device 

at bias voltages negative of the open-circuit photopotential, VOC.19, 102, 103  It is of interest 

whether the ITO substrate forms an ohmic contact with the CuPc film for the collection 

of holes, i.e. does the ITO electrode limit the collection of photocarriers in a working 

device.  If there is no limitation to collection of carriers at the ITO contact (due to surface 

contamination or energetic barriers), Ohm’s Law behavior is seen at low bias: 

( ) ( ) eJ x en x Eµ= −  

Equation 3.3 

 

where J(x) is the current at due to electron flux at x, n(x) is the concentration of electrons 

at x, e is the electron charge µe is the electron mobility and E is the applied electric field.  

As the electric field increases, charge carriers will be injected into the material, and above 

a threshold voltage the injected charge will comparable to or greater than the equilibrium 

carrier density in the material.  Above this bias, the internal electric field is no longer 

constant and is controlled by the distribution of charged carriers in the material.  This 
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regime of current is known as a space charge limited current (SCLC).  The Poisson 

equation relates the distribution of charge and the electrical potential: 

2 ( )
e

U n x
ε

∇ = −  

Equation 3.4 

 

where U is the electrical potential and ε is the electrical permittivity of the medium.  

Solving the coupled differential equations Equation 3.4 and Equation 3.3, with 

appropriate boundary conditions gives the bias dependence of SCLC.  For planar 

electrodes, the SCLC is described by a Mott-Gurney-like relationship:67, 104 

2
3

0

8

9
V

L
J r µεε

=  

Equation 3.5 
 

where J is the current density, εr is the relative permittivity of the semiconductor, εo is the 

permittivity of free space, µ is the carrier mobility, L is the semiconductor film thickness 

and V is the applied bias.  The Mott-Gurney Law was derived for the sandwich electrode 

geometry, with planar contacts of infinite area, however, recent modeling and 

experimental studies by Ginger and coworkers have shown that a modified version of 

Equation 3.5 works for the point-plane geometry of a C-AFM experiment, and the space 

charge limited current retains its parabolic dependence on applied bias.73 
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Figure 3.5  (a) An array of current-voltage curves are taken on a conductor as in Figure 3.3, coated 

with a heterogeneous insulating contamination layer (black) and a uniform semiconducting organic 

film (blue);  (b) current-voltage curves are fitted to the Mott-Gurney formalism,
93

 with the bias 

exponent (x in the figure) as a fitting parameter; (c) the fitted exponents are then mapped to their 

positions on the electrode surface (500nm x 500 nm image in this case).  Regions showing x ≈ 2 are 

consistent with Mott-Gurney relationships seen where ohmic contacts are made between the 

electrode and the semiconductor film, and space-charge limited currents are measured.  Regions 

where x > 2 are regions where the electrode makes non-ohmic contact to the semiconductor film, and 

are plotted according to the legend, with black denoting regions where no detectable current is 

injected. 

 

Contacts to organic thin films can become “injection limited” because of 

additional barriers to current flow, lowering the injection efficiency (ηinj) of that 

contact.67  In this case, Equation 3.5 is no longer valid and the measured currents will 

deviate from the model.  In SCS imaging of these surfaces each current-voltage curve 

was fit with a modified version of Equation 3.5, treating the exponent of the bias as a 

fitted parameter.  A histogram plot of fitted exponents from several different regions on 

the surface is then created (Figure 3.8).  Noting that there is an approximately Gaussian 

distribution of exponents centered on 2, we assume that the Gaussian distribution is due 

to errors in fitting the data, and therefore sample points whose fitted exponent fall within 
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two times the full-width half-max of the distribution are considered to be points at which 

the ITO makes an ohmic contact with the CuPc for the collection of holes.  The fitted 

exponents are then plotted in a color-coded map of their spatial distribution on the surface 

(Figure 3.6, Figure 3.7 and Figure 3.9).  Regions that provide ohmic contacts, where the 

fitted exponent is ca. 2 as per the Mott-Gurney formalism, are coded in yellow.  Regions 

that are electrically “inactive” are coded in black (no current is observed under the 

experimental conditions).  Green coded portions of these SCS data correspond to regions 

that are nearly ohmic (fitted exponents greater than 2.4) and as the shades approach blue 

they represent the regions that deviate the most from Equation 3.5 (fitted exponents of ca. 

6).  It should be noted that Equation 3.5 is only valid in the yellow regions of the map, 

and the green-to-blue regions are simply used to visualize increasing deviations from 

Equation 3.5, and presumably decreasing ηinj.  A hole mobility of 7 x 10-5 m2/(Vs) was 

calculated from the fitted SCLC currents for regions determined to behave ohmically 

(Figure 3.9A).  This value is in line with previous values obtained for evaporated 

CuPc.105   
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Figure 3.6 OP-ITO electrode covered with a thin film (ca. 10 nm) of the molecular semiconductor 

CuPc.  (A) Topographic image obtained with the Pt tip; (B) an SCS Injection Efficiency map of the 

regions of the OP-ITO surface which make ohmic contact to the CuPc thin film.  Yellow represents 

regions where the V
2
 dependence of the Mott-Gurney formalism is observed.  Regions marked as 

green to blue represent increasing deviations from bulk-limited current.  No current was measured 

in the black regions under the experimental conditions used. 
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3.5.2 Mapping Injection Efficiency of CuPc on Template-Stripped Gold 

As a control experiment, template-stripped gold (TS-Au) was used as an electrode 

that was expected to exhibit high injection efficiency with minimal spatial variation.  

With a work function of 5.1 eV, gold matches the ionization potential of CuPc well.  TS-

Au also has a very low surface roughness, ca. 4 Å RMS.  In the template-stripping 

process, gold is deposited under vacuum onto a silicon wafer template which has been 

thoroughly cleaned with piranha solution.  The gold surface is not exposed to atmosphere 

until immediately before being placed in the vacuum chamber to deposit the CuPc.  This 

means the TS-Au surface should have minimal contamination.  Three SCS injection 

efficiency images and corresponding height maps of the CuPc films on TS-Au are shown 

in Figure 3.7.  A histogram of the exponents fitted to Equation 3.5 for the three images is 

shown in Figure 3.8.  The histogram shows that the fitted exponents have and 

approximately Gaussian distribution, centered around two, as predicted by Equation 3.5.   
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Figure 3.7 500x500nm height (top) and SCS Injection Efficiency maps (bottom) of CuPc on a 

template-stripped gold surface.  Yellow represents regions where SCLC was observed.  The ultra-flat 

gold surface has a work function which overlaps the HOMO of CuPc very well, therefore SCLC is 

predicted, but there are still some regions on the nanoscale which do not make ohmic contact to the 

CuPc.  These regions could be due to grain boundaries in the polycrystalline gold film, surface 

contamination or poor wetting of the CuPc on the gold. 
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Figure 3.8 Histogram of the SCLC exponents fitted to Equation 3.5 for the CuPc on template 

stripped gold images appearing in Figure 3.7.  The data approximate a Gaussian distribution about 

2, as predicted by the Mott-Gurney Formalism.   

 

3.5.3 Mapping Injection Efficiency of CuPc on ITO Electrodes 

 The methodology summarized in Figure 3.5 was used to generate SCS images of 

several regions of CuPc/ITO heterojunctions, using either OP-ITO or DSC-ITO as the 

substrate.  The extremes in behavior are shown in Figure 3.9.  Figure 3.9A shows a 500 

nm by 500 nm region of a CuPc/OP-ITO film that demonstrates uniform ohmic contact 

between the OP-ITO substrate and the CuPc film.  The SCS data in Figure 3.9B, taken 

several millimeters away on the same sample, shows a region of the electrode 

crisscrossed with inactive spots and regions making poor electrical contact to the 

semiconductor.  Figure 3.9C and Figure 3.9D are regions from a CuPc/DSC-ITO sample.  

Very little of the electrode makes ohmic contact to the CuPc. Although the better region 
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is fairly uniform in forming a contact that is only slightly hole blocking, the worst region 

is almost uniformly electrically inactive.   
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Figure 3.9 500 x 500 nm SCS images of the most and least electrically uniform regions on oxygen 

plasma treated ITO (A and B) and detergent cleaned ITO (C and D) surfaces covered with a 10 nm 

film of CuPc.  (A) an almost uniformly ohmic contact to the CuPc layer; (B) image taken at a 

different location on the same sample, showing significant heterogeneity and many electrically 

inactive regions; (C) an SCS image of CuPc on DSC-ITO showing moderate heterogeneity but almost 

no ohmic contact to the CuPc; (D) a largely electrically inactive region, i.e. the CuPc is deposited over 

a region of ITO which is electrically inactive due to a contamination layer. 
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3.5.4 Mapping Physical Properties with Space-Charge Limited Current SCS 

Aside from information about the injection efficiency across the electrode under 

study, the parameters fitted from the SCS measurements also give information about the 

physical properties of the semiconductor film.  For regions where the electrode makes an 

ohmic contact to the semiconductor (fitted exponent = 2, yellow regions in Figure 3.9) 

Equation 3.5 is valid.  The pre-factor in the equation depends upon the physical 

properties of the semiconductor film: its relative permittivity, the carrier mobility and 

especially the thickness of the film.  Figure 3.10 is a plot of the fitted Mott-Gurney pre-

factor for the totally ohmic electrode region shown in Figure 3.9A.  Although Figure 

3.9A shows that this region of oxygen plasma-treated ITO forms a uniformly ohmic 

contact to the CuPc film, Figure 3.10 demonstrates there is still variations in the physical 

properties of the CuPc film on the nanometer length scale.  Because CuPc films deposited 

onto room-temperature substrates are α-phase,106 large fluctuations in permittivity and 

mobility are not expected for this material.  We therefore interpret this map as most likely 

representing small thickness variations in the CuPc film or variations in the effective 

active electrode area of the ITO.  The effective electrode area doesn’t appear in Equation 

3.5  explicitly, because the electrode area is assumed to be that of the tip-sample contact 

area when the current density is calculated by dividing the measured current by the 

estimated contact area (25 nm2).  If the geometric area of the electrically active ITO 

surface is less than the tip-sample contact area, it will limit the area, and the area used to 

calculate J will essentially have been too large.  This will cause the measured SCLC pre-

factor to be small. 
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Figure 3.10 Map of fitted SCLC pre-factors for the 500x500nm region which was shown to be Ohmic 

by the SCLC exponent data in Figure 3.9A.  The pre-factor from Equation 3.5 depends upon the 

relative permittivity of the material, the carrier mobility and the thickness of the semiconductor 

layer.  Variations in this pre-factor may be due to variation in the permittivity and mobility due to 

polymorphism of the semiconductor material or due to variations in the thickness of the 

semiconductor film. 
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3.6 Preliminary Use of SCS to Map Schottky Barrier Height Homogeneity 

3.6.1 Experimental Setup 

SCS can also map thermionic emission currents, analogously to the manner in 

which it maps SCLC and tunneling currents.  Thermionic emission currents correspond to 

the emission of a charge carrier over an energetic barrier, and are described by a version 

of the ideal diode equation: 

* 2 exp exp 1barrier
q eV

J A T
kT nkT

ϕ−     
= −    

    
 

Equation 3.6 

 

where A* is the Richardson’s constant, T is the temperature φbarrier is the barrier height, n 

is the diode ideality factor and V is the applied bias.  Everything outside the square 

brackets is the exponential pre-factor, commonly called the reverse saturation current or 

J0.  As Equation 3.6 shows, the exponential pre-factor depends on the barrier height for 

carrier injection and the exponent depends on the ideality factor, which was shown in 

section 1.3 to be sensitive to electronic disorder.  Plotting these parameters as a function 

of area should give maps that qualitatively describe the lateral electronic disorder for 

thermionic injection of carriers.  J-V curves were obtained from an AE-ITO surface with 

a CuPc film at negative tip biases.  The negative tip bias led to the injection of holes by 

the AE-ITO over an energetic barrier into the CuPc film.  The currents were fitted to 

Equation 3.6 and the fitted exponential pre-factors and diode ideality factors were plotted 

in Figure 3.11. 
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Figure 3.11 SCS maps of the thermionic emission of holes at the AE-ITO/CuPc interface.  Map A 

shows the fitted exponential pre-factor, and map B shows the fitted diode ideality factor. 

 

3.6.2 Data Analysis 

The fitted SCS thermionic emission data for the AE-ITO/CuPc interface are shown 

in Figure 3.11.  There are clearly features on both maps; however the analysis of the data 

is not straightforward.  The computer simulations discussed in section 1.3 showed that 

increased exponential pre-factors and diode ideality factors are both expected when 

lateral electronic inhomogeneities exist, but there is not good correlation between the two 

maps.  The diode ideality factor is also ca. one order of magnitude larger than is 

commonly observed.107  This may be due to an enhancement of the effects responsible for 

increased fitted diode ideality factor and pre-factors measured on large-scale devices due 
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to the thinness of the organic film and the spacing of the apparent electrically active sites 

shown by CP-AFM in Figure 3.2.  Computer modeling is required to see if such high 

ideality factors can be reasonably explained by the geometric effects of a distribution of 

electrically active sites on length scales similar to the thickness of the semiconductor.  

Another explanation is that the thermionic emission model is not appropriate for the AE-

ITO/CuPc interface, and a hybrid model including the effects of tunneling might better 

describe the interface.  More work is required to understand the injection of holes from 

ITO into CuPc. 

 

3.7 Advantages and Limitations of SCS 

3.7.1 Comparison with CP-AFM 

There are some inherent trade-offs between the standard CP-AFM and SCS 

techniques.  The structure of the data obtained in a CP-AFM experiment is three-

dimensional, i.e. current as a function of x and y position.  Like the analogous Force-

Volume AFM and Phase-Volume techniques,108-111 the structure of the data in an SCS 

experiment is four-dimensional, i.e. current as a function of x and y position and bias 

(which is held constant in the normal CP-AFM experiment).  The data set for a normal 

CP-AFM experiment is in fact a three-dimensional iso-potential surface in the four-

dimensional space of the SCS data set.  While this sounds complicated, the implications 

are clear: an SCS data set contains much more information than a CP-AFM experiment 

conducted at similar spatial resolutions, however it also takes longer to obtain (and  much 
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longer to process the data).  In practice this means that SCS experiments will always have 

lower spatial resolution, and will generally take longer.  256 points per second (one 512 

point line at 0.5 Hz) is a relatively slow sample rate for CP-AFM.  2 seconds per point is 

relatively fast sample rate for SCS.  When large bias ranges are used on high-resistance 

samples (such as the tunneling experiments discussed in section 3.4, the RC time constant 

of the circuit is high and the sample rate must be low to avoid the circuit’s RC response 

from dominating the I-V curve.  Sample rates of 1 point per 20 seconds were common in 

those experiments.   

In some cases it is acceptable to assume a certain I-V response for the sample, 

perform a normal CP-AFM and treat the data set as though it was a high-resolution three-

dimensional isopotential surface from a four-dimensional SCS experiment.  This what 

Olbrich and coworkers did when they performed CP-AFM on a continuous dielectric 

layer on a metal electrode, and used the current measured and the Fowler-Nordheim 

Equation at a single bias to calculate the thickness of the dielectric response.83  Their data 

looked like Figure 3.4, except it was higher resolution, and almost certainly took less 

time to obtain.  The drawback to that approach is that the authors would be unaware if the 

current in particular regions of their sample did not in fact follow a Fowler-Nordheim 

formalism and the data for that region was meaningless.  As an example, there are 

regions on the mostly-insulating ITO surface where the platinum-coated AFM tip makes 

ohmic contact to the ITO.  In an SCS experiment this would be obvious, because the 

ohmic current response looks nothing like a tunneling current (and in an SCS experiment 

one could also calculate the contact resistance at the ohmic regions).  In a CP-AFM 
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experiment it would be impossible to say what the mechanism was that caused the large 

currents in a particular region.  Some experiments, like the current injection-efficiency 

SCS in section 3.5 experiments are simply not possible to perform without the SCS 

technique, since they information being sought after is the relationship between current 

and voltage as a function of x and y position.  Ultimately, SCS is a specialty technique, 

but it can provide information that is inaccessible through normal CP-AFM.  

