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ABSTRACT 
 

 

 

The growing potential of telemedicine and on-body health monitoring has led to the 

emergence of a new set of challenges associated with chemical, biological and other kinds of 

sensors that may be needed to facilitate integration with wearable devices. This thesis is aimed at 

addressing some of these challenges via the use of novel semiconductor device architectures in 

ways that facilitate significant advances in energy efficiency, miniaturization and cost 

effectiveness of traditional sensing techniques. 

For displays, organic light emitting devices (OLED) offer several unprecedented 

advantages over conventional displays, including flexibility, compactness, and superior power 

efficiency. However, the touch sensing capability in such devices is usually provided by 

capacitive or resistive sensors overlaid on the main display that increase bulkiness. Integration of 

touch sensing with the imaging plane of the display could dramatically reduce thickness, 

improve reliability, and enhance sensing resolution. This thesis reports a novel physical effect in 

OLEDs that could allow touch sensing to be performed by the image-forming pixel itself. In 

addition to studying the fundamental physical mechanism by which this sensing proceeds, an 

efficient single pixel OLED that generates changes in electrical current upon touch is discussed. 

The work presented here outlines how the effect demonstrated could also be used for refractive 

index mapping of phase-segregated materials and in near-field microscopy applications.
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Another new challenge in wearable electronics is limited on-board power, due to growing power 

requirements to support a larger number of functions, and a relatively low energy density of 

batteries. At the same time, a considerable amount of research in recent years has been dedicated 

to developing novel biochemical sensors that can be integrated with wearables. To address these 

two emerging challenges, a modified dye-sensitized solar cell is designed to detect common 

contaminants in drinking water (e.g. metal ions), while powering its own operation by converting 

absorbed ambient light into an electrical signal. The sensing mechanism is analyzed in detail and 

strategies for improved sensor design are proposed. 

Finally, a simple, cost-effective chemiluminescence detection scheme is that is applicable 

to a wide variety of substances, ranging from environmental contaminants to biomarkers, is 

demonstrated. This is achieved by using a reaction chamber filled with a luminescent solution, 

optically coupled to a low-cost photodetector. We expect that further improvements in the optical 

collection efficiency of the reaction chamber will result in detection limits in the single 

nanomolar regime, potentially unlocking a broad range of field and point-of-care diagnostic 

applications.
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CHAPTER 1 

1 Introduction… 
 

 

 

1.1    Background and motivation 

Much of the work that has been done in the field of semiconductor based sensing 

techniques has been focused on distinct components, typically on the detection side.  In 

particular, the use of light emitting devices has been restricted to their application as a light 

source in complex optical schemes that are bulky, susceptible to artifacts and generally quite 

expensive. Similarly, photovoltaic cells have typically only been used as an auxiliary source of 

power in semi-autonomous sensors. At the same time, there have been numerous studies on 

furthering the understanding of fundamental physical phenomena governing such devices but 

these have largely been directed towards efficiency and performance improvement. There is an 

opportunity for leveraging the unique physical effects that occur in semiconductor-based devices 

in non-traditional and multi-functional applications. This chapter provides a broad overview of 

prior advances in solid state, organic semiconductor-based chemical/biological sensors. 
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1.2 Overview of existing chemosensors and detection setups 

This section will cover the most widely used chemical/biological sensors based on 

organic semiconductor devices with some discussion of other types of commonly used 

semiconductor devices. In addition, a few recently developed detection geometries for 

chemiluminescence-based detection in a compact form factor are discussed.    

1.2.1 OLED based sensors 

The use of organic electronic devices such as organic thin film transistors, polymer LEDs 

and small molecule OLEDs in the field of portable devices for analyte detection has become 

increasingly attractive in recent years due to several potential advantages over conventional 

sensors. [1-5] Ideally, such sensors should be low cost, compact, easy to fabricate, user friendly 

and fast in response. Photoluminescence (PL) based chemical and biological sensors typically 

require a luminescent sensing component that undergoes a change in PL intensity in presence of 

the analyte, a light source that excites that PL, a photodetector, a power supply, a signal 

processor and a display component. While most compact light sources such as inorganic lasers 

and LEDs require an intricate design that includes optical fibers, couplers, lenses and mirrors, the 

use of OLEDs as a light source for PL excitation can result in a very simple, compact and 

potentially low cost sensing module. 