 

3.7.2 Limitations of the Current Experimental Setup 

Aside from the inherent limitations of the SCS technique described above, there are 

some practical limitations which arise due to the fact that our AFM system was not 

designed with SCS in mind.  The most important limitation by far is a hardware issue: the 

lack of a quality logarithmic current amplifier.  Essentially all of the current-voltage 

relations one might be interested in exploring are non-linear and contain either 

exponential relationships or parabolic relationships.  The existing linear amplifier only 

has about 3-4 orders of magnitude of range, making it difficult to study exponential 

quantities that vary widely in magnitude over small lateral distances.  The amplifier is 

probably responsible to a certain extent for the width of the Gaussian distribution of fitted 

parameters in Figure 3.8.  By restricting the number of points falling within a usable 

current range it increases the uncertainty in the fitted parameters.   

The other points are relatively minor software issues.  The Nanoscope software 

does not have a feature to limit the current the sample receives.  This is problematic, 

because high currents can destroy the conducting AFM tips by vaporizing the ca. 30 nm 
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thick metal layer off, rendering them useless.  This problem prevented the AE-ITO from 

being probed with the same bias range as the OP-ITO and DSC-ITO in the tunneling SCS 

experiments in section 3.4.  The acid-etching process leaves the surface so electrically 

active that a significant portion of the surface makes ohmic contact to the platinum tip.  

The DSC-ITO and OP-ITO were subjected to 0-4V bias to ensure that currents could be 

measured tunneling through the relatively thick contamination layer.  Because most of 

those surfaces did not make ohmic contact to the tip, the currents were reasonable and the 

experiments worked.  The AE-ITO could only be subjected to 0-2V, because at 4 Volts 

the ohmic regions quickly destroyed the AFM tip.  Because of this software limitation, 

the thickness of the contamination layer on the AE-ITO could not be effectively 

measured.  The last point is perhaps obvious, but it is definitely limiting.  Because SCS is 

a new technique, the software is not designed to automate it.  Automation for Force-

Volume AFM is common in commercial AFM software.  SCS is very much analogous to 

FV-AFM, and similar automation would save the user hours of formatting data and fitting 

current-voltage curves by hand. 

  

3.8 Conclusions 

 A new C-AFM technique has been introduced for probing the spatial variation of 

electronic properties, as well as related physical properties, of organic/conductor thin film 

heterojunctions.  This technique should be applicable for any system for which an 

appropriate physical model for the current-voltage behavior is available.  The use of  SCS 

to map the thickness of an insulating contaminant layer on the surface of an ITO 
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electrode was demonstrated, and showed that oxygen plasma activation of ITO results in 

thinner contamination layers than detergent/solvent cleaning, as discussed in several 

previous studies.26, 78   

 Also demonstrated was the use of SCS to map the regions of ITO which form 

ohmic contact to an organic semiconductor, and compared the relative amount of ohmic 

to non-ohmic and electrically inactive regions on DSC-ITO and OP-ITO.  We find 

variation in the nature of the electrical contact on size scales from ten nanometers to 

several millimeters.  This variation in the contact properties plays a dominant role in the 

device to device repeatability of both OPVs and OLEDs produced on ITO surfaces and 

implies that the role of electrode pretreatment in the efficiency of OPV modules may be 

greatly underestimated. 
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 CHAPTER 4: THE EFFECT OF ELECTRODE HETEROGENEITY ON 

ORGANIC PHOTOVOLTAIC DEVICES 

4.1 Introduction 

The previous chapter described the theory and practice of a new Atomic Force 

Microscope (AFM) technique, Scanning Current Spectroscopy (SCS), for probing the 

spatial variation of physical and electronic properties of surfaces and interfaces.  This 

chapter describes the use of SCS to map the uniformity of the electrical properties of the 

Indium-Tin Oxide (ITO)/Copper Phthalocyanine (CuPc) interface and correlate these 

properties with the performance and device uniformity of photovoltaic devices built on 

these substrates.  The data demonstrate that uniform electrical properties at the 

electrode/semiconductor interface are of critical importance for consistently making 

photovoltaic devices with good performance, at least for OPVs based on CuPc/C60 

heterojunctions.  This chapter also presents some current-voltage data for photovoltaic 

devices built with titanyl phthalocyanine (TiOPc), which behave very differently than the 

CuPc system.  The differences and implications are discussed.  Three different ITO pre-

treatments are examined: detergent/solvent cleaning (DSC-ITO), oxygen plasma cleaning 

(OP-ITO) and a brief etch in 0.2M FeCl3/concentrated hydrochloric acid (AE-ITO).   
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4.2 Hole Collection at the ITO/Copper Phthalocyanine Interface 

4.2.1 SCS Injection Images of CuPc Films on Treated ITO 

Electrodes which have high surface electron transfer rates (high carrier injection 

efficiency and low contact resistance) do not limit the rate of current traversing an 

electronic device.  The current is limited by the resistance of the bulk material contacting 

the electrode, described by the Mott-Gurney Law, Equation 3.5.  The SCS mode 

described in section 3.5 obtains an array of J-V curves on a surface and fits the exponents 

of the currents and maps them.  Regions of an electrode which have decreased injection 

efficiency will produce J-V curves deviating from Equation 3.5, i.e. a value other than 

two.    

Figure 4.1 shows nine SCS Injection Efficiency maps, three each for the DSC-ITO 

(A-C), OP-ITO (D-F) and AE-ITO (G-I).  Regions coded in yellow represent points 

where the fitted exponent in Equation 3.5 is approximately two (see below), and thus the 

current follows the Mott-Gurney Formalism and is assumed to be bulk-limited.  Regions 

coded in green to blue represent fitted exponents increasingly larger than two, and 

represent points where the current increasingly deviates from a SCLC, i.e. the injection 

efficiency is decreased and the current becomes more contact-limited.  Regions coded in 

black represent points where no measurable currents were obtained under the 

experimental conditions used, and are considered electrically inactive.  All of the areas 

sampled, except for Figure 4.1E and Figure 4.1F show significant electrical heterogeneity 

on a scale of tens of nanometers.   Additionally, all three ITO surfaces exhibit variation 

on the millimeter scale.  This is most apparent with the DSC-ITO surface.  Figure 4.1A 
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shows a mostly contact limited hole collection, Figure 4.1B shows patches which make 

ohmic contact to the CuPc interspersed with regions that are very contact limited and 

Figure 4.1C contains a large electrically inactive patch.  OP-ITO makes more uniform 

contact to the CuPc; Figure 4.1D and Figure 4.1E show areas making almost uniform 

ohmic contact, with Figure 4.1F showing an area with regions making ohmic contact, 

regions having very contact-limited behavior and regions that are electrically inactive.  

The AE-ITO makes the most uniform contact to CuPc on large length scales.  Figure 

4.1H and Figure 4.1I show areas with a mixture of ohmic and slightly contact-limited 

regions, with Figure 4.1G being slightly more contact-limited.  The AE-ITO did not 

exhibit any electrically inactive regions. 
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Figure 4.1 Scanning Current Spectroscopy (SCS) images of different 500x500nm regions of treated 

ITO electrodes coated with 10 nm of CuPc. Yellow regions correspond to areas of ITO that make 

ohmic contacts to the CuPc; black regions are areas where no detectable current was measured and 

green to blue regions represent ITO areas having decreasing carrier injection efficiency into the 

CuPc. A-C are images from detergent/solvent cleaned ITO, D-F are oxygen plasma treated ITO and 

G-I are from acid-etched ITO.  
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Figure 4.2 Histograms of the SCS parameters plotted in Figure 4.1.  These parameters are exponents 

fitted to the Mott-Gurney formalism (Equation 3.5).  Regions of the electrode that make ohmic 

contact to the CuPc will fit Equation 3.5 with an exponent of 2, as shown in D, a CuPc film on a 

template-stripped gold surface.  B shows that this is the case for much, but not all of the oxygen 

plasma treated ITO surface.  A and C show that detergent cleaned and acid-etched ITO surfaces, 

respectively, for the most part do not make ohmic contact to CuPc.  The inset for each histogram is 

the percentage of the regions probed for which current could be measured under the experimental 

conditions used. 

 

The data from all three images for each surface in Figure 4.1 are combined and 

presented as histograms in Figure 4.2.  Injection data for CuPc on a silicon wafer 
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template-stripped gold surface are presented as a reference (Figure 4.2D).  The gold 

surface shows an approximately Gaussian distribution about two, indicating an ohmic 

contact.  Figure 4.2B shows that there is also an approximately Gaussian distribution of 

fitted exponents about two for the OP-ITO.  Two times the full-width half max of this 

distribution was used as the range defining “ohmic” contacts in the images in Figure 4.1.  

The OP-ITO data also show a distribution of regions with decreasing injection efficiency.  

Both the DSC-ITO (Figure 4.1A) and the AE-ITO (Figure 4.1C) have distributions 

centered on fitted exponents greater than two, i.e. the majority of both surfaces make 

injection-limited contact to the CuPc layer.  Both surfaces also show, like the OP-ITO, a 

small tailing of points having fairly large fitted exponents, i.e. making very poor 

electrical contact to the CuPc layer.  The distribution for the DSC-ITO is also shifted 

slightly towards higher exponents by ca. 0.5, indicating the overall injection efficiency is 

lower for the DSC-ITO relative to the AE-ITO, and both are lower than the OP-ITO.  

Inset into each histogram is the percentage of areas on each surface for which electrical 

current could be measured.   Only 70.2% of the DSC-ITO surface collected a measurable 

hole current from the CuPc, 90.1% of the OP-ITO did and fully 100% of the AE-ITO was 

able to collect a measurable hole current from the CuPc.   

 

4.2.2 Effect of Surface Treatment on Electron Transfer Rates at the ITO Contact 

The shifting averages of the different distributions of the fitted exponents for these 

different surfaces, characteristic of the injection efficiency of the electrode, are attributed 

to the variation in electron transfer rates from the ITO due to the different surface 
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chemistry of the ITO after treatment.  The DSC-ITO surface is contaminated with 

insulating indium hydroxide (In(OH)x) species, as discussed in section 1.2.3.  The 

insulating surface contamination presents a barrier to electron transfer.  This is 

demonstrated by the low currents observed in the CP-AFM map of DSC-ITO in Figure 

3.2, caused by a relatively thick tunneling barrier as demonstrated by the SCS 

contamination thickness map in Figure 3.4.  XPS shows that the hydroxide contamination 

thickness on the surface of the AE-ITO is less than either the DSC-ITO or the OP-ITO, 

and resembles that of freshly deposited, atomically clean, ITO that has only been briefly 

exposed to atmosphere.  This thinner surface contamination layer results in a decreased 

barrier to tunneling, evident in the more electrically conducting AE-ITO electrode surface 

shown in Figure 3.2.  Rates of electron transfer to solution probe molecules confirm that 

AE-ITO has the largest effective electrode area of the three surfaces examined.78  The 

evidence indicates that the electron transfer rate from AE-ITO to CuPc is increased 

relative to that of DSC-ITO because the acid etching removes surface hydroxide 

contamination, leading to a decreased tunneling barrier for carrier injection.  While this 

explains why AE-ITO has qualitatively higher electrode injection efficiency than DSC-

ITO, it does not explain why the OP-ITO makes ohmic contact to CuPc while the other 

two treated ITO surfaces do not. 

One of the primary reasons oxygen plasma treatment of ITO has been studied so 

extensively in the literature is the use of ITO as a hole-injecting electrode for OLEDs.  

Section 1.4.1 discussed the requirements for making efficient OLEDs, one of which is 

facile and evenly matched charge carrier injection.  Because ITO has a work function 
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lower than many of the hole transporting materials commonly used, the increase in ITO 

work function from oxygen plasma treatment is very beneficial for improving the hole 

injection efficiency from ITO because it decreases the electronic barrier.  However, the 

SCS maps in Figure 4.1 measure the collection efficiency of holes, i.e. the electron 

injection efficiency.  There is no energetic barrier for hole collection from CuPc by any 

of the ITO surfaces studied because the work function of all the surfaces are less than or 

equal to the I.P. of CuPc.  The higher hole collection efficiency of OP-ITO can not be 

explained by a decrease in the surface contamination either, as the OP-ITO surface is 

more contaminated than that of the AE-ITO, which has a poorer hole collection 

efficiency.  The mechanism of the increase in hole collection efficiency by oxygen 

plasma treatment is not the work function increase; it must be the result of a change in 

surface chemistry of ITO and/or a change in the interface dipole between CuPc and ITO.  

Studies are currently being pursued in the Armstrong research to elaborate on these 

effects.   

Section 1.2.1 described how the degenerately doped electronic structure of ITO is 

formed by heavy doping with oxygen vacancies on the indium oxide lattice, as well as 

substitution of divalent tin ions for trivalent indium ions.  These defects dope the ITO 

according to Equation 4.1 and Equation 4.2: 

2

1
( ) 2 '

2
x

O O
O O g V e↔ + +ii  

Equation 4.1 
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Using the Kröger-Vink notation which is standard for oxide chemistry species,112-114 

Equation 4.1 states that an oxygen ion on the oxygen lattice (net zero charge) may 

reversibly react to form half a gaseous oxygen molecule, a doubly positive charged 

vacancy on the oxygen lattice and two conduction electrons.  Equation 4.2 states that two 

(net neutral charge) tin(IV) oxide units may irreversibly form upon deposition two tin 

ions on the indium lattice (net positive one charge each), three oxygen ions on the oxygen 

lattice (net zero charge), two conduction electrons and half a gaseous oxygen 

molecule.113, 114   

2 2

1
2 2 3 2 ' ( )

2
x

In O
SnO Sn O e O g→ + + +i  

Equation 4.2 

 

Exposure to high partial pressures of oxygen shift the equilibrium of Equation 4.1 to the 

left, filling vacancies on the oxygen lattice and de-doping the material.  Oxygen also 

decreases the carrier concentration by compensating the tin dopants as well.  This process 

occurs by the reaction of two adjacent tin dopants with oxygen interstitial to form a 

neutral complex according to Equation 4.3: 

2

1
2 ' 2 ( ) (2 ")

2
x

In In i
e Sn O g Sn O+ + ↔i i  

Equation 4.3 

 

The oxygen ion sits on an interstitial site which is actually a structural vacancy.  The ITO 

bixbyite lattice is simply the fluorite lattice with one quarter of the anions removed, and it 

naturally contains uncharged vacancy positions on the anion sub-lattice.113    
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Not surprisingly, XPS measurements show an increase in the near-surface concentration 

of oxygen ions relative to indium and tin after oxygen plasma treatment.28, 115, 116  The 

increase in oxygen concentration represents a decrease in the concentration of oxygen 

vacancies on the indium oxide lattice and an increase in the concentration of the neutral 

tin-oxygen interstitial complex near the surface.  The decrease in the concentration of 

these dopants depletes the carrier concentration near the surface, causing the Fermi 

Energy to drop below the conduction band edge (top, Figure 4.3).  The resulting upward 

band bending has been cited has the origin of the work function increase in OP-ITO.28   
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Figure 4.3 Schematic diagrams of the (top) electronic structure, (middle) concentration of doping 

species and conduction electrons and (bottom) the uncompensated charge density causing the band-

bending and increased work function of ITO after oxygen plasma treatment.  The ITO surface is on 

the right side, and the bulk of the crystal towards the left. 