Prior work on OLED based sensors employs a structurally integrated configuration 

wherein the sensing film and the OLED array are deposited on opposite sides of two back-to-

back attached glass slides. [6] The photodetector that is typically placed behind the OLED array 

collects the PL that passes through the transparent openings between the OLED pixels as shown 

in Figure 1-1. In some cases, OLEDs can alternatively be operated in a pulsed mode, to allow 

monitoring of not only changes in the PL intensity I but also analyte-induced changes in the PL 
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decay time τ, provided that τ is significantly longer than the electroluminescence (EL) decay 

time. The latter mode of operation is advantageous in that it eliminates the problem of 

background stemming from a typically broad EL spectrum, the long-wavelength tail for which 

often extends into the PL band of the sensing element.  

 

 

 
 
Figure 1-1  A typical luminescence sensor that uses an OLED as a source for PL excitation, in 

the back-detection geometry. Re-printed from [6], with permission from IOP 
Publishing. 

	
  
	
  

Figure 1-2 shows an implementation of the back-detection geometry in which the 

sensing film is composed of the oxygen-sensitive heavy-metal dye platinum octaethylporphyrin 

(PtOEP). Additionally, titania nanoparticles embedded in the dye film act as scattering centers 

that increase the path length of the light incident from the source and thus increase absorption of 
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light by the dye.  When O2 molecules interact with the sensing film, the PL as well as the lifetime 

of the PtOEP molecules decreases as per the Stern-Volmer equation. However, both these 

configurations suffer from the possibility of outputting distorted data arising from moderate 

changes in the intensity of the excitation source, stray light and/or from degradation of the 

sensing component, such as dye leaching. 

 

 
 
 
Figure 1-2  Schematic of a structurally integrated OLED based O2 sensor. Reprinted from [7], 

with permission from Wiley VCH. 

	
  
	
  

In contrast, the OLED based sensing modality presented in Chapter 2 of this thesis opens 

up avenues for a much simpler scheme wherein, the light source, sensing film and detector, are 

all integrated into a single unit, the OLED itself. Additionally, since this scheme proceeds by 

generating a purely electrical signal in response to changes in the local dielectric environment, 

the signal is easier to measure and is much less susceptible to artifacts when compared to PL or 

decay time measurements in traditional sensing schemes.  
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1.2.2 OFET based sensors 

Another semiconductor device based system that is capable of generating an electrical 

signal in response to the presence of analyte, is the organic field effect transistor (OFET). 

Sensors based on these types of devices have received much interest in recent years due to their 

simplicity and compatibility with digital read-out methods. [8, 9] In these devices, the active 

semiconducting layer is typically composed of an organic small molecular compound or polymer 

that interacts with the target analyte either directly or indirectly resulting in a change in device 

characteristics in response to a transduction event.  Although similar sensing schemes can be 

realized using FETs based on silicon nanowires, carbon nanotubes and graphene [10 - 12], 

organic FETs are attractive due to their potential for low-cost, low-temperature, scalable 

fabrication. For sensing applications in which the analyte of interest is in a solution, electrolyte 

gated FETs in particular, have shown promise. Unlike most FET based ion detection techniques, 

electrolyte gated FETs allow for direct contact between the semiconductor layer and the species 

of interest thus increasing the potential for signal amplification and enhanced sensitivity. An 

example of a recent successful demonstration of an organic electrolyte gated FET is shown in 

Figure 1-3. In this scheme the effective potential applied to the gate electrode is modulated by 

altering the concentration of ionic species in the solution that acts as the gate. An attractive 

feature of this scheme is the fact that the semiconductor itself is not chemically modified 

ensuring reusability. Another implementation of the electrolyte gated FET concept is shown in 

Figure 1-4 where the semiconductor layer is composed of a high mobility, solution processable 

organic polymer. In this case, the gating mechanism proceeds via the formation of an electrical 

double layer at the electrolyte/semiconductor interface, a principle that has been successfully 

applied to graphene based electrolyte gated FET systems as well.  
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Figure 1-3  Schematic of an electrolyte gated OFET sensor that selectively detects Na+ ions. 

Reprinted from [8], with permission from Wiley VCH. 

 
 

Although, this system shows promise as a result of its ability to detect heavy-metal ions 

in marine environments with reasonable selectivity and sensitivity, an external source of power is 

nevertheless required. This particular issue inhibits the potential of the schemes discussed here as 

well as the transistor based sensing platform in general, for remote applications where an 

external source of power is not readily available. Consequently, there is a distinct need for a truly 

autonomous sensing scheme that can operate for long periods of time with minimal human 

intervention. The work presented in Chapter 3 of this thesis attempts to address this challenge 

with an ion-sensing scheme based on a photovoltaic device that simultaneously behaves as a 

detection and power generation element.  
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Figure 1-4 Schematic showing an electrolyte gated FET sensor wherein a polydimethylsiloxane 

(PDMS) flow cell is mounted directly on top of the device and the source-drain 
current is swept as the gate potential is modulated via changes in concentration of 
the analyte. Reprinted from [9], with permission from Macmillan Publishers Ltd. 

	
  
	
  

1.2.3 Chemiluminescence based sensors 

The sensing techniques discussed thus far share one common shortcoming – the typical 

limit of detection that can be accomplished lies in the micromolar to nanomolar range, a metric 

that must be improved upon if such schemes are to be used in applications such as biomarker 

detection via fluorescence labeling for point-of-care (POC) diagnostics and treatment 

monitoring. Chemiluminescence based detection of ions and biomolecules is a proven technique 

that can attain low detection limits [13, 14] and unlike most optical schemes, does not require an 

external light source. This not only reduces the cost and complexity of the detection scheme but 

also eliminates previously discussed artifacts associated with typical PL based sensing 
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techniques, such as source instability and photo-bleaching. Although there has been a 

considerable amount of work dedicated to the miniaturization of chemiluminescence based 

detection setups that are compatible with microfluidics and are suitable for use in personalized 

diagnostic applications [15], most such setups incorporate expensive components on the 

detection side such as photo-multiplier tubes and charge coupled device (CCD) cameras. Figure 

1-5 shows a relatively large, albeit portable detection setup for chemiluminescence imaging of a 

wide range of proteins and nucleic acids. This system is composed of a microfluidics-based 

reaction chip that is imaged by a thermoelectrically cooled CCD camera via a fiber optic taper. 

 

 
 
 
Figure 1-5  A CL imaging device realized using a thermoelectrically cooled CCD camera as the 

detector. Reprinted from [16], with permission from ACS Publications. 
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Alternatively, there have been demonstrations of organic photodiodes integrated with 

microfluidic chemiluminescence reaction chambers to realize detection schemes that are both 

monolithic and can be fabricated relatively cheaply, but do not quite match the detection limits 

achievable with the use of a PMT or a CCD camera as a detector. [17] Figure 1-6 shows one 

such device in which a regioregular poly(3-hexylthiophene) (P3HT) and (6,6)-phenyl C61 

butyric-acid methyl-ester (PCBM) based organic photodetector is used for antioxidant capacity 

screening based on a chemiluminescence assay. Although this particular demonstration does 

come quite close to matching the performance achieved with a PMT, the dark current of the 

organic photodiode is sensitive to temperature changes, requiring that the measurement be 

performed in a controlled environment.  

	
  

	
  
	
  
	
  
Figure 1-6  Schematic of an integrated setup for antioxidant capacity screening based on an 

organic photodetector. Reprinted from [18], with permission from Elsevier. 
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The work presented in the final chapter of this thesis is aimed at overcoming these shortcomings 

and moving towards a stable, compact and cost-effective chemiluminescence detection setup.   

1.3 Plan of study and thesis layout 

As indicated in the previous section, the work that constitutes this thesis is presented in 

the form of three distinct sensing schemes, each of which serve a unique sensing functionality 

that accomplishes a significant improvement over comparable existing techniques either in the 

form of energy-efficiency or miniaturization. The unifying theme is the use of fundamental 

physical phenomena in semiconductor devices in a way that is highly practical, but at the same 

time furthers the field’s understanding of such devices. 