 

The band-bending caused by the de-doping of the surface of the ITO must result 

from an electric field.  There are two charged, immobile dopant species, as well as mobile 
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conduction electrons, that could be responsible for this field.  The charge neutrality 

equation for ITO is: 

[ ]' 2
O In

e V Sn   = +   
ii i  

Equation 4.4 

 

Interstitial oxygen ions do not appear in the equation, as there is no experimental 

evidence for their existence in ITO except in the neutral tin complexes.114  Equation 4.4 is 

valid for the whole crystal; however there will be net negative and positive charge density 

in regions having an electric field, such as at the surface of OP-ITO.  The depletion of 

free electrons by oxygen plasma treatment creates a chemical potential gradient for 

electrons, as the bulk concentration is greater than that near the surface.  This chemical 

potential is responsible for the equal and opposite electrical potential gradient which 

opposes it (the surface band bending).  The concentration and potential profiles in the 

band bending region can be found by integration of the Poisson Equation with 

appropriate boundary conditions: 

[ ]( )2 ' 2
O In

q
U e V Sn

ε
   ∇ = − − −   
ii ii  

Equation 4.5 

 

All of the concentrations vary with the distance from the film surface.  Additionally, the 

total tin concentration varies with distance from the surface, and an unknown fraction of 

the tin is bound up in the neutral complexes.24, 28  Practically speaking it would be very 

difficult to measure these values and solve the equations.  However, to reach equilibrium, 

there must be chemical and/or electrical potential gradients which balance the electron 
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chemical potential gradient and one can deduce what the nature of these potentials 

gradients are.  That the bands bend upwards at the surface requires a net negative charge 

density at the surface and into the crystal and a net positive charge density farther from 

the surface.  The only species in the crystal with a net negative charge is the free electron.  

Thus, the band bending must be due to the electric field set up by uncompensated free 

electrons (even though the total free electron concentration has decreased) near the 

surface and the uncompensated, immobile, positively charged oxygen vacancy and tin 

dopant species farther into the crystal.   
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Figure 4.4 Selected UPS Spectra from CuPc films on OP-ITO.  Note the shift of the low kinetic 

energy edge, characteristic of a shift in the vacuum level at the interface with increasing CuPc film 

thickness. 

  

There are reports of the formation of an interface dipole between CuPc and ITO.  

Peisert et al. showed that CuPc films formed an interface dipole of ca. 0.3 V, which they 

attributed to a charge transfer from CuPc to ITO which had been sputter-etched by either 

argon ions or oxygen ions.117  Hill and Kahn measured a 0.1 V interface dipole between 
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CuPc and a detergent/solvent cleaning scheme similar to the one used in this work.118  

The dipole they measured also corresponded to a transfer of electrons from the CuPc to 

the ITO.  In an effort to elucidate the increased hole-collection efficiency of OP-ITO 

from CuPc, Ultraviolet Photoelectron Spectroscopy (UPS) was performed on the treated 

ITO substrates and thin films of CuPc evaporated on them.119   Figure 4.4 shows the 

evolution of the CuPc UPS spectrum with increasing thickness on OP-ITO.  The energy 

levels measured are tabulated numerically in Table 4.1, and are drawn to scale in Figure 

4.5.  The diagrams are drawn with their Fermi Levels aligned to highlight the work 

functions of the bare, treated ITO and the deposited CuPc film as well as the shift of the 

CuPc HOMO towards the Fermi Energy.   

 

Type of   ITO  Offsets   CuPc  
Pre-

Treatment 

EHOMO   EHOMO-

EFermi 

φ EVAC HOMO EHOMO   EHOMO-

EFermi 

φ 

DSC-ITO 7.2 3.0 4.2 0.3 2.2 4.7 0.8 3.9 
AE- ITO 8.2 3.4 4.8 0.2 2.9 5.1 0.5 4.6 
OP-ITO 7.9 2.9 5.0 0.6 2.5 4.8 0.4 4.4 

Table 4.1 Experimental values of relevant energy levels at the interface of treated ITO surfaces and 

CuPc films, derived from XPS and UPS. 

 

The UPS data are consistent with the previously reported work described above.  

There is a dipole formed at the interface due to transfer of electrons from the CuPc to the 

ITO, regardless of the surface treatment.  Interestingly, the magnitude of the measured 

surface dipole does not correlate with the work function of the treated ITO surface, as 

might be expected.  The vacuum level shift increases non-linearly with a decrease of the 

energy difference between the Fermi Energy and the HOMO of the bare ITO surface, i.e. 
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with increased surface band-bending in the ITO.  Additionally, the difference between the 

Fermi Energy and the CuPc HOMO decreases proportionately with increases in the work 

function of the bare ITO and the work function of the deposited CuPc film scales with the 

HOMO of the bare ITO film.  The proportionality of both these relations is ½, within 

experimental error.  These results may be understood if one considers the manner in 

which electronic equilibrium is reached.   

An internal electric field is required to equilibrate the differing Fermi levels.  This 

can be achieved by electric fields in either or both materials (band bending), and/or 

dipoles at the interface (interface dipoles).  If the contribution from band-bending in the 

lightly (adventitiously) doped CuPc is considered negligible, the electric field must be 

distributed between the band-bending in the ITO and the interface dipole at the CuPc/ITO 

interface.  The near-surface region of ITO already has band-bending in the absence of an 

over-layer, as described above.   The CuPc will inject electrons into an already-negatively 

charged surface, with a built in electric field which will sweep the injected electron away 

from the interface, towards the net positive charge further into the ITO.  Because the 

magnitude of the dipole is directly proportional to the separation of the charges, this 

results in a larger interface dipole for ITO/CuPc interfaces when the bare ITO has a 

negatively charged surface.  The increased surface dipole is due to the pre-existing band-

bending at the ITO surface, which is in turn caused by the electronic de-doping of the 

ITO surface, evidenced by the shift of the Fermi Energy towards the HOMO of the bare 

ITO in the case of the OP-ITO.  In contrast, the AE-ITO surface is not substantially 

depleted of carriers, and does not have significant band bending prior to CuPc deposition.  
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The OP-ITO may be a more efficient hole collector than the AE-ITO because the extra 

negative charge at the ITO surface helps to overcome the repulsive electronic forces 

(from the positively charged CuPc molecules at the interface) acting on a hole 

approaching the interface from the bulk of the CuPc.  It should be noted that 

photoelectron techniques inherently measure ensemble averages, while the CP-AFM data 

shows a variation of electronic properties at size scales much smaller than the sampling 

area of the spectroscopy.  This implies that the increased hole collection efficiency of 

OP-ITO compared to AE-ITO may be due to chemical changes in the electrically active 

regions of the ITO surface which will not be detectable by UPS.  There is still much work 

that remains to be done in understanding the nature of the electrically active regions and 

the effects of surface treatment on ITO electrodes. 
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Figure 4.5 Band diagrams of the interface between CuPc films and treated ITO surfaces derived 

from photoelectron spectroscopy (values given in Table 4.1).  The diagrams are drawn aligned at 

their Fermi Energies.  The red, dashed lines are guides to the eye showing the relation between the 

work function of the treated ITO surface before CuPc deposition and the subsequent shift of the 

CuPc HOMO towards the Fermi Energy upon deposition. 
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4.2.3 Effect of Surface Treatment on CuPc OPV Performance and Uniformity 

To examine the affect of heterogeneity of the electrical properties of the ITO/CuPc 

interface on the performance of and reproducibility of photovoltaic devices based upon 

CuPC, sets of six OPV’s where built on each ITO surface.119  The current voltage curves 

of the cells in the light are shown in Figure 4.6 and the operating parameters of the cells 

are shown in Table 4.2.  Each of the six cells built on the three surfaces was tested, and 

the average of the six current-voltage curves  was plotted as points, with the standard 

deviations plotted as solid lines. The width of the envelope formed by the standard 

deviations demonstrates the device to device uniformity, as well as where in the operating 

curve any variations may occur.  Figure 4.6C shows the data for the AE-ITO surface.  

This surface produced the most repeatable devices, and had a device yield of 6/6.  There 

are no bulges in the envelope formed by the standard deviation curves.  Figure 4.6B 

shows the data for O2-DSC.  The open circuit voltage and short circuit current are 

essentially the same as for AE-ITO, however there is a bulge in the standard deviation 

curves right at the region of the current-voltage curve which determines the fill factor, 

and thus the maximum power conversion efficiency for the cells.  This decrease in 

repeatability corresponds with a decrease in fill factor relative to the AE-ITO.  The OP-

ITO surface yielded 6/6 devices.  Figure 4.6A shows the data for DSC-ITO, and the 

increase in device to device variability is quite apparent relative to the other two surfaces.  

Short circuit current is decreased, and variability at all biases but especially in the fill-

factor determining region, are increased.  The device yield was only 4/6 devices. 
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Figure 4.6 Average (points) and standard deviations (smooth curves) for current-voltage curves for 

sets of six photovoltaic devices of the structure shown.  The acid etched ITO (C) produced the least 

device to device variability.  Oxygen plasma treated ITO (B)  produced devices which showed an 

increase in device to device variability near biases that determine the fill-factor (ca. 02.V) and thus 

the cells’ maximum power conversion efficiency.  Detergent/solvent cleaned ITO (A) produced the 

largest variability, as well as a decrease in the short-circuit current and a device yield of only 4/6 

compared with 6/6 for the other two treatments. 
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Isc (mA/cm2)  

Fill Factor
Efficiency (%)

Jo (mA/cm2)
Ideality Factor

Voc (V)

Detergent Cleaned
4.73 +/- 0.87

0.399 +/- 0.069

0.486 +/- 0.11

0.93 +/- 0.37

0.39 +/- 0.8

4 +/- 2.8  

O2 Plasma
6.02 +/- 0.64

0.39 +/- 0.08

0.91 +/- 0.3

0.04 +/- 0.06

3.13 +/- 0.75

0.38 +/- 0.02

Acid Etched
5.71 +/- 0.57

0.521 +/- 0.052

1.12 +/- 0.14

3.388x10-3 +/- 6x10-4

2.09 +/- 0.05

0.379 +/- 0.019

Photovoltaic Parameters

 

Table 4.2 Photovoltaic performance parameters for the devices shown in Figure 4.6. 

 

4.2.4 Relation Between Nanoscale Electrical Uniformity and OPV Performance and 

Uniformity 

The behavior of the macroscopic photovoltaic devices can be understood in terms 

of the SCS data, and the carrier distribution profiles caused by the lateral inhomogeneity 

in the ITO injection behavior, shown in Figure 4.7.  Simulations have shown that the 

recombination rate at the donor-acceptor interface in OPVs is partially determined by the 

transport properties of the organic layers.120-123  Poor electrode uniformity has been 

shown to increase recombination rates in silicon PVs,124 and the SCS and OPV data 

indicate the same is true for the CuPc/C60 based OPVs discussed here. The AE-ITO, even 

though it had lower injection efficiency than the OP-ITO, was the most uniform in 

electrical behavior over macroscopic length scales.  This is shown in the similarities of 

images in Figure 4.1D-F, which were taken at separations comparable to the size scale of 

the PV devices.  The AE-ITO had no electrically inactive regions, and so that electrode 

surface is able to collect photo-generated holes uniformly across its entire surface.  The 
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OP-ITO surface for the most part makes uniform ohmic contact to the CuPc, and had the 

highest injection efficiency of the three surfaces tested.  However, it does have regions 

showing significant heterogeneity, and ca. 10% of the surface is electrically inactive.  

The macroscopic OP-ITO devices show an increase in device to device variability in the 

fill-factor determining region of the J-V curves.  This indicates that at Voc, where no 

current is flowing, and at Isc and reverse bias, where the applied bias creates an electrical 

potential gradient which helps drive the extraction of carriers, the OP-ITO devices 

behave similarly to the AE-ITO devices.  However when the applied forward bias 

increases the electrical potential gradient opposing the extraction of carriers, the ca. 10% 

inactive surface area hinders the extraction of photogenerated carriers, forcing them to 

recombine.  Because this recombination is caused by the local decreases in the chemical 

potential gradient of holes due to variations in the electrode, the magnitude of the 

recombination depends on the local carrier extraction efficiency of the ITO that a 

particular device is built on. This causes the increased device-to device variability in the 

fill-factor region of the OP-ITO devices.   

The ca. 30% inactive regions on the DSC-ITO surfaces apparently cause large 

enough decreases in the local hole chemical potential gradient to hinder carrier extraction 

and cause increased recombination even when the electrical potential gradient does not 

affect or even assists carrier extraction, resulting in a decrease in the average short-circuit 

current for these cells and increased device to device variability at all biases.  The poor 

electrode properties of the DSC-ITO also results in a decreased device yield.  

Interestingly, the large variability in the electrode properties of DSC-ITO occasionally 
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produces a “champion cell” with photovoltaic performance equal to that of the devices 

produced on OP-ITO and AE-ITO.  The author asserts that these cells are the result of a 

device that was built on a region of DSC-ITO that through sheer chance did not have any 

large regions of blocking electrode.  Such cells should be regarded as not representative 

of the performance of a given surface treatment, as they are the exception rather than the 

rule. 
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Schematic Carrier Distribution Profiles in OPVs Under

Short Circuit 0<V<Voc

OP-ITO

AE-ITO

DSC-ITODSC-ITO

OP-ITO

AE-ITO
 

Figure 4.7 Schematic diagrams of the carrier profiles in operating OPV devices due to the lateral 

inhomogeneity of the ITO hole extraction efficiency.  The left column represents devices operating at 

short circuit, and the right column represents devices operating at a forward bias less than the open 

circuit voltage.  Dark red (blue) represents regions of high hole (electron) concentration.  Regions of 

poor hole collection efficiency produce a “pile-up” of holes,  decreasing the chemical potential 

gradient.  This effect is more pronounced at forward bias. 

 

One last important observation about the macroscopic device data is the trend in 

the ideality factors (n) and J0’s fitted to the dark J-V curves, shown in Table 4.2.  The 
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diode ideality factor, J0 and the relative standard deviations for both parameters 

monotonically increase from AE-ITO to OP-ITO to DSC-ITO, i.e. with increasing device 

to device variability and increasing nanoscale variation in the electrode injection 

efficiency.  This behavior has been discussed in the context of electrode variation in 

Schottky Diodes and inorganic PVs in section 1.3.  In the case of inorganic PV cells the 

relevant inhomogeneity in the electrodes occurred on a length scale of millimeters, and in 

the case of the Schottky Diodes it occurred on a scale of ca. 100nm.  These length scales 

are the same magnitude as the minority carrier diffusion length in crystalline silicon and 

the depletion width of Schottky Diodes.  Sullivan et al. noted that variations in the diode 

quality factor were most pronounced in simulations where the contact inhomogeneity size 

was comparable to the depletion width of the Schottky junction.  This is in line with the 

observed behavior of inhomogeneous contacts between ITO and CuPc. Figure 4.1F 

demonstrates that OP-ITO has electrical non-uniformity on a lateral scale of ca. 50 nm, 

which approximately twice the thickness of hole transport layers commonly used in 

bilayer heterojunction OPVs.  Apparently in OPVs a local decrease in the hole collection 

efficiency of the electrode begins to decrease device performance if it is large enough to 

cause a decrease in the local hole chemical potential gradient at the donor-acceptor 

interface.  Recombination in bilayer OPVs occurs primarily at the donor-acceptor 

interface, as that is the only region of these devices with large concentrations of holes and 

electrons in close proximity.  A decrease of the hole chemical potential gradient at that 

interface due to the increase in concentration of holes at a blocked region of the electrode 

eliminates the driving force for holes to diffuse from that interface, which will cause 
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those holes to recombine rather than be extracted.  The effect of a given electrode 

inhomogeneity should therefore depend on its size, the local decrease in hole collection 

efficiency, the hole diffusion coefficient and the thickness of the hole transporting layer.  

This is a subject that begs for a computational computer modeling study. 

 

4.3 A Brief Look at the Variability OPVs with Titanyl Pc Donor Layers 

TiOPc as a donor layer is a popular subject of study in the Armstrong Research 

Group, due to its ability to form a crystal phase with a broad red-shifted absorbance.125, 

126  This red-shifted absorbance gives a better absorbance overlap with a region of the 

solar spectrum having a higher flux of photons, and it therefore has the potential to 

develop greater external quantum efficiencies under solar illumination than other Pcs.  It 

makes an interesting comparison to CuPc because it has a larger I.P., and a similar 

structure except for the single oxo-group extending normal to the plane of the molecule.  

It is reasonable to assume that this protruding oxygen atom may change the way that 

TiOPc interacts with the ITO surface relative to the structurally similar CuPc, and it 

therefore may prove interesting to study the behavior of the TiOPc on treated ITO with 

scanning current spectroscopy.  Initial attempts at this have failed, apparently because 

TiOPc is doped much more rapidly by atmosphere than CuPc and the SCS experiments 

are currently conducted under ambient conditions.105, 127, 128  This problem is addressed 

the Future Directions, section 6.2.1.   

Average J-V curves and standard deviation envelopes from data obtained by 

Diogenes Placencia are shown in Figure 4.8.  Fitted device parameters are given in  
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Table 4.3.  These cells are a smaller size, use a different cathode pattern and were 

tested under different conditions than the CuPc cells presented in Figure 4.6, so no direct 

comparisons are valid.  The behavior of these cells is however qualitatively very different 

from that of the CuPc cells with respect to ITO surface treatment.  The open circuit 

voltages of the devices are highly dependant upon the surface treatment, a trend that is 

not observed with CuPc.  The OP-ITO surface in this case produces PVs with 

significantly better fill factors than the other two surface treatments, as well as increased 

short circuit currents.  All three surface treatments produce comparable or decreased 

device-to-device variability relative to the CuPc data in Figure 4.6, however this could be 

attributed to the smaller area of the TiOPc cells.  The AE-ITO produced significantly 

larger device-to-device variation than the DSC-ITO and OP-ITO treatments.  Clearly the 

electronic, and perhaps morphological, properties of the ITO/TiOPc interface are 

different than that of the ITO/CuPc interface.  This deserves further inquiry.    
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Figure 4.8 Average current-voltage curves (points) and standard deviations (lines) for TiOPc PV cells 

on treated ITO electrodes.  Unpublished work by Diogenes Placencia. 
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    DSC     OP     AE     
PCE 0.49 +/- 0.054 2.0901 +/- 0.1 1.12 +/- 0.19 % 
Voc 0.34 +/- 0.016 0.591 +/- 0.0042 0.54 +/- 0.04 V 
Jsc 4.3 +/- 0.22 6.7 +/- 0.27 5.8 +/- 0.34 mA/cm^2 
FF 0.336 +/- 0.0076 0.53 +/- 0.011 0.36 +/- 0.016   
Jo 0.0053 +/- 0.0053 0.000036 +/- 1.5E-05 0.00054 +/- 0.0006 mA/cm^2 
n 2.6 +/- 0.29 2.01 +/- 0.078 2.7 +/- 0.33   

 
Table 4.3 Parameters for the TiOPc Devices shown in Figure 4.8. 

 

4.4 Conclusions 

 The Scanning Current Spectroscopy technique was used to explore lateral 

electronic non-uniformities, both on nanometer and macroscopic length scales, at the 

ITO/CuPc interface for ITO having received either detergent/solvent cleaning, oxygen 

plasma cleaning or a brief acid etch.  The results are correlated with the performance of 

bilayer organic photovoltaic cells with CuPc being the material in contact with the ITO 

electrode.  The AE-ITO produced the most electrically uniform interface with CuPc, even 

though it did not make ohmic contact to the material.  This is explained by drastically 

reduced hydroxide contamination on the surface relative to the other two samples.  The 

uniformity of the AE-ITO produced OPVs with the best performance and the best 

repeatability.  The DSC-ITO had lower injection efficiencies than the AE-ITO, and 

exhibited large electrically inactive regions.  These surfaces produced cells with 

decreased short circuit currents and drastic device-to-device variation.  The OP-ITO 

surface showed the highest local carrier collection efficiency, which was attributed to an 

ITO surface having more negative charge density, which assisted the extraction of holes 

from CuPc by helping to overcome electronic repulsion from the CuPc cations  present at 



 

156 

the interface.  This is due to the band-bending at the surface of the OP-ITO caused by 

carrier depletion from the oxygen plasma treatment.  Despite the high carrier extraction 

efficiency, the OP-ITO surface exhibited moderate lateral variation in the electrical 

properties of the surface which resulted in variability in the device J-V curves in the fill 

factor-determining region.  The device performance was discussed in terms of increased 

hole recombination at the donor-acceptor interface due to local decreases in the chemical 

potential gradients caused by increases in the hole concentration in the vicinity of local 

regions of decreased hole collection efficiency.  The dark J-V curves for the diodes built 

on AE-ITO yielded lower, and less variable, diode ideality factors and J0 than devices 

built on the OP-ITO or DSC-ITO electrodes, consistent with previous reports for 

electrically non-uniform electrodes in both organic and inorganic diodes.  Some data 

from TiOPc PV cells was presented to illustrate the qualitatively different behavior the 

three surface treatments produce.  Unfortunately, due to experimental constraints with the 

current system, no SCS data is available for that system. 
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 CHAPTER 5: INTEGRATED OPTICAL SENSORS 

5.1 Introduction 

The integrated optical sensor platform is a waveguide-based optical refractive 

index sensor using an organic light-emitting diode and an organic photovoltaic device as 

the light source and photodetector.  Because the totally-internally reflected light 

propagating at angles near the critical angle for total internal reflection in a waveguide is 

exquisitely sensitive to changes in refractive index of the superstrate, the sensor platform 

has the potential to make a good chemical and biological sensor, with the addition of 

suitable surface-bound molecularly specific binding chemistries.  This sensing platform 

has the advantage of having no free-space optics to be aligned (or knocked out of 

alignment).  The fabrication of OLEDs and OPVs is amenable to patterning, making 

large-scale integration of many sensors on an individual chip attainable and per-sensor 

cost low.   

The sensor project is a truly collaborative effort.  The idea for the sensor and 

proof-of-concept device was realized by Adam Simmonds.  After his departure the 

Author took over the task of building a second generation device (Gen II) which 

approached the sensitivity levels required to detect the adsorption of molecules on the 

sensor’s surface as a side project until a postdoctoral scientist could be hired to continue 

the research.  The Gen II platform itself, along with the necessary masking systems, 

vacuum system upgrades and the original roadmap to the necessary sensitivity levels 

were realized by the Author.  Undergraduate student Daniel Huebner became the 
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fabricator and tester of OLEDS, and he has proved a tireless contributor.  The OLED 

drive and signal-processing circuitry was designed, built and de-bugged by then-

undergraduate student Brian Zacher.  He has since joined the group as a graduate student, 

and continues to be an indispensable part of the project.  Most of the early device 

fabrication, encapsulation, sample delivery cell design and sensor testing were performed 

by the Author.  The workload has since shifted to Erin Ratcliff, the postdoctoral 

researcher who now heads the project, Dan Huebner and Brian Zacher who is continuing 

to advance the sophistication of the electronics and assists Erin with the sensor testing.  

The work of all three researchers is evident in this chapter, and the sensor platform would 

not be in the relatively advanced state it is without their hard work. 

The general operating principles and proof-of-concept of the Gen I sensors are 

outlined in section 5.2.  To increase the performance of the sensors a number of changes 

were explored.  These included modification of the OLED and OPV architecture, 

rudimentary encapsulation, pulsed OLED drive and lock-in amplification, and most 

importantly the addition of a reference channel.  The Gen II platform also demonstrates 

the integration of more than one sensor on a single substrate.  These issues are addressed 

individually, and the performance of a Gen II sensor with a sensitivity of ca.10-4 

refractive index units is demonstrated.  The current limitations to sensitivity are 

addressed.  Lastly, the suitability of the classical ray optics model advanced by Adam 

Simmonds and discussed in section 5.2 is addressed. 
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5.2 Generation I: Method of Operation and Proof of Concept 

5.2.1 Coupling from OLED to OPV 

The introduction section on OLEDs outlined the previous work regarding the 

coupling of photons generated within OLEDs into totally internally reflected modes in 

the substrate.  The previous work used wave optics to describe this coupling.55, 129, 130  

Several papers have also been written on minimizing these substrate-coupled modes.131-

134    In his dissertation, Adam Simmonds described a somewhat simplified classical ray 

optics model, which adequately describes the power coupled into the substrate modes as a 

function of angle, while being easier to use practically than the wave-optics models.65  

This model is briefly reviewed here in the context of the current conversion efficiency of 

the OLED-Waveguide-OPV system, i.e. what detector current is expected for a given 

OLED drive current and sample refractive index. 

The current conversion efficiency of the sensor is defined by the ratio of the OPV 

detector current to the OLED drive current, and is given by: 

OPV

OLED

I
R

I
ηβ=  

Equation 5.1 

 

where η is the internal quantum efficiency of the OLED, β is the fraction of photons 

generated in the OLED and coupled into substrate modes that interact with the OPV and 

R is the responsivity of the OLED detector.  The performance characteristics of the 

OLED and OPV determine η and R, respectively, and β is determined by the geometry of 
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the sensor and the refractive index of the superstrate (sample) in contact with the 

waveguide.   

 Simmonds’ model assumes the OLED is an isotropic point source emitting a 

photon flux uniformly over a hemisphere within the organic layer (the top contact acts as 

a reflector).  The natural coordinate system is polar coordinates, with θ being the azimuth 

angle from the surface normal of the slab waveguide substrate, and φ being the radial 

angle in the plane of the substrate surface.  The photon coupling efficiency, β, from the 

OLED into totally internally reflected substrate modes incident on the OPV is given by 

the solid angle of emission coupled into the substrate in the direction of the OPV divided 

by the total solid emission angle, 2π. This relation is: 

( )1 2cos cos

2

φ θ θ
β

π

−
=  

Equation 5.2 

 

The radial angle, φ, is determined by the separation of the detector and OLED and the 

width of the detector, i.e. the radial angle formed by the equilateral triangle with its apex 

at the center of the OLED and its base at the edge of the detector closest to the OLED.  

This is given by:  

22arctan
w

s
φ

 
 =
 
 

 

Equation 5.3 

 

where w is the width of the leading edge of the OPV and s is the spacing between the 

center of the OLED and the leading edge of the detector.  θ1 and θ2 are the critical angles 
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for total internal reflection at the glass/sample interface and the organic/glass interface, 

respectively.  Note that these angles are with respect to angles in the ORGANIC layer; 

the light is refracted at the organic/glass interface and the critical angle of the glass/air 

interface with respect to angles of propagation in the glass will be larger than the angles 

of propagation in the in organic.  Assuming an organic refractive index of 1.7 and a glass 

refractive index of 1.5, the critical angle at the organic/glass interface is given by Snell’s 

Law, 61.9°.  The critical angle for the glass/air interface is 36°.  The fraction of photons 

coupled into totally-internally reflecting substrate modes is given by:   

/ /cos( ) cos( ) cos(arcsin( )) cos(arcsin )glassglass air organic glass air
critical critical

organic organic

nn

n n
θ θ− = −  

Equation 5.4 

 

For this system, 33.8% of the light generated in the OLED is coupled into the substrate 

when air is the waveguide superstrate.  The fraction of this light incident on the detector 

is given by φ and Equation 5.3.  If the edges of the waveguide are polished and the light 

is allowed to reflect off the sides of the cavity thus formed, the radial coupling angle φ is 

determined by twice the critical angle for total internal reflection at the glass/air interface, 

with respect to propagation angles IN GLASS.  The radial coupling angle in this case is 

96.4°, much larger than the detector defined radial coupling angle. 

 

5.2.2 Refractive Index Sensing 

The change in the optical coupling coefficient, β, with a change in the refractive 

index of the waveguide superstrate can be used as the basis of a refractive index sensor.  
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The signal from such an experiment is related to the change in β due to the change in the 

solid angle of OLED emission coupled into substrate guiding modes, and is given by 

Equation 5.2.  Substituting θ1 and θ2 with the expressions for the critical angles 

(referenced to propagation in the organic layer) of the glass/sample and organic/glass 

interfaces gives: 

cos(arcsin( )) cos(arcsin )
2

sample glass

organic organic

n n

n n

φ
β

π
= −  

Equation 5.5 

 

The measured current signal, with the addition of an offset due to stray light and 

amplifier offset, is given by substituting Equation 5.5 into Equation 5.1: 

cos(arcsin( )) cos(arcsin )
2

sample glassOLED

organic organic

n nI RG
S SL

n n

η φ

π

 
= − + 

  
 

Equation 5.6 

 

where G is the gain of the electronic amplifier measuring the current from the OPV and 

SL is the signal due to stray light and amplifier offset.  The sensitivity of the detector is 

given by the derivative of Equation 5.6 with respect to nsample: 

2

22 1

OLED sample

sample
sample

organic

organic

I RG ndS

dn
n

n
n

η φ

π
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−   
 

 

Equation 5.7 

 

Assuming an organic refractive index of 1.7 and aqueous solutions with a refractive index 

near that of water, Equation 5.7 can be approximated by Equation 5.8:  
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0.0537 OLED

sample

dS
I RG

dn
η≈  

Equation 5.8 

 

In practice the signal is normalized.  The normalized sensitivity is given by the ratio of 

Equation 5.8 and Equation 5.7.  For solutions with refractive indices near that of water, 

the normalized sensitivity is predicted by the classical ray optics model to be 4.95/R.I.  In 

his dissertation, Simmonds presented the response of the sensor using organic solvents of 

varying refractive index, reprinted here as Figure 5.1. 

 

 

Figure 5.1 The normalized response of the first generation integrated optical refractometer to 

organic solvents of varying refractive index.  Filled diamonds are experimental data; the red curve is 

the theoretical model.  Reprinted with permission from Adam Simmonds’ Dissertation.  
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5.3 Generation II: Upgrades and Design Considerations  

5.3.1 Overview 

A planar waveguide refractometer would make a suitable platform for a chemical 

sensor based on the refractive index change upon the selective adsorption of molecules of 

interest.  Indeed, the generation I sensor could apparently detect the pre-adsorption of 

heptylviologen prior to its reduction in a cyclic voltametry experiment. However, this 

was a truly heroic experiment, stretching the limits of the Gen I sensor’s capability, and 

was not able to be repeated.  The Gen II upgraded sensor was designed with increased 

lifetime and stability in mind.  The limit of detection of the Gen I sensor was negatively 

affected by a drastic baseline shift, attributed to the permanent degradation OLEDs 

operating in ambient atmosphere, as well as a decrease in OLED quantum efficiency with 

increasing operating temperature.  This was complicated by the fact that the OLEDs had 

to be driven near their maximum drive current to achieve a sufficient signal to noise ratio.   

Encapsulation of the organic devices is clearly a pre-requisite for enhancing the lifetime 

and stability of the sensor, given OLEDs sensitivity to oxygen and water vapor. The Gen 

II sensor also implements a dual-beam geometry, using a reference OPV to monitor the 

drift in the OLED light source.  This allows the OLED baseline drift to be accounted for 

by normalizing the signals.  Increasing the brightness and internal quantum efficiency of 

the OLEDs allows the OLED drive current to be reduced, enhancing stability and 

lifetime, while actually increasing the signal.  The signal can also be increased by using a 

detector with a higher responsivity to the wavelengths of light emitted by the OLED.  

Finally, the signal to noise ratio can be increased by pulsing the OLED and using lock-in 
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amplification to decrease the bandwidth of the measurement, and hence the noise level.  

Additionally, it is desirable to have many sensors on a single substrate, so that each can 

be individually tailored to a different analyte.  These upgrades and their affects on the 

capabilities of the sensor platform are addressed individually. 

 

5.3.2 Encapsulation 

The lifetime of the un-encapsulated Gen I OLEDs was measured in hours under 

normal testing conditions: only turning the device on to make a measurement, then 

turning it immediately off to conserve its lifetime.  To build practical sensors, the lifetime 

must be increased.  To this end, two methods of device encapsulation of the Gen II sensor 

were tested: a permanent encapsulation and a more expedient, temporary encapsulation in 

an enclosed polymer casing.  The permanent solution was designed on the basis of 

previous reports in the literature of encapsulating OLEDs using epoxy to affix a glass 

backing onto the OLED substrate.135  The backing used was a ¼” thick piece of 

borosilicate glass, giving extra structural rigidity to the 1mm thick device substrate.  