 As such, Chapter 2 begins with an overview of the basic principles governing OLED 

operation and then proceeds to discuss how a new sensing modality may be realized via the 

modulation of optical cavity modes in a microcavity OLED. A new phenomenon - that allows for 

changes in the device’s external optical environment to be translated into an electrical signal - is 

observed experimentally and validated with simulations. The probable mechanisms underlying 

this effect are discussed in detail and a model based on singlet-polaron quenching is proposed. 

Further, the newly discovered effect is applied to a display application wherein the image-

forming pixel itself accomplishes touch-sensing functionality. Preliminary results for this scheme 

are demonstrated and other potential applications of the observed effect such as refractive index 

mapping and near-field microscopy [19] are proposed.  

Following this, a self-powered sensing scheme that unlike the OLED based platform, is 

compatible with the detection of species in solution is presented. This scheme uses a dye-

sensitized solar cell (DSSC) as both, the sensing as well as the power generation element for the 

detection of silver ions, a common contaminant in drinking water. Chapter 3 begins with a 
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general discussion of the DSSC platform and proceeds to discuss how the sensor was developed 

and tested. The sensing mechanism is investigated in detail via characterization techniques such 

as electrochemical impedance spectroscopy, energy-dispersive x-ray spectroscopy and modeling 

of the device current-voltage characteristics to arrive at a comprehensive picture of the system’s 

response to the presence of the analyte. Strategies for improving the stability, limit of detection 

and selectivity of the sensing scheme are proposed.  

Chapter 4 attempts to improve on the sensing schemes discussed in Chapters 2 and 3 with 

a simple, cost-effective chemiluminescence based detection setup for ion detection. In particular, 

a recently reported self-signaling approach that uses TIPS modified luminol for the detection of 

fluoride ions was used. [20] Even though the detector used in this study has a responsivity six 

orders of magnitude lower than a PMT, the detection limit obtained was 100 nM, indicating that 

further improvements may enable detection limits in the sub-nanomolar regime. Finally, a 

monolithic design that builds on the demonstrated setup, compatible with point-of-care 

diagnostics is proposed.   
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CHAPTER 2 

2 Novel Sensing Modalities in OLEDs 
 
 
 

2.1    Overview 

Recently, an important class of structures based on organic semiconductor materials has 

emerged. This offers a domain for the investigation of fundamentals of light-matter interactions, 

control of charge and energy transport at the nanoscale, and may enable potential applications in 

the next generation of information display, lighting, and solar electricity generation devices. 

Such devices all rely on Frenkel excitons – highly localized excitations common to molecular 

organic materials, in contrast to Wannier-Mott, delocalized excitations found in highly ordered 

covalent semiconductors. The interactions between charge carriers and excitons are fundamental 

to the operational limits of organic optoelectronic devices and chief in preventing the realization 

of certain phenomena, such as electrically pumped organic lasing. Although abundant literature 

details the effects of electrical current on exciton lifetime, there have been no reports describing 

the opposite causality. If such an effect exists, it would open up a novel pathway for active 

control of key electrical properties by altering only the external optical environment of a device. 

This chapter systematically investigates this effect and the underlying mechanisms involved, via 

the use of a well-understood organic light emitting device (OLED) system based on NPD/Alq3.



	
   14	
  

The effect in question is whether or not exciton lifetime can influence charge conduction 

through an organic heterostructure in forward bias. To test this hypothesis, we use the resonant 

coupling of excitons to a modulated optical microcavity. The magnitude of this variation is 

sensitive to the local dielectric environment of the device and is found to be as large as 15%. In 

addition, we hypothesize that this effect can be attributed to a number of possible mechanisms 

including mobility variation due to plasmonic joule heating and bimolecular quenching 

processes. Our findings have potential implications in other exciton based organic systems 

besides the organic light emitting devices (OLEDs) used as a platform for this study, such as 

electrically pumped lasers and solar cells. Some proposed applications of the observed effect 

include an OLED based near-field scanning optical microscopy probe for refractive index 

mapping of materials at the nanoscale as well as a touch sensor for display applications. Our 

simulations predict that a measurable change in total device current can be induced upon touch, 