Holes were drilled into the backing, and gold-coated, spring-loaded pogo pins were 

epoxied in place to make contact with the devices.  Once the backing was prepared, a 

gasket was cut from Viton sheet.  Inside the glovebox, the sensor substrate, gasket and 

backing plate were carefully assembled and clamped together (Figure 5.2).  The assembly 

was then removed from the glovebox (no solvents are allowed in the device fabrication 

glovebox) and an epoxy bead was run around the edges of the substrate/backing 

sandwich.  The viton gasket served to keep atmosphere out until the epoxy could be 
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applied, as well as preventing the epoxy from running into the waveguide area or the 

devices.  Additionally it provides optical isolation between the two individual sensors, 

keeping stray light levels low. 

 

 

Figure 5.2 Picture of the permanent device encapsulation scheme.  The top aluminum block has holes 

drilled in it to clear the pogo pin contacts extending from the backing plate, and black rubber sheet 

can be seen between the vice blocks and the sensor, protecting it from scratching.  The clear, smooth 

epoxy bead can be seen around the perimeter of the device. 

  

The permanently encapsulated sensor is shown in Figure 5.3 and Figure 5.4.  This 

is one of the first devices encapsulated in this manner; the later devices used a blackened 

version of the same epoxy to cut down on stray light from reflections at the substrate 

edges, which were purposely roughened to encourage scattering out of the waveguide.   

The encapsulation performed adequately.  The Gen I devices was only run for the length 

of time it took to obtain a single data point, ca. 1 minute, and its useful life was measured 

in hours.  The permanently encapsulated device was run for hours at a time, and its useful 

lifetime was approximately a week stored in ambient atmosphere.  Device failure was 
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from the growth of inactive spots on the electrode, which has been shown to be related to 

moisture.135, 136  The encapsulation procedure was fairly easy to accomplish, although it 

was very time consuming to construct the backplanes and it took 24 hours for the epoxy 

to cure. 

 

 

Figure 5.3 Permanently encapsulated device.  The four OPV detectors are seen at the corners, and 

the fingered OLEDs in the center.  The gasket surrounds the device and also separates the top and 

bottom sensors.  The pogo pin contacts can be seen poking through the gasket.  The surface of this 

device has been fouled by a residue from the rubber sheet that protected it during encapsulation, and 

needs to be cleaned. 

 

 The second method of encapsulation was to seal the sensor substrate into a 

poly(ether-ether-ketone) box (Figure 5.5).  Contacts are made with 0.005” stainless steel 

sheets that fit under the sealing gasket.  This technique had several advantages.  It takes 

much less time to encapsulate a sensor, since there is no epoxy to cure, and no backplane 

to fabricate.  The sample cells are built into the encapsulation box, so there is no need to 

clamp or glue them to the sensor, as there is with the permanent encapsulation system.  

There were no problems with sample solution leaking beneath the gasket with this 
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system.  The useful lifetime of the sensor was approximately the same as for the 

permanently encapsulated sensors.  Both encapsulation systems proved adequate in that 

they extended the useful lifetimes of the sensors enough that they could be handled in the 

lab over days, and hours-long experiments could be performed on them.  However, 

neither system is ideal and further work is necessary to develop an encapsulation system 

that extends device lifetime into months and years. 

 

 

Figure 5.4 View of the back of the permanently encapsulated device.  The pogo pin connections are 

seen epoxied into the backing plate. 
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Figure 5.5 Photograph of the gasket-sealed sensor encapsulation system.  The sample wells are visible 

on the top, and the stainless steel contacts protrude from the edges. 

 

5.3.3 Sensor Geometry and Layout 

To obtain maximum signal through an increase in the radial coupling angle, φ, the 

experiments performed with the Gen I sensor made use of the cavity-confined modes in 

addition to the detector-defined radial coupling angles, in effect turning the entire 

substrate into an optical fiber.  The radial coupling angle in this geometry is 96.4°, 

compared with 17° for the detector defined radial coupling angle in the Gen I platform.  

With the cavity assisted modes, the optical coupling of photons with the detector was 

over 25% of the photons coupled out the front of the device.  When multiple sensor 
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devices are included on a single substrate, the cavity-assisted modes do not all interact 

with the sample, and so they act as stray light and do not contribute to the analytical 

signal (Figure 5.6).  To mitigate the stray light from these modes, the black polymer 

gaskets which are part of the encapsulation system also define the optical path.  To 

overcome the detrimental affects on the signal strength due to the loss of the light from 

the cavity assisted modes, the detector was placed as close as was thought practical to the 

OLED.  The Gen II sensors have a radial coupling angle of 26°.  If a thinner substrate 

was used (1mm in both the Gen I and Gen II sensors) the detector could be placed 

proportionately closer to the light source and still allow sufficient sample interaction 

length, while increasing the radial coupling angle, and hence the signal strength. 
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Figure 5.6 Detector-defined radial coupling angles (left) and cavity-assisted radial coupling angles 

(right) for the Gen I (top) and Gen II (bottom) platforms.  The sample interaction area is shown in 

green.  The greater photon flux from the cavity-assisted modes, critical to obtaining sufficient signal 

in the Gen I device, acts as stray light in the multi-sensor Gen II platform. 

 

5.3.4 Emissively-Doped OLEDs 

In an effort to increase the electrical signal from the sensor, emissive doping of the 

OLED was explored to increase the internal quantum efficiency, η.  N,N’-di-isoamyl 

Quinacridone (DIQA) was doped into the Alq emissive layer of the OLED as a guest 

emitter.  It has been previously reported that the good spectral overlap between the DIQA 

absorbance spectrum and the electroluminescence spectrum of Alq makes resonant 

energy transfer of excited states from Alq to DIQA a rapid and efficient process.52  This 

was found to be the case in the OLEDs fabricated in this study.  The EL spectra of a 
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1wt% DIQA-doped OLED as a function of drive current is shown in Figure 5.7, with the 

EL spectrum of the host molecule Alq shown for reference.  The EL spectra of the doped 

OLED are dominated by the guest emitter, indicating a nearly quantitative transfer of 

excited states from the host to the guest molecule in operation.  The EL spectrum at the 

highest drive current shows a slight broadening of the emission peak, and a decrease in 

the definition of the shoulder at ca. 575nm.  This indicates saturation of the guest 

molecule and the onset of emission from the host molecule.  This occurred only at the 

highest drive current, which approaches the failure point of the device.   
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Figure 5.7 The normalized electroluminescence of a 1wt% DIQA-doped OLED as a function of drive 

current.  The EL spectrum of Alq, the host molecule, is shown in black.  OLEDs fabricated by Daniel 

Huebner and characterized by the Author. 
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Despite the efficient transfer of energy from the host to the guest molecules, an 

increase in the maximum brightness and current efficiency was not observed for the 

OLEDs tested.  This could be due to aggregation of the dopant molecules, and hence 

quenching of excited states, but the doping levels used were inline with previous reports 

for DIQA and other quinacridone derivatives.52, 137  Fabrication of OLEDs with lower 

guest concentrations is not feasible with the current vacuum system, so it was not 

possible to attempt to optimize quantum efficiency by decreasing the guest concentration.  

Another possibility is that the poor control over the relative rates of evaporation of the 

guest and host molecules in our deposition system leads to non-uniform doping profiles, 

and quenching of excited states by aggregates in the regions having higher doping.  At 

any rate, sufficient gains in the electrical signal with the use of different OPV absorber 

species (section 5.3.5) and lock-in amplification (section 5.3.7) were achieved, and the 

later Gen II sensors were built with undoped OLEDs. 

 

5.3.5 Choice of OPV Detector Absorbing Molecule 

In the interest of increasing the responsivity of the detector, a different molecule, 

pentacene, was used as the absorber/hole transporter in the detector OPVs.  Recently, 

OPVs based on pentacene have been shown to have extraordinarily high incident photon 

to current efficiencies (IPCE).138  The power conversion efficiency of these cells is 

limited by a relatively small Voc making them mediocre solar cells, but their high 

quantum efficiencies and relatively flat spectral response make them interesting as a 

photodetector.  The IPCE of TiOPc and Pentacene OPVs built on oxygen plasma cleaned 
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ITO modified with PEDOT:PSS is shown along with the with the electroluminescent 

spectra of OLEDs with Alq and DIQA-doped Alq as the emitter in Figure 5.8.  The 

increased spectral overlap between the EL of both emitters and the pentacene OPV IPCE, 

coupled with the pentacene’s overall greater external quantum efficiency result in a 

significant enhancement of R, the responsivity of the detector.  The product of the 

internal quantum efficiencies of the OLED and OPV calculated from current-efficiency 

coupling measurements for different OPV absorbers is shown in  

Table 5.1.  These values indicate that pentacene has an R approximately 10 times 

larger than CuPc or TiOPc for the emitters used.  This increased detector response comes 

at a price; the pentacene films are highly crystalline and rough,139 and the yield of large-

area devices is decreased relative to OPVs built with the Pcs.  The gain in signal is worth 

the decreased device yield, and pentacene cells were used as detectors in the refractive 

index measurements.  Note that the device yield should increase if small detectors are 

used.  This is one of many reasons for going to smaller sensor sizes, as discussed in the 

Future Directions section. 
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Figure 5.8 The IPCE as a function of wavelength of OPVs built with pentacene and TiOPc as the 

absorbing layers are compared with the electroluminescence spectra of Alq and DIQA-doped 

OLEDs.  The EL emission of both OLEDs corresponds with a region of decreased IPCE for the 

TiOPc cells, limiting R.  The pentacene OPV exhibits a flatter response and higher IPCE across all 

wavelengths less than about 710nm.  The increased spectral overlap between the EL of both OLEDs 

and the IPCE of pentacene, coupled with the large magnitude of pentacene’s IPCE results in a 

significant enhancement of R relative to the TiOPc detectors.  OLEDs fabricated by Daniel Huebner, 

EL spectra measured by the Author, OPV fabrication and IPCE measurements by Erin Ratcliff. 

 

OLED Absorber ηR 

ITO/PEDOT:PSS/TPD/Alq/LiF/Al CuPc 2.26E-04 
ITO/PEDOT:PSS/TPD/Alq:DIQA/Alq/LiF/Al TiOPc 2.04E-04 

ITO/PEDOT:PSS/TPD/Alq/LiF/Al Pentacene 2.45E-03 
 

Table 5.1 Quantum efficiency coupling between OLEDs and OPV absorbers used to build sensor 

devices.  
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5.3.6 Dual-Beam Drift Correction 

The experiment being performed is outlined in Figure 5.9.  A light source with a 

time-dependant intensity is coupled to two detectors, a reference and a sample detector.  

Ultimately the goal is to measure the fraction of light transmitted through the sample 

channel, i.e. the light which is not lost due to the increased refractive index of the sample 

relative to the reference.  The physical parameters are: 

0

( )

( )
sample t

t

Φ

Φ
 

Equation 5.9 

 

where Φ0(t) is the photon flux at the light source at time t and Φsample(t) is the photon flux 

of the light after interacting with the sample at time t.  The photon flux at a detector is 

given by: 

OLEDI ηβΦ =  

Equation 5.10 

 

The photon flux at the detector is the OLED drive current times the OLED internal 

quantum efficiency time the optical coupling efficiency.  The reference detector signal is 

given by: 

( ) ( ) ( )
ref OLED ref ref ref ref

S t I t t R G SLη β= +  

Equation 5.11 

 

where Sref(t) is the voltage produced by the reference channel at time t; IOLED(t) is the 

OLED drive current at time t, η(t) is the internal quantum efficiency of the OLED at time 
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t, Rref is the external quantum efficiency of the reference OPV, Gref is the gain of the 

reference channel and SLref is the voltage output of the reference channel due to stray 

light and amplifier offset.  A similar equation exists for the signal channel, with the 

refractive index of the reference solution replaced by the refractive index of the sample.   

To obtain the true physical signal, the stray light response, changing internal quantum 

efficiency of the OLED and the different responses of the OPVs and their electronics 

must be dealt with.  This can be effected by measuring the stray light response of each 

channel, and then normalizing the data for each channel.  The easiest way to accomplish 

this experimentally is to setup the experiment, fill both the sample and reference channel 

with an appropriate reference (pure water, for aqueous solutions), and record data for a 

period of time while the OLED heats up and the sensor reaches thermal steady-state.  

Then the experiment is performed.  Once finished, the reference and signal cells are both 

filled with the reference material, and data is taken for another period of time.  Finally, 

the sample and reference cells are emptied, and then refilled with a fluid with a refractive 

index higher than glass, such as chlorobenzene.  The high refractive-index material will 

couple all the light out of the waveguide in the region contacting the sample cell, leaving 

only the signal from stray light and the zero offset of the signal processing circuitry.   
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Figure 5.9 Block diagram of the experiment.   A light source with a time-varying intensity is coupled 

to two detectors, a sample and a reference.  The signal measured is the voltage output of a lock-in 

amplifier for each channel.  The measured signal is the product of the light source current, its 

internal quantum efficiency, the optical coupling efficiency, the detector’s external quantum 

efficiency and the gain of the electronic amplifiers, plus a dark response. 

  

 The data from near the end of the warm-up period can be used to normalize the 

detector responses.  The response from several data points in a short time span are 

averaged to give Sref(0), and then the normalized response can be calculated: 

( ) ( ) ( )

(0) (0) (0)
ref OLED ref ref ref ref

ref OLED ref ref ref ref

S t I t t R G SL

S I R G SL

η β

η β

+
=

+
 

Equation 5.12 
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If the stray light response, measured at the end of the experiment, is subtracted from all 

the measurements and it is assumed that the amplifier electronics are stable, Equation 

5.12 simplifies to: 

( ) ( )
( )

(0) (0)
norm OLED
ref

OLED

I t t
S t

I

η

η
=  

Equation 5.13 

 

The normalized sample response is calculated the same way.  The ratio of the normalized 

sample and reference responses is given by: 

( ) ( )

( ) (0) (0)
( ) ( )( )
(0) (0)

OLED sample

norm

sample OLED ref

norm
OLEDref

OLED

I t t

S t I

I t tS t

I

η β

η β

η

η

=  

Equation 5.14 

 

Equation 5.14 simplifies to Equation 5.15 which is equal to Equation 5.9, the fraction of 

photons transmitted in the sample channel. 

( ) ( ) ( )

( ) ( ) ( )

norm

sample OLED sample

norm

ref OLED ref

S t I t t

S t I t t

η β

η β
=  

Equation 5.15 

 

The quiescent period at the end of the experiment is used as a sanity check for the 

normalization.  If the normalization was done correctly, the data at the end of the 

experiment taken with the reference fluid in both sample cells should both give 

normalized responses of one.  If there is some shift in the baseline, due to subtle changes 

in the gains of the electronics, deposition of foreign matter on the waveguide or if the 



 

180 

gaskets didn’t seal properly and allowed fluid to be trapped, this reality check will let the 

experimenter know, and give the value of the shift over time, allowing this to be figured 

into calculations of measurement uncertainty.   

 To test whether the OLED drift could be removed from the baseline, the reference 

and sample channels of a Gen II sensor platform with TiOPc OPV detectors were filled 

with water and the response of the detectors with time was monitored.  This data was 

obtained using a CH Instruments 1030A operating in amperometric I-t mode, without the 

use of the lock-in amplifier, and the OLED was driven with a constant current of 10 

mA/cm2 by a Keithley 2400 source-meter.   Unfortunately, the stray light signal was 

measured incorrectly.  However the data could very easily be fit by taking educated 

guesses at the stray light response, and fitting the data by hand.  The magnitude of the 

fitted stray light signals were ca. 12.5% and 5%.  These numbers are very reasonable, 

especially considering that approximately 85% of the OLED light coupled into the 

substrate is stray light (all radial angles except for the 26° that goes to each of the 

detectors).  The viton gasket is apparently fairly effective at confining the substrate-

coupled light to the sensing regions.  The stray light corrected and normalized signal and 

reference channels, as well as their ratio are plotted in Figure 5.10.  The baseline response 

is perfectly centered on 1 and has a drift of only 1ppm/sec.  During the same period, the 

response of the individual channels dropped by almost 10%.  The variation due to 

electronic noise is clearly much larger than the corrected baseline drift; the relative 

standard deviation in the electrical noise is 0.14%.  In a single beam experiment the 
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factor limiting the precision is error due to baseline shift.  In the dual beam experiment 

the limiting factor is electrical noise. 

 

 

Figure 5.10 Baseline drift from the OLED light source over time for the Gen II sensor without lock-

in amplification.   The stray-light corrected, normalized signals from the reference and sample 

channels are shown in yellow and pink.  The ratio of these two (blue) is the baseline-corrected signal 

with the reference solution in the sample cell.  The baseline drift is ca. 1.3 ppm/second.  The standard 

deviation of the signal is 1.3e-3, much larger than the baseline shift.  OLED fabricated by Daniel 

Huebner.  OPV fabrication, sensor encapsulation and testing by the Author. 

 

5.3.7 Lock-In Amplification 

To increase the signal to noise ratio, a lock-in amplification system was used.  The 

scheme is outlined in Figure 5.11.  The OLED was driven at a pulse frequency of 256 Hz, 

using an adjustable constant current.  The detector currents were fed into a current-to-
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voltage converters, then 4th-order band-pass active filters, and then finally into the lock-in 

amplifier stage.  Both the current-voltage converters and the active filter had variable 

gain.  The voltage outputs of the lock-in amplifier were used as the signal.  Both the 

OLED drive circuitry and the detector signal processing circuitry were powered by 

batteries and a regulation circuit.  The electronic schematics of the power supply, OLED 

drive circuit and the signal processing circuitry are in Appendix C. 
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Figure 5.11 Block diagram of the electronics used to operate the sensor.  Erin Ratcliff. 

 

 The lock-in amplification scheme was used to process the detector response for 

another baseline drift experiment, with water used in the sample cell.  The relative 
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standard deviation of this signal is 3.0x10-4, compared with 1.4x10-3 for data taken 

without amplification. 
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Figure 5.12  Baseline drift over time for data taken with the lock-in amplification scheme.  Note that 

the y-axis scale is an order of magnitude smaller than that of the graph of the baseline drift data for 

the un-amplified signal, shown in Figure 5.10.  OLED and OPV fabrication by Daniel Huebner; 

sensor characterization by Erin Ratcliff and Brian Zacher. 

 

5.4 Refractometry 

To test the Gen II sensor platform, its response to refractive index changes due to 

small spikes of ethanol in water was measured.  One mL of water was inserted into the 

sample and reference cells, and then 5 µL spikes of ethanol were periodically injected, 
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and the sample briefly mixed.  This procedure produced refractive index changes of ca. 

3.5x10-4 refractive index units per spike.  Because the electronics process the reference 

channel and sample channel separately, it is possible to work up the data for both the 

single and dual-beam responses to the same experiment.  The single channel data are 

presented in Figure 5.13.  The upward curvature of the data is due to the shifting OLED 

output, similar to what is shown in Figure 5.10 and Figure 5.12.  This shifting baseline 

limits the precision of the sensor and causes the response to change over time. 
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Figure 5.13 The single-beam sensor response to changes in refractive index of water-ethanol 

solutions.  The decreasing OLED output can be seen in the upward curvature of the data.  OLED 

and OPV fabrication by Daniel Huebner; sensor characterization by Erin Ratcliff and Brian Zacher. 
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 The baseline-corrected dual-beam data are shown in Figure 5.14.  Also plotted is 

the response predicted by the classical ray optics model outlined in section 5.2.  The data 

are approximately linear.  The slope of the experimental data response is measured to be 

4.6/R.I., comparing favorably with the predicted value of 4.95 derived in section 5.2.2, 

with a relative error of 7%.  Given the standard deviation of the baseline measured from 

the data in Figure 5.12, the sensor can detect changes of 1.95x10-4 refractive index units.  

This is an order of magnitude improvement over the single-beam sensor and a factor of 4 

improvements over the dual-beam sensor not using the lock-in amplification ( 

Table 5.2). 
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Figure 5.14 The normalized, baseline corrected sensor response (circles) and the response predicted 

by the model outlined in section 5.2.1 (squares).  OLED and OPV fabrication by Daniel Huebner; 

sensor characterization by Erin Ratcliff and Brian Zacher. 
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 While this represents a significant improvement over the Gen I device and is in 

the range of analytically useful sensitivities, it is apparent that improvements can be 

made.  The error in the measured data does not appear random, it is first higher, then 

lower and then higher than the fitted curve.  This indicates a source of unaccounted for 

error: the time dependence of the stray light.  The derivation of Equation 5.15, which is 

the basis for the processing of the signals in these experiments, assumes that the stray 

light is time independent.  This is clearly not true:  with the use of the lock-in amplifier, 

the stray light is primarily from the OLED in the form of unextinguished cavity-coupled 

modes.  The stray light signal drops with time as the OLEDs output decays, therefore a 

non-time dependant single stray light term subtracted from all the data can never truly fit 

the data.  The easiest way to ameliorate this problem is to take more care in eliminating 

stray light, by roughening and blackening the glass in the areas between the sensors as 

well as the edges of the substrate, which may also be ground at an angle.  If that can not 

decrease the magnitude of the stray light sufficiently, then stray light measurements may 

need to be taken before and after each experiment and a linear extrapolation of the stray 

light time dependence used for the subtraction. 

 

Sensor Sensitivity  
Single Beam, Lock-in 1.00E-03 refractive index units 

Dual Beam, No Lock-in 8.90E-04 refractive index units 
Dual Beam, Lock-in 1.95E-04 refractive index units 

 

Table 5.2 Calculated smallest detectable refractive index change for different sensor geometries. 
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5.5 A Note on the Validity of the Simplified Ray-Optics Model 

The classical ray optics model used in this chapter is derived assuming that there 

are no micro-cavity effects in the OLED, i.e. that the optical power of the OLED 

emission is distributed evenly over a hemisphere and is coupled into the substrate with no 

regard for wavelength or polarization.  As noted in section 5.2.1, there is ample evidence 

in the literature that this is assumption is not true.  Figure 5.15 shows that this is not true 

in the OLEDs used in the integrated optical sensor either.  It is a plot of the base ten 

logarithm of the ratio of TE/TM polarized electroluminescent intensity from the substrate 

modes of a Gen II sensor substrate coupled from a polished edge.  This is the light from 

the totally-internally reflected substrate modes, which are refracted out of the substrate 

when they impinge upon the edge of the substrate.  It shows TE/TM polarization ratios as 

high as 10 and as low as 0.1 for certain wavelengths and propagation angles.  These ratios 

are partly due to different shifts in the wavelength of maximum emission for the two 

polarizations, and partly due to a change in the distribution of power between the TE and 

TM modes.   

In his dissertation,65 Simmonds presents measurements of the total photon flux as 

a function of angle about the front and the edge of an OLED substrate.  These 

measurements account for all photons without respect to wavelength or polarization, and 

fit reasonably well with the photon flux predicted by the ray optics model.  Additionally, 

the slope of the detector response curve predicted by the ray optics model matches the 

value measured in this work to within 7%, and part of that error is certainly due to the 

crude estimates of the organic layer refractive index.  The classical model appears to 
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work well for refractive index measurements.  This is because the refractive index 

measurement is actually a measurement of the critical angle; and the critical angle is not 

dependant on polarization.  It is subject to dispersion, and is therefore wavelength 

dependant.  The relatively small shifts in maximum EL wavelength, ca. 20nm, between 

different substrate-guiding modes are apparently not enough to have a large impact on the 

measurement.  However these micro-cavity effects may become important for 

phenomena that are polarization dependant, such as the optical absorption of an analyte 

bound on the surface, or the coupling of substrate modes to surface plasmons in thin 

metal films on the sensor surface. 
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Figure 5.15 Plot of the logarithm of the ratio of TE/TM polarized electroluminescence from the edge 

of an Alq OLED, as a function of wavelength and angle from edge normal.  OLED fabrication by the 

Author, characterization by the Author and Brian Zacher. 

 

5.6 Conclusions 

This chapter described a second generation integrated optical sensing platform.  

The design considerations and upgrades are addressed individually.  The Gen II detector 

has approximately 75% less efficient optical coupling between the light source and 

detector because the cavity-confined substrate modes become unusable stray light in a 

multi-sensor geometry.  This is an unavoidable penalty for using multiple sensors on a 

single substrate.  This decrease is matched and overcome by the increased external 

quantum efficiency of the detector using pentacene rather than a phthalocyanine as an 
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absorber, giving an improvement of a factor of 10.  While these changes did not result in 

a large increase in the electrical signal, they proved sufficient in conjunction with the use 

of a lock-in amplifier for detection.  The issue in the Gen I platform of sensor drift was 

addressed by the addition of a reference channel in the Gen II platform.   

The sensor was tested in single and dual-beam modes with the lock-in amplifier, 

and the standard deviation of the baseline signal was measured in the dual-beam mode 

without the lock-in amplifier.   These measurements showed that the precision of the 

single-beam experiment was limited by error due to drift in the OLED light source.  The 

use of the reference channel and the lock-in amplification system resulted in a sensor 

with a normalized response of 4.6/R.I. unit and a minimum detectable change in 

refractive index of 2x10-4 R.I. units.  This measurement appears to be limited by the 

current inability to properly account for the time-variant stray light signal; improvements 

in this regard should bring the sensitivity of the platform comfortably into the 10-5 R.I. 

unit range.   

The suitability of the simplified classical ray optics model proposed by Simmonds 

for describing the partitioning of optical flux into the various waveguiding substrate 

modes was addressed.  While the base assumptions are clearly not valid, they are a good 

approximation in the case of a sensor measuring changes in the critical angle for total 

internal reflection because the critical angle is not dependant upon polarization.  The 

model predicts the measured sensor responsivity to ca. 7%.  While the Gen II sensor in its 

current embodiment demonstrates technologically useful sensitivities, there is still room 

for significant enhancement in its performance, particularly in the areas of sample 
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delivery, management of thermal drift and how the issue of the time-dependant variation 

in the background signal is to be addressed.  There is also the issue of adding sensing 

chemistries to the waveguide surface to monitor selective binding of analytes.  This 

chapter represents the advancement from proof-of-concept to technological utility of a 

project which is clearly a work in progress, and the reader is directed to the Future 

Directions section for a discussion of the next steps necessary to advance the platform. 
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 CHAPTER 6: CONCLUSIONS AND FUTURE DIRECTIONS 

6.1 Conclusions 

Organic thin-film photovoltaic devices are promising as inexpensive solar cells 

for the generation of renewable power, especially in portable applications.  The 

understanding of the physics behind the photovoltaic effect in these devices, as well as an 

understanding of the role that interfaces and defects at interfaces plays is not nearly as 

advanced as it is in inorganic photovoltaic devices.   To realize the potential of organic 

OPVs, it is critical to advance the understanding of the roles interfaces play.  One 

interface that has received attention is the interface between the organic layer and the 

transparent conducting metal oxide electrode.  Because of the nature of the chemistry 

required to produce high conductivities in optically transparent materials, the surfaces of 

metal oxides are highly reactive and exhibit spatially non-uniform properties.  While the 

electrically non-uniform properties of the most popular transparent electrode, ITO, have 

been explored and the effect of ITO pretreatment  has been studied there has not been 

much work done on the effect that this non-uniformity has on the injection of charge 

carriers into the organic layers.   

The work described in this dissertation has introduced a new technique which is 

uniquely suited to studying laterally non-uniform charge injection at the metal 

oxide/organic interface and characterizing its role in determining the performance of 

macroscopic photovoltaic cells.  The methodology and theory behind the technique have 

been discussed, and its use was demonstrated.  The effect of different transparent 
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electrode pretreatments were studied in the context of the lateral variation in carrier 

injection into copper phthalocyanine films, a common electron donor in organic 

photovoltaic devices.  The results of these studies indicated that the electrode surface 

pretreatments affected the presence and distribution of electrically inactive regions with 

locally decreased photocarrier extraction efficiencies from CuPc.  The presence of these 

electrically inactive regions affected the short circuit current, fill factor and hence the 

overall power conversion efficiencies of organic photovoltaic cells.  Additionally, the 

distribution of these inactive regions affected the device-to-device repeatability, which 

means understanding and controlling them will play a critical role in the commercial 

success, or lack thereof, of organic photovoltaic solar cells. 

This dissertation has also detailed the design, construction and characterization of a 

second-generation integrated optical refractive index sensing platform.  Such a sensor 

offers the potential for highly sensitive and selective chemical and biological detection, 

as well as inexpensively manufactured multi-sensor chips.  Based on the initial work and 

proof-of-concept device, the second generation sensor platform demonstrates multiple 

sensors on a single substrate and technologically useful refractive index sensitivities.  The 

design principles, requisite signal processing circuitry and refractive index measurements 

are discussed.  Additionally, the suitability of the classical ray optics model for the 

optical coupling in these sensors, proposed by Simmonds, is discussed. 
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6.1.1 Conclusions for Scanning Current Spectroscopy 

Scanning Current Spectroscopy is a conducting-probe atomic force microscopy 

technique developed to probe the electrical properties of the interface between thin 

semiconductor or dielectric films and an electrode.  It is a volume-data technique; the 

data set is current as a function of x and y position on a surface and bias.  It is applicable 

whenever a model for current-bias behavior of a system is available.  The method is to 

obtain an array of J-V curves across the surface of a sample, and then fit the curves to the 

appropriate model.  The results are the fitted parameters from the J-V model, plotted as a 

function of area.   

The technique was illustrated with three different current models: tunneling, space-

charge limited current and thermionic emission.  The tunneling example used 

detergent/solvent cleaned and oxygen plasma treated indium tin oxide electrodes as 

samples.  The ITO is known to have a thin tunneling barrier on its surface, due either to 

surface contamination and/or carrier-depleted native oxide surface.  Tunneling SCS was 

used to measure the thickness of this layer for both surfaces.  The OP-ITO map showed 

smooth variations in the thickness of this tunneling barrier, ca. 1-6 nm thick.  The 

DSC/ITO had tunneling barriers large enough that they could not be measured with the 

same amplifier gains as the OP-ITO. 

Two types of data were shown for space-charge limited current spectroscopy, the 

exponent fitted to the Mott-Gurney formalism and the pre-factor from this equation.  The 

fitted exponent data is a measure of how much a given area on the surface deviates from 

the Mott-Gurney formalism, which predicts an exponent of two.  In other words, it is a 
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measure of the carrier injection efficiency of the electrode as a function of area.  CuPc 

films were evaporated onto oxygen plasma treated ITO substrates, and the SCLC 

measurements were made.  The OP-ITO showed regions making ohmic contact to the 

CuPc, as well as regions of varied hole collection efficiency, and some regions where a 

current could not be measured.  In regions where the measured SCLC exponent is two the 

Mott-Gurney formalism is valid; therefore the measured pre-factors are valid and 

representative of the physical values the Mott-Gurney formalism predicts them to depend 

on.  The SCLC pre-factors for a totally ohmic region of the OP-ITO were plotted, 

showing a smooth variation.  This variation is most likely due to small variation in the 

CuPc film thickness, as the pre-factor is proportional to one over the cube of the film 

thickness. 

Finally, the thermionic emission mode of SCS was demonstrated.  The injection of 

holes from AE-ITO into CuPc was measured.  The energy level offsets predict this 

current will be a thermionic emission, following an ideal diode-like equation.  The 

exponential pre-factors in this equation are related to the barrier height for injection, and 

the bias dependence (diode ideality factor) is related to electronic variations at the 

electrode/semiconductor interface, as outlined by Sullivan et al.33  While the data did fit 

an exponential bias dependence, the interpretation of the data is difficult, as the diode 

ideality factors are an order of magnitude higher than what is commonly measured for 

macroscopic devices. Either the thermionic emission model is not suited to this system, 

or the extraordinarily high diode ideality factors are the result of extreme variations in the 

field dependence of the currents as a function of lateral position due to the organic film 
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thickness being comparable to the spacing of hole-injecting hotspots.  Computer 

simulations are needed to confirm if that latter interpretation is plausible, but if it is, 

mapping of the barrier height disorder correlated with the SCS SCLC data could prove to 

be very informative about electronic disorder at the electrode/organic interface.  In any 

case, SCS proves to be a useful new tool for understanding how the lateral 

inhomogeneity in electronic properties of electrode/organic interfaces impacts the 

performance of macroscopic devices.  