which is consistent with preliminary experimental data. To better understand the effects studied 

here, a brief overview of OLED technology that is the primary platform we use for our studies, is 

essential. The first thin-film OLEDs based on organic semiconducting films sandwiched between 

electrodes, were described by Tang and VanSlyke in 1987 [1]. These devices used Tris(8-

hydroxyquinolinato)aluminum (Alq3), a green fluorescent molecule with favorable electron 

transporting properties, as the emitter material. Most devices discussed in these seminal reports 

were very dim and degraded in less than a minute in air. Since then, numerous different kinds of 

multilayer small molecular OLEDs that employ fluorescent and phosphorescent emitters have 

been fabricated using vacuum thermal evaporation and related techniques. The developments in 

OLED technology over time have been nothing short of remarkable, with the lifetime of a state 

of the art green device being nearly 23 years when operated continuously at brightness values 
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greater than 150 cd/m2. More recently, green phosphorescent OLEDs on flexible plastic 

substrates that use high index Ta2O5 optical outcoupling layers to enhance the external quantum 

efficiency beyond 60% have been demonstrated. As a result of such rapid improvements, OLEDs 

have attracted great scientific interest for a number of large area energy conversion applications, 

information display and even molecular sensing. [2-4] However, several fundamental and 

practical challenges related to efficiency and long-term degradation as well as stability under 

intense optical excitation remain. [5-7] Most of these challenges are intrinsically tied to the 

dynamics of basic excitations in these materials and devices, such as singlet and triplet excitons, 

polarons, polaritons and their interactions with each other.  

2.2 OLED Principles and Operation 

The electronic states of organic molecules are derived from p-orbitals of carbon atoms 

through sp2-p hybridization. In an sp2 hybridized orbital, there are three 𝜎- bonds with large 

binding energies and localized electrons. The remaining p-orbitals form relatively weak 𝜋-bonds 

with lower binding energies and loosely bound delocalized electrons. The highest 𝜋-bonding 

orbital that is occupied by electrons is called the highest occupied molecular orbital (HOMO) 

while the lowest  𝜋-antibonding orbital which is unoccupied is called the lowest unoccupied 

molecular orbital (LUMO). In disordered organic semiconductors, molecules interact by weak 

van der Waals forces resulting in limited 𝜋-bonding overlap between molecules. As a result, the 

conduction of charge carriers must be described by quantum mechanical tunneling and is 

subsequently dependent on a probability function characterized by intermolecular hops. This 

hopping of charge carriers from molecule to molecule depends on the energy gap between the 

HOMO and LUMO levels. 
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2.2.1 Charge transport  

The operating principle of an OLED in its simplest form is shown in Figure 2-1.  

 

 

 
 
Figure 2-1  Schematic of OLED operation, showing injection, transport, excited state formation 

and energy release. Charge injection is the primary input into the system while the 
outputs are heat, light and potentially free carriers. 

 
	
  
The processes encircled in red, are further elucidated in Figure 2-2 which illustrates the steps 

listed below. 

1. Injection of charge carriers at the contacts is dominated by the charge injection barrier at 

the interface between the active layer and the metal electrode, which is defined as the 

energy separation between the Fermi-level of the electrode and HOMO or LUMO of the 
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organic layer. As a result, it is necessary to consider electronic properties and band 

alignment of metal-oxide interfaces while choosing electrode materials for a given 

organic system. 

2. Charge transport through the organic layers under the influence of an external electric 

field takes place through a series of thermally assisted hops between adjacent molecules. 

In addition, the drift mobility of these charge carriers is a function of the applied field as 

well as the overall device temperature. 

3. If both charge carriers arrive on a single molecule, a molecular excited state known as a 

Frenkel exciton may be formed. The binding energy of this state is significant on account 

of the Coulombic interaction forces between such closely spaced carriers and may be 

treated as a particle whose properties are conserved as it diffuses between molecules. 

4. The excitons thus formed can radiatively decay and emit light, lose their energy in the 

form of heat or may be quenched via one of several bimolecular processes. 