 

6.1.2 Conclusions for SCS Studies of Electrode Uniformity 

SCS SCLC current mapping of CuPc films on DSC-ITO, OP-ITO and AE-ITO 

were taken to illuminate the role of electrode heterogeneity in the performance and 

device-to-device repeatability of macroscopic organic photovoltaic devices.  Three 500 

nm square images were taken ca. 5 mm apart for each electrode.  These distances 

correspond to the length scales the macroscopic devices were fabricated on.  These maps 

measure the hole collection efficiency of the electrodes, i.e. the efficiency with which 

they can collect photocarriers in the OPVs.  These results were correlated with the 

performance of macroscopic OPVs. 

Only the OP-ITO was found to make ohmic contact to the CuPc over a substantial 

area of the electrode.  This was attributed to a surface dipole at the CuPc/OP-ITO 

interface that was more favorable for hole extraction than is present at the interface 

between the other two electrodes and CuPc. The AE-ITO showed the least lateral 

variation in carrier extraction efficiency, and a current was measured at every area on the 
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electrode.  The OP-ITO showed regions of varied hole collection efficiency, and some 

regions where a current could not be measured.  The DSC-ITO also showed significant 

variation, and substantial areas of the electrode did not support measurable current.  

These electrically inactive regions on the OP-ITO and DSC-ITO were attributed to 

surface contamination in the form of hydroxide species.   

Sets of six OPVs were fabricated and tested, with the averages and standard 

deviations of the J-V curves plotted for the dark and light curves.  The AE-ITO produced 

the least device-to device variation, with the standard deviation curves forming a smooth 

envelope about the average current.  The OP-ITO devices produced similar open-circuit 

voltages and short circuit current densities, but there was an increase in the standard 

deviation of the current in the region determining the fill-factor, and thus the efficiencies 

of the devices.  The DSC-ITO only had a yield of 4/6 devices.  It had a similar open 

circuit voltage, but decreased short circuit current densities and much larger device-to-

device variation at all potentials.   

These results are explained by the nanoscopic lateral variations in photocurrent 

collection efficiencies.  Even the though the OP-ITO had a slightly higher average hole 

collection efficiency than the AE-ITO, it suffered from ca. 25-50 nm regions with poor 

collections efficiency.  At zero or negative bias, photogenerated carriers could diffuse 

around these small blocking regions and the OP-ITO behaves similarly to the AE-ITO.  

At forward bias, in the fill-factor region, the applied electric field opposes the 

concentration gradient which drives the extraction of carriers, and photogenerated 

carriers are not able to diffuse around the blocked electrode regions, causing local 
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increases in the recombination rate at the donor-acceptor interface.  Since the magnitude 

of this recombination rate depends on the size and distribution of blocked electrode 

regions on the region of the electrode upon which the OPV is built, there is an increase in 

device-to-to device variability in the fill factor determining region of the J-V curves.  The 

same effect occurs in the DSC-ITO, except the blocking regions are large enough to 

cause enhanced recombination at all biases, causing the decrease in the short circuit 

current density and the large device-to-device variations.  Finally, a comparison was 

made with TiOPc-based OPVs, which behave very differently with regards to ITO 

surface treatment.  This indicates qualitatively different behavior at the ITO/TiOPc 

interface; unfortunately the rapid doping of TiOPc by atmospheric oxygen prevents the 

characterization of TiOPc films by SCS at the present time. 

 

6.1.3 Conclusions for the Integrated Optical Sensor Platform 

A multi-sensor Gen II integrated optical refractive index sensor was presented.  To 

increase the electrical signal versus the Gen I sensor, emissively doped OLED light 

sources and various molecular absorbers for the OPV detectors were explored.  The 

doping of the OLEDs proved problematic and did not result in an increased signal, and so 

this idea was abandoned.  The use of pentacene as an absorbing species in the OPV 

detector, however, resulted in a factor of ten increase in the detector’s response.  Two 

different encapsulation methods were developed: permanently encasing the organic 

devices in an epoxy/glass casing and clamping the devices in a polymer box with the seal 

being made by a gasket.  Both methods improved the stability of the devices, allowing 
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hours-long experiments to be performed and the devices to be stored in ambient 

atmosphere for ca. 1 week.   Putting multiple sensors on a single substrate decreases the 

optical coupling between a given detector and the light in totally-internally reflected 

substrate modes.  The substrate modes which are no longer coupled to the detector act as 

stray light, a problem mitigated by the use of black polymer gaskets surrounding the 

optical path of each sensor.   This ca. 75% decrease in optical coupling to the detector 

was offset by the increase in the responsivity of the detector, resulting in a current 

conversion efficiency of 6x10-6 electron/electron for the OLED-waveguide-OPV system, 

a factor of 4 increase over the Gen I system.  To address the issue of decreasing OLED 

output with time, a dual-beam geometry was introduced, which was effective at reducing 

baseline drift.  Coupled with an increased signal to noise ratio from lock-in amplification, 

the Gen II sensor demonstrates a normalized responsivity of 4.6/R.I. unit for aqueous 

solutions of ethanol, 7% lower than the value predicted by the classical ray optics model.  

The smallest detectable change in refractive index was 2x10-4 R.I. units.  This value 

appears to be limited by the fact that the stray light is primarily from the OLED and is 

therefore time-dependant.  The classical ray-optics model used to predict the response of 

the sensors assumes a lack of microcavity effects in the coupling of light into guiding 

substrate modes; this was conclusively demonstrated to be a false assumption.  However, 

the model closely predicts the device response because the critical angle for total internal 

reflection is not polarization dependant. 
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6.2 Future Directions for SCS 

6.2.1 Environmental Chamber 

One of the most important next steps for future use of SCS as a tool for 

investigating organic semiconductor properties is the addition of a basic environmental 

chamber on the AFM system.  Many of the materials of interest are sensitive to oxygen 

and water, either because they act as dopants or because they react with and degrade the 

materials.  Indeed, copper phthalocyanine was a particularly good choice for initial 

testing of the technique, because it can take days for CuPc to saturate with oxygen 

dopants, and even then the concentration is relatively low.105  Other systems of interest 

are much more sensitive.  Thin films of electrodeposited poly(3-hexylthiopene) are de-

doped in less time than it would take to complete a single SCS scan.  TiOPc, which is a 

moderately doped n-type semiconductor as deposited is actually compensated and then p-

doped by oxygen in a matter of minutes.140  The e-P3HT in particular would be an 

interesting candidate  for an SCS study, because its doping level can be controlled with 

precision electrochemically.87   

In order to have experimental access to these and other materials, an atmosphere 

with reduced oxygen and water content is required.  The most ideal situation, from the 

standpoint of an SCS user, would be to place the entire AFM system inside the nitrogen 

glovebox connected to the UHV deposition chamber were the thin films are made.  This 

is not practical for a number of reasons.  A next-best solution would be to make an open-

topped box out of a relatively impermeable material, such as aluminum.  The box could 

be placed around the AFM (it only measure about one cubic foot), with the bottom sealed 
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by a silicon gasket.  All the control and power wiring for the AFM could be run out the 

top of the box.  The user could then purge the box with a denser-than-air inert gas, such 

as argon.  The user could transfer the sample from the nitrogen glovebox into the argon 

box in Tupperware, set up the sample, and then close the protective cover/Faraday cage 

on the AFM system.  The flowing argon will displace the atmosphere, filling the box with 

dry, oxygen-free argon gas.  The sample may be briefly exposed to oxygen/water as the 

sample is set up, but if the user’s hands are steady and slow, the exposure will be 

minimal.  This setup should decrease atmospheric exposure enough to allow sensitive 

materials to be tested while being completely removable, respecting the fact that the 

AFM is a popular, multi-user instrument. 

 

6.2.2 Polymers Common in Bulk Heterojunction OPVs 

There are a number of polymers used in making blended bulk heterojunction solar 

cells.  From a recombination versus carrier extraction standpoint, bulk heterojunctions are 

very different from the planar heterojunction solar cells examined in Chapter Four.  In a 

bulk heterojunction, carriers have farther to diffuse before being collected, generally 

speaking, than carriers in planar PV cells.  Bulk heterojunctions may therefore be more 

susceptible to poor electrode uniformity.  Bulk heterojunctions generally use carrier 

selective-contacts, such as PEDOT:PSS and LiF which are hole and electron selective 

respectively, to prevent recombination due to the “wrong” phase contacting the electrode, 

which is undoubtedly an important role.  PEDOT:PSS also has the effect of providing a 

more uniform contact to organic layers.  A study of the uniformity of the contact made by 
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a polymer to the ITO versus the performance of a bulk heterojunction built without a hole 

selective layer may be able to elucidate whether the effect of PEDOT:PSS is strictly due 

to preventing the free electron-rich fullerene layer from contacting the hole-collecting 

contact, or whether it is partly due to decreased recombination from enhanced carrier 

extraction efficiency.    

 

6.2.3 Modifications to ITO/UHV Clean ITO 

An obvious question when studying the effects of various treatments to remove 

contamination from the surface of ITO is, “what does clean ITO look like?”  Mike 

Brumbach studied that question in our lab using XPS/UPS, and he showed that we could 

sputter deposit ITO, transfer it to another chamber and have it remain clean.24  The lab 

has since lost that transfer capability, but a better, more efficient transfer system will be 

installed during the next scheduled upgrade to the vacuum deposition system.  One of the 

first set of experiments once that is done should be to fabricate OPVs on freshly-

deposited, clean ITO as well perform SCS studies of films deposited on the clean ITO. 

Another capability that is being developed, by Diogenes Placencia, is the ability to 

deposit gold and platinum nanoparticles by chemical vapor deposition on clean ITO.  The 

hypothesis is that the metal nanoparticles will preferentially deposit on the most reactive 

sites on ITO surface.  By modifying these highly reactive sites with chemically stable, 

high work function metals before the film ever encounters contaminants it may be 

possible to make ITO that can be stored in atmosphere without degradation.  Such a 

material could combine the chemical stability, high surface electron transfer rates and 
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high work function of a noble metal with the optical transparency of a metal oxide.  

Because of the inherent homogeneity of such a surface, SCS should prove to be an 

indispensable tool for characterizing physical and electrical properties of the interface 

between such an electrode and an organic semiconductor film.  

 

6.2.4 Alternate Transparent Electrodes 

The oxide sputtering chamber also offers the opportunity to test transparent, 

conducting metal oxides other than indium-tin oxide.  Fluorine or antimony doped tin 

oxide are of interest, due to the relative chemical stability of SnO2, although they have 

very rough surfaces.141  Indium-zinc oxide is also a candidate, having good optical 

transparency, conductivity and an amorphous structure.142  IZO’s amorphous structure 

may make more uniform electrical contact to organic thin films.  There are many 

transparent metal oxides to choose from.  Through our connections to the STC-MDITR 

we have access to metallic and doped semiconductor carbon nanotube films.143   We also 

could use highly-ordered pyrolitic graphite as a model for graphene sheets, a material 

which is gaining much attention.144  Both of these materials are interesting because of 

their surface chemistry- neither has any reactive dangling bonds at the surface.  

Additionally, these conjugated carbon-based conductors should be highly compatible 

chemically with organic semiconducting materials.  Graphene in particular is an almost 

ideal candidate for making electrical contact to organic semiconductors. 

  



 

205 

6.3 Future Directions for the Integrated Optical Sensor 

6.3.1 Modifying the Waveguide Surface for Chemical and Biological Sensing 

Having demonstrated potential of the Gen II integrated optical sensor to measure 

small changes in refractive index of a liquid superstrate in contact with the waveguiding 

substrate, the next step is to choose an appropriate sensor transduction chemistry and 

analyte.  Ideally, the sensing chemistry would be flexible and allow for a facile chemical 

modification to the surface of the waveguide to be adaptable to many different analytes.  

The goal, ultimately, is to use photolithography to pattern large arrays of sensors, modify 

the waveguide surface, and then tailor each individual sensor to a specific analyte.  The 

limits of detection of this sensor will depend strongly on the change in local refractive 

index at the waveguide surface per analyte capture event.  To meet these goals, a sensor 

based on the specific binding of DNA aptamers to membrane proteins on the surface of 

pathogen cells is proposed.  The surface of both channels would be modified with a 

polymerizable lipid bilayer,145 and the signal channel would be modified with a DNA 

aptamers.  The DNA aptamers would be designed by a combinatorial process to 

selectively bind to surface proteins unique to the analyte.  Analytes would be food-borne 

pathogens such as Salmonella or E. Coli.   The sensor would work by flowing prepared 

analyte over the sensing channel, allowing the binding of analyte cells.  The signal would 

then be amplified by flowing a solution of gold-nanoparticle impregnated silica 

mesoparticles, which are also modified with the aptamers, over the reference channel.  

This will greatly enhance change in light throughput in the waveguide. 

 



 

206 

OLEDOPV OPV

Pathogen

Reference Channel Signal Channel

Polymerizable Lipid 

Membrane Layer Limits Non-

Specific Binding

Gold-Impregnated Silica Meso Particle

DNA Aptamer

Recognition 

Elements

Pathogen-

Specific 

Membrane 

Protein

 

Figure 6.1Schematic of proposed biological sensor.  The sensor surface is modified with DNA 

aptamers which have been selected by recombinatorial processes to bind to membrane proteins  on 

biological pathogens of interest, such as Salmonella.  Once a target is immobilized, the scattering is 

increased by the binding of gold-nanoparticle impregnated silica mesoparticles which are also 

modified with the DNA aptamers.  Non-specific adsorption is decreased by modifying the waveguide 

and mesoparticle surfaces with a polymerizable lipid membrane. 

 

6.3.2 Fluorescence Detection 

Scott Saavedra has suggested a future design for an integrated fluorescence sensor 

platform related to the current refractive index sensor.  An OLED light source would be 

used to populate traveling modes in a single-mode waveguide.  The evanescent field from 

this light would excite fluorophors on the surface.  A fraction of the light emitted from 

the analyte would be coupled back into the waveguide.  The photons from the OLED 

source and the red-shifted light from the analyte would be separated from each other with 
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a grating coupled to the guide.  An OPV detector would be used to detect the 

fluorescence.  While this is a sophisticated design, all of the operating principles have 

been demonstrated.  The coupling of OLED EL and the fluorescence of a surface-bound 

fluorophor into a into a single-mode waveguide has been demonstrated.146 
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Figure 6.2 Schematic diagram of a proposed integrated optical fluorescence sensor using an OLED to 

excite fluorophors through a single-mode waveguide.  Part of the fluorescence is coupled back into 

the single mode guide, and coupled to the detector with a grating. 

 

6.3.3 Generation III Sensor Platform 

The third generation integrated optical refractive index sensor platform will make 

use of increasing integration of sample delivery, processing electronics and multiple 
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sensors, while maintaining or decreasing its physical size.  Conditioning sample 

solutions, mixing them with reagents, possibly pre-concentrating them, and delivering 

prepared samples and blanks to individual sensors will require the use of microfluidic 

technology from the Aspinwall group.  The OLED drive and OPV signal processing 

circuitry, currently using discrete components and integrated circuits on a breadboard, 

will need to be put on prototype printed circuit boards using surface mount devices to 

conserve space and allow multiple sensors to be driven by one board.   

The sensors themselves will have to be made smaller to allow more sensors on the 

chip.  This will require the use of thinner substrates (100µm coverslip glass), to allow 

sufficient interaction of all substrate waveguide modes with the necessarily shorter 

sample interaction path.  The OLED and OPV must be shrunk as well, while maintaining 

the electrical signals.  The Gen II OPV and OLED devices both have areas of 0.5 cm2.  

Due to the linear geometry, there is a radial coupling angle of about 26° between the 

OLED and OPV, meaning that only 7.2% of the OLED power coupled into the substrate 

is incident on the OPV.  If a semicircular strip of OPV surrounds the OLED, 

proportionally more of the OLED’s power is incident on the OPV.  A radial coupling 

angle of 130° for both the detector and reference detector would allow sufficient room for 

contacts to be made for the OLED.  This 5 times greater radial coupling would allow the 

OLED to be 5 times smaller, only 10 mm2 or ca. 3.5 mm in diameter, while retaining the 

same signal strength. With OLEDs of this size, heat dissipation is less of a problem, and a 

single OLED, rather than the striped pattern of the Gen II platform may be employed.  

Because the substrate would be ten times thinner, the OPV would have the same 
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interaction with the substrate modes if it were also ten times thinner in the direction 

normal to light propagation, only 0.5 mm.  The thinner sampling path would allow the 

OPV to be moved closer to the light source.  A 0.5mm thick OPV (having the same light 

interaction path as the Gen I and Gen II designs) with an inner radius of 6 mm would be 

ca 7 mm2, significantly smaller than the current platform.  Smaller organic optoelectronic 

devices are easier to build in higher yields and generally have better performance than 

larger devices. The thinner waveguide would also allow a thinner sample interaction path 

as well; the Gen II sample interaction length is about 1cm, the 100µm coverslip glass 

would only require a 1mm sample interaction length: easily achieved by a microfluidic 

channel.  A proposed sensor layout is shown in Figure 6.3.  In this layout, stray light and 

electrical noise are decreased by roughening the surface of the substrate in all regions not 

being used as part of the sensors and coating the roughened region with a metallic film.  

This will encourage scattering of stray light out of the substrate.  By grounding the metal 

film electronically, it also acts as a shield for electronic noise. 
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Figure 6.3 Schematic diagram of a possible Gen III sensor platform layout.  OLED light sources are 

centered in annular OPV reference and signal detectors.  Sample delivery would be through 

microfluidic channels on the reverse side of the cell, running parallel to the electrical connections.  

The sample cell would consist of the microfluidic channel running through the semicircular space 

between the OLED and OPVs.  The individual sensors are shielded optically and electrically from 

each other by a grounded metallic film. 
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 APPENDIX A: MATLAB DATA ANALYSIS PROGRAMS 

A.1 Overview of Data Importation and Processing 

A.1.1 Structure of Nanoscope Current-Voltage Data Files 

The J-V data from CP-AFM and SCS experiments is saved by the Nanoscope 

software as text files which are exportable to ACII, but doing so is not the easiest way to 

handle the data.  ASCII files have to be exported individually, and there are 625-900 of 

them per SCS experiment.  Additionally, the ASCII files do not contain the J-V data in a 

convenient two column format; all the current data from both the forward and backward 

scans, along with the height data that is collected concurrently, are in a single column.  

The bias is not given.  The easiest way to handle large amounts of data from Nanoscope 

current files is to write a script to import them into whatever computing environment is 

convenient.  The Author wrote one for Matlab.   

The current data are given as amplifier responses, and need to be converter to 

current.  The relevant lines in the data file are: 

\@Sens. TUNA Current: V 100000.0 pA/V   Amplifier Gain 

\@4:Z scale: V [Sens. TUNA Current] (0.0000305176 V/LSB) 0.1000000 V 

        Current Scaling 

\Samps/line: 512      Samples/line 

\@4:Ramp Begin DC sample bias: V [Sens. DC sample bias] (0.3662109 mV/LSB) 

200.0000 mV       Bias start 
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\@4:Ramp End DC sample bias: V [Sens. DC sample bias] (0.3662109 mV/LSB) -

200.0000 mV       Bias end 

The current is the binary data at the end of the file.  Multiplying the current data times the 

scaling factor and gain gives the actual measured currents.  The bias data are found by 

dividing the difference between the start and end biases by the number of data points, and 

to get the step in bias per point, and then filling in the data from there. 

 

A.1.2 Analysis of Current Data 

The data are imported by the appropriate Matlab script, shown below, which 

organizes the current data for each J-V curve as a vector stored in a cell array.  The user 

then starts the appropriate analysis program, which loads the first current vector, divides 

it into forward and reverse bias and forward and reverse scans, and subtracts any offset at 

zero bias.  The data are then conditioned by removing any zeros (to prevent errors due to 

taking the logarithm of zero) and any data over 95% of the current scale.  The forward 

and reverse scan J-V data for the forward bias regime are fit to a model, and then the 

modeled data and actual data for both scans are displayed on a graph.  The user decides 

which one fits the data best, inputs the choice and then the process is repeated for each 

current vector.  The fitted data of the curve the user chooses is stored in an array.  The 

process is then repeated for any applicable reverse-bias fitting. 
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A.2 Matlab Programs 

A.2.1 Data Importation 

 File importCAFMv2.m Script for importing nanoscope I-V files into Matlab 

root = input('What is the root filename?','s'); 

num = input('What is the first file number?'); 

 

bias=GetBias(strcat(root,'.',num2str(num,'%03.3u'))); 

 

for a = 1:25 

for b = 1:25 

file = strcat(root,'.',num2str(num,'%03.3u')); 

 

data{a,b} = importbin(file); 

num = num + 1;         

end 

end 

 

data = rot90(rot90(data)); 
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 File GetBias.m  A function to get the vector of test bias values from a nanoscope I-V 

file: 

 

function bias = GetBias(file) 

 

fid = fopen(file,'r'); 

last ='aa'; 

last2 = 'aa'; 

text = textscan(fid, '%s','bufsize',100000); 

n = 1; 

fclose(fid); 

 

 

while (~strcmp(text{1}{n},'\Samps/line:')) 

n = n+1; 

 

end 

datalength = str2num(text{1}{n+1}); 
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while ((~strcmp(text{1}{n+6},'bias]')) | (~strcmp(text{1}{n+1},'Begin:')) 

|(~strcmp(text{1}{n},'\@4:Ramp'))) 

n = n+1; 

 

end 

start = text{1}{n+9}; 

start = str2num(start)/1000; 

 

while ((~strcmp(text{1}{n+6},'bias]')) | (~strcmp(text{1}{n+1},'End:')) 

|(~strcmp(text{1}{n},'\@4:Ramp'))) 

n = n+1; 

 

end 

stop = text{1}{n+9}; 

stop = str2num(stop)/1000; 

 

bias = (start:((stop-start)/(datalength-1))*2:stop); 

bias = bias'; 

 

 

end 
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 File importbin.m returns the vector of measured currents from nanoscope J-V file: 

 

function current = importbin(file) 

 

fid = fopen(file,'r'); 

A = fread(fid, 'int16'); 

fclose(fid); 

 

fid = fopen(file,'r'); 

last ='aa'; 

last2 = 'aa'; 

text = textscan(fid, '%s','bufsize',100000); 

n = 1; 

 

while ((~strcmp(text{1}{n+1},'Current:')) | (~strcmp(text{1}{n},'TUNA'))) 

n = n+1; 

 

end 

gain = str2num(text{1}{n+3})*1e-12; 

 

while ((~strcmp(text{1}{n+1},'offset:')) | (~strcmp(text{1}{n},'\Data'))) 

n = n+1; 
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end 

offset = str2num(text{1}{n+2}); 

 

while ((~strcmp(text{1}{n+1},'length:')) | (~strcmp(text{1}{n},'\Data'))) 

n = n+1; 

 

end 

datalength = str2num(text{1}{n+2}); 

 

start =(offset + datalength)/2 + 1; 

fclose(fid); 

 

fid = fopen(file,'r'); 

last ='aa'; 

last2 = 'aa'; 

text = textscan(fid, '%s','bufsize',100000); 

n = 50; 

 

while ((~strcmp(text{1}{n+1},'Current:')) | (~strcmp(text{1}{n},'TUNA'))) 

n = n+1; 
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end 

gain = str2num(text{1}{n+3})*1e-12; 

 

while ((~strcmp(text{1}{n+5},'Current]')) | (~strcmp(text{1}{n+1},'scale:')) 

|(~strcmp(text{1}{n},'\@4:Z'))) 

n = n+1; 

 

end 

scale = text{1}{n+6}; 

scale = str2num(scale(2:length(scale))); 

 

CurMult = gain*scale;     

 

fclose(fid); 

 

 

current = A(start:length(A))*CurMult; 

end 

 

A.2.1 Data Fitting 

File ExpFit.m, for fitting exponentials: 
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function estimates = ExpFit(t, data) 

% Call fminsearch with a random starting point. 

start_point = [.002, -2]; 

estimates = fminsearch(@expfun, 

start_point,optimset('MaxFunEvals',1000,'MaxIter',1000, 'TolX',1e-8)); 

% expfun accepts curve parameters as inputs and outputs sse, 

% the sum of squares error for A * exp(-lambda * t) - Data. 

    function sse = expfun(params) 

        A = params(1); 

        lambda = params(2); 

        

        FittedCurve = A .* exp(lambda .* t); 

        ErrorVector = log(FittedCurve./data); 

        sse = sum(ErrorVector .^ 2); 

    end 

end
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File SCLCFit.m, for fitting space-charge limited current: 

 

function estimates = fitcurvedemo(t, data) 

% Call fminsearch with a random starting point. 

start_point = [500000 2]; 

estimates = fminsearch(@expfun, 

start_point,optimset('MaxFunEvals',10000,'MaxIter',10000, 'TolX',1e-8)); 

% expfun accepts curve parameters as inputs and outputs sse, 

% the sum of squares error for A * exp(-lambda * t) - Data. 

    function sse = expfun(params) 

        A = params(1); 

        B = params(2); 

        FittedCurve = A .* (t.^B); 

        ErrorVector = log(FittedCurve./data); 

        sse = sum(ErrorVector .^ 2); 

    end 

end
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File TunnelingCAFM.m, File for working up a Tunneling CAFM data set: 

max = 10e-9; 

max = max ./(5e-9).^2; 

 

%%X and y are the coordinates (in nm) of the IV curves you took.  For 

%%instance, a 20 x20 grid with 5 nm spacing would be [0 5 10 15 20...95] 

x = [0:(500/24):500]; 

y = x'; 

 

 

%%a is the row number.  This loop runs through all the rows  

for a = 1:25 

     

    %% b is the column number.  This loop runs through all the columns. 

    for b = 25:25 

        vfor = abs(bias); 

        vrev = abs(bias); 

        %%Copies the current data for a,b from the cell array 'data' into the vectors ifor and 

irev  

        ifor = abs(data{a,b}(1:256)); 

        irev = abs(data{a,b}(257:512)); 
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        %%Changes current data (picoamps) into current density (amps/m^2)         

        ifor = ifor ./(5e-9).^2; 

        irev = irev ./(5e-9).^2; 

         

         

         

        %%Finds the current offset and zeroes the current data,   

        %%then removes any points > 95% of the full scale value. 

        offset = mean(ifor(1:10)); 

        ifor = ifor - offset; 

         

        for c = 256:-1:1 

            if ((abs(ifor(c))) > ((.95*max - offset))) | (ifor(c) ==0) | (vfor(c) ==0) 

                ifor(c) = []; 

                vfor(c) = []; 

            end 

        end 

         

        offset = mean(irev(1:10)); 

        irev = irev - offset; 

                   

        for c = 256:-1:1 



 

223 

            if ((abs(irev(c))) > ((.95*max - offset))) | (irev(c) ==0) | (vrev(c) ==0) 

                irev(c) = []; 

                vrev(c) = []; 

            end 

        end 

         

        if (length(irev) < 40) | (length(ifor) < 40) 

            PreExp(a,b) = -2; 

            Exp(a,b) = -2; 

        else 

         

            %%Fits the IV data.  SCLCfit uses a child's-law fit, use ExpFit for 

            %%an exponential fit.  fd and ba are vectors containing the fitting 

            %%results for forward and reverse bias, respectively.  fd(1) is the 

            %%fitted prefactor, fd(2) is the fitted exponent value 

            fd = tunnelFit(vfor, abs(ifor)); 

            rv = tunnelFit(abs(vrev), abs(irev)); 

 

 

 

 

            %%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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            %%Prints the fit values for forward and reverse bias, along with 

            %%the column and row numbers 

            fd 

            rv 

            a 

            b 

            %%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

 

            %%%%%%%%%%%%%%%%%%%%%%%%%%% 

            %%Plots the fitted and experimental forward bias data.  If you're 

            %%using an exponential fit, or want to plot the reverse bias data, 

            %%you'll have to change the equation for 'test' appropriately a 

            test = fd(1) .* vfor.^2 .*exp(-fd(2) .* (1./vfor)); 

            hold off; 

            plot(vfor,test,'red', 'LineWidth',7); 

            hold on; 

            test = rv(1) .* vrev.^2 .*exp(-rv(2) .* (1./vrev)); 

            plot(vrev,test,'green', 'LineWidth',7); 

 

            plot(vfor,ifor,'red o'); 

            plot(vrev,irev,'green .'); 
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            hold off; 

 

         

            choice = input('Which fits best?  r, g, n?','s'); 

 

            %%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

            %%%%%%%%%%%%%%%%%%%%%%%%%%% 

            %% Loads the calculated fit parameters for a,b into the appropriate array of all fit 

parameters  

              

            if (choice == 'r') 

                PreExp(a,b) = fd(1); 

                Exp(a,b) = fd(2); 

             end 

             if (choice == 'g') 

                PreExp(a,b) = rv(1); 

                Exp(a,b) = rv(2); 

             end 

             if (choice == 'n') 

                PreExp(a,b) = -1; 

                Exp(a,b) = -1; 
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             end    

        end 

    end 

end     

     

 

s = Exp ./ (7.05 * 4.5);
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File tunnelFit.m, for fitting tunneling currents. Used in TunnelingCAFM.m: 

function estimates = ExpFit(t, data) 

% Call fminsearch with a random starting point. 

start_point = [5e8, 12]; 

estimates = abs(fminsearch(@tunfun, 

start_point,optimset('MaxFunEvals',100000,'MaxIter',100000, 'TolX',1e-8))); 

% tunfun accepts curve parameters as inputs and outputs sse, 

% the sum of squares error for A * t^2 * exp(-lambda * 1/t) - Data. 

    function sse = tunfun(params) 

        A = abs(params(1)); 

        lambda = abs(params(2)); 

        

        FittedCurve = A .* t.^2 .* exp(-lambda .* (1./t)); 

        ErrorVector = FittedCurve - data ; 

        sse = sum(ErrorVector .^ 2); 

    end 

end 
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 APPENDIX B: MEASUREMENTS OF DEVICE MASKS 

80mm x 40mm ¼” SS

5 mm

5 mm

2x56 
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40 mm

20 mm

NOT TO DRAWN TO SCALE  

Figure B.1 Measurements of the sensor platform masking system baseplate. 
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will provide “Tweezer holes” 
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NOT TO DRAWN TO SCALE  

Figure B.2 Measurements of the sensor platform substrate holder. 
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4
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NOT TO DRAWN TO SCALE  

Figure B.3 Measurements of the sensor platform anode mask. 
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80mm x 40mm One piece 0.005” thick SS 
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OPV Cathode Mask

24 mm
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9 mm
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5 
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Figure B.4 Measurements of the sensor platform photodetector cathode mask. 
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80mm x 40mm One piece 0.005” thick SS 
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24 mm
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NOT TO DRAWN TO SCALE  

Figure B.5 Measurements of the sensor platform light source cathode mask. 
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Figure B.6 Measurements of the sensor platform photodetector organic layer mask. 
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Figure B.7 Measurements of the sensor platform light source organic layer mask. 
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Figure B.8 Sensor platform diagram with measurements. 
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 APPENDIX C: INTEGRATED OPTICAL SENSOR CIRCUITRY 
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Figure C.1 Battery drive circuitry for the sensor platform. 
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Figure C.2 OLED drive circuitry for the sensor platform. 
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Figure C.3 OPV detector signal processing circuitry for the sensor platform. 
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