The process of exciton decay is a complicated one and can be understood as follows - The 

ground state of most molecules has a total spin, S = 0, and because the emission of a photon 

conserves spin, typically only S = 0 excited states can emit light in a fast and efficient process 

known as fluorescence, shown in Figure 2-3. The probability of luminescence from the 

remaining S = 1 excited states is generally so low that almost all their energy is lost to non-

radiative processes. Because the ratio of S = 0 to S = 1 states is 1:3, they are known as singlet and 

triplet excitons, respectively. Although triplet-to-singlet transitions are forbidden, certain second 

order effects may mix singlet and triplet states, making the decay of a triplet weakly allowed.	
   

Under these circumstances, triplet decay is slow and if a photon is emitted, the process is known 

as phosphorescence. Singlet-triplet mixing also encourages singlet-to-triplet energy transfer 
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within a molecule, known as intersystem crossing (ISC).  Besides these basic decay channels for 

singlet excitons, there are several other quenching processes that are significant in OLEDs and 

crucial to device efficiency and effective operation:  

 

 

 
Figure 2-2  A typical bilayer OLED: carriers are confined at the organic interface by the applied 

electric field, and poor transport of the opposite carrier in the electron and hole 
transport layers. The emissive layer can be doped with guest molecules, which are 
chosen depending on the desired emission wavelength. 

 
 
1. Quenching of singlet excitons by defects, either extrinsic (e.g. impurities such as halogen or 

oxygen atoms remaining after synthesis) or intrinsic. [8] 

2.  Quenching of singlet excitons by field-induced dissociation, which can be visualized as 

simply pulling apart the positive and negative charges that comprise the exciton. [9] 
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3.  Quenching of singlet excitons by the conducting electrodes via dipole-dipole energy transfer 

to an adjacent metallic layer. [10] 

4. Quenching of singlet excitons by charged defects and polarons - this process results in either, 

the dissociation of a singlet exciton or the absorption of its energy by a polaron. [11] 

5. Quenching of singlet excitons by triplet excitons - in this process, the triplet exciton absorbs 

the singlet energy and transitions to a high-energy state. [11] 

6. Quenching of singlets by singlets - this process is similar to quenching by triplets, and 

results in a high-energy state within the singlet exciton manifold.  

 

 

 

 
Figure 2-3  A schematic showing the different processes that can occur in an OLED with respect 

to relative energy positions of the singlet, triplet and ground states. The solid black 
arrows indicate the processes that can take place post charge injection. Reverse 
processes, which may occur but are typically non-significant, are shown in gray. The 
dotted black arrows indicate the relevant quenching processes that occur in our 
system. 

 
 
It is known that adjusting the permittivity boundary conditions outside of device electrodes 

modifies the mode structure of the device, shifting the balance of energy distributed among the 
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channels as shown in Figure 2-1. In our studies, the shift in the distribution of out-flowing 

energy is detected by monitoring electrical current at a fixed voltage in forward bias. The next 

section further discusses mode structure and modulation of energy distribution in a microcavity 

OLED.  

2.2.2 Microcavity effects in stacked OLEDs 

In most OLED structures, the total thickness of the active organic layers is usually on the 

order of 100 nm, which is comparable to the wavelength of light emission from the device. As a 

result, emission properties of such devices not only depend on the intrinsic properties of the 

emitter material but can also be significantly modified by the optical structure. A typical OLED 

which only has one reflective metal cathode while a transparent conducting oxide film such as 

ITO constitutes the other electrode, behaves like a weak microcavity on account of the wide-

angle interference between directly emitted and reflected radiation as shown in Figure 2-4. In 

contrast, top emitting OLEDs such as the one used in our study, consist of a semi-transparent 

metal cathode as well as a metal anode, resulting in a strong microcavity wherein multiple-beam 

interference influences the optical characteristics of the device in addition to wide-angle 

interference.  

As a result, the radiative lifetime of an excited molecule in such periodic structures can 

be altered substantially through interactions with its reflected field. [12] Additionally, coupling 

to the local density of states (LDOS) within a microcavity depends on the frequency and 

orientation of the dipole emitter as well as the geometry of the structure. As mentioned 

previously, OLEDs consist of multiple stacked layers, within which light propagates via three 

distinct modes: waveguided, leaky (emitted to free space), and non-radiating surface plasmons, 

where the LDOS for each mode supports a finite amount of power dissipation. (See Figure 2-5) 
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Thus the time-averaged electric field component experienced by the excitons in the device is 

represented by a sum of the electric field profiles in each mode, weighted by the amount of 

power in said mode. [13] Typically, the electric field profile in the device is constant during 

steady-state operation, while the total current density and exciton quenching rate remain 

constant.  When a dielectric medium is placed above the contact(s) (deposited on top of the 

cathode in our case), the Fresnel coefficients of the stack and the photon density of states are 

modified as a result of changing cavity confinement [14].  As a result, the distribution of power 

dissipated in each mode within the device shifts, leading to a change in the total rate of exciton 

decay (inverse of the exciton lifetime). In the device examined in this study, these changes lead 

to a change in the current density, as will be described in greater details in the sections to follow. 

 

 

 
 
Figure 2-4  Illustration of optical phenomenon in OLEDs. Left: Wide-angle interference in a 

weak microcavity OLED. Right: Wide-angle and multiple-beam interference in 
strong microcavity OLEDs. Adapted from [15].  
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Figure 2-5 A multilayer, stacked device showing the different modes through which 

radiative/non-radiative exciton decay can occur. If an exciton decays radiatively, 
its energy is converted into light, which can couple to the following modes: leaky 
(light is outcoupled), surface plasmon mode, waveguiding in organic layers. If an 
exciton decays non-radiatively its energy is lost as heat, usually by dissipation of 
heat to the substrate material i.e. glass. 
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2.3 Metal-Organic-Metal Devices 

Since the objective of our study is to investigate a fundamental effect we employ a 

relatively well-understood archetypal heterojunction OLED, comprising N,N'-bis(naphthalen-1-

yl)-N,N'-bis(phenyl)-2,2'-dimethylbenzidine (α-NPD) and Tris(8-hydroxyquinolinato)aluminum 

(Alq3) hole and electron transporting layers respectively. The left side of Figure 2-6 shows Alq3 

is a metal octahedral coordinated chelate, with the aluminum ion surrounded by three 8-

hydroxyquinoline molecules. Its combination of suitable electron transporting properties together 

with its emissive nature has made Alq3 one of the most widely used materials in green 

fluorescent OLEDs. The right side of Figure 2-6 shows the molecular structure of the hole 

transporting material α-NPD.  

 

               

 
Figure 2-6  Molecular structures of the electron and hole transporting materials used in this 

study (a) Tris (8-hydroxyquinolinato) aluminum Alq3 molecule (b) N,N'-
bis(naphthalen-1-yl)-N,N'-bis(phenyl)-2,2'-dimethylbenzidine 𝜶-NPD molecule. 

	
  
	
  
 
In such devices, electrons and holes combine at the NPD/Alq3 interface. Although there is 

minimal electron injection into the NPD layer, some holes penetrate into the first 10 nm of the 
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Alq3 film. Thus, excitons are formed in the Alq3 layer and green emission is observed from Alq3 

fluorescence. Our devices employ a metal-insulator-metal (MIM) structure and are engineered to 

preferentially emit through the semi-transparent top cathode. This cathode consists of 20 nm of 

Ag while the anode consists of 45 nm of Al deposited on a glass substrate. A thin layer of NiO is 

deposited in between the Al anode and the α-NPD hole transporting layer so as to improve hole 

injection by increasing the work function of the anode. Similarly, a combination of LiF/Al is 

deposited between the Alq3 electron transporting layer and the semi-transparent Ag cathode in 

order to lower the work function of the cathode and allow for more efficient electron injection 

into the active layers.  

2.3.1 Fabrication of Crossbar OLEDs  

To fabricate OLEDs, we first begin by cleaning the glass substrates on which our thin-

film structures will be deposited. This is done by ultrasonicating the 1” × 1” glass substrates in 

detergent solution and deionized water followed by ultrasonication in heated acetone, 

trichloroethylene, and isopropanol for 10 minutes each. The substrates are then placed in boiling 

isopropanol for 5 minutes and dried under a stream of pure nitrogen. Following this, the glass 

substrates are introduced into a vacuum thermal evaporation chamber (VTE) for layer by layer 

deposition. A typical VTE chamber consists of a set of resistively heated sources placed 

underneath a large substrate holder. The material of interest is placed in one of these evaporation 

sources and is converted to vapor form by resistive heating of the source. This process takes 

place while the chamber is under a low pressure of approximately 10-7 Torr. As a result of this 

low pressure, the mean free path of vapor atoms is on the same order of magnitude as the 

dimensions of the vacuum chamber. Consequently, the evaporated particles travel ballistically 

from the evaporation source towards the substrate holder and eventually condense in the form of 
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thin films on the cool substrate surface and on the chamber walls. It is important to maintain a 

constant rate of deposition for most materials since film morphology is found to be contingent on 

deposition rate as well as chamber pressure. In this study, we use a crossbar OLED geometry in 

order to facilitate ease of testing. A crossbar OLED is essentially one in which different shadow 

masks are used for the anode, organic layers and the cathode in order to obtain a structure 

wherein the device area is clearly distinguished from the anode and cathode metal contacts. 

Figure 2-7 shows an image of a substrate with four 5 mm × 5 mm crossbar devices. Each of 

these devices has an individual anode and cathode.  

 

 

 
 
Figure 2-7  Illustration of the steps involved in the fabrication of crossbar OLEDs accompanied 

by an image of a typical device under bias. 
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2.3.2 Characterization of Crossbar OLEDs  

In our study, we perform both photoluminescent (PL) and electroluminescent (EL) 

characterization of OLED behavior since we aim to establish a causal relationship between 

exciton decay rate and total device current. Since the optimal OLED structure for the NPD/Alq3 

material system for EL and PL studies differs slightly, we employ two different sets of devices 

for each of these characterization studies.  

2.3.2.1 Electrical Characterization 

Devices designed for electroluminescence EL studies consist of a 50 nm thick layer of α-

NPD used to transport holes to the emissive layer consisting of 60 nm Alq3. Due to the small 

diffusion length of excitons in Alq3 (~10 nm), [16] devices used for EL testing have an exciton 

recombination zone adjacent the organic heterojunction. These devices have a turn-on voltage of 

approximately 2.5 V and low leakage current in the space charge limited regime shown in 

Figure 2-8. In addition, we measure the external quantum efficiency of our MIM devices and 

compare it to that for a standard device with a transparent anode as shown in Figure 2-9. Our 

data showed that although the peak EQE for our standard devices is comparable to that reported 

in literature for the same material system, the peak EQE of our MIM devices is lower in 

comparison. This can be attributed to reduced out-coupling through the semi-transparent metal 

cathode, which is expected for a top-emitting structure. The kink in EQE at 0.5 mA/cm2 and at 6 

mA/cm2 for the metal and control devices respectively is due to apparatus artifact. 
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Figure 2-8  JVL characteristics for a typical metal-insulator-metal device used in the study. [17] 

	
  
	
  

 

 
 
Figure 2-9  EQE for standard (solid line) vs. MIM device (dotted line). [17] 
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Figure 2-10  Emission wavelength as a function of emission angle (from normal) for the MIM 

OLED fabricated in this study. The green line traces the peak emission intensity. 

	
  
 

2.3.2.2 Photoluminescence Characterization 

PL studies are then carried out using a Hamamatsu C10627 streak camera and a 405 nm 

picosecond light pulsing diode laser for optical excitation. A centering wavelength of 530 nm, a 

time range of 100 ns and a repetition rate of 1 MHz are used to obtain the temporal decay of Alq3 

emission.  In order to measure the Alq3 emitter lifetime using this setup, a modified device 

geometry with 10 nm of Alq3 adjacent to the α-NPD heterojunction and 50 nm Bis(2-methyl-8-

quinolinolate)-4(phenylphenolato) aluminum (BAlq) as a spacer between the emissive layer and 

the cathode is used. We choose BAlq as a substitute for the remaining volume of Alq3 in our EL 

experiments for two reasons: the refractive index in the visible spectrum closely matches that of 

Alq3 and, the bandgap is significantly larger (3 eV for BAlq as opposed to 2.7 eV for Alq3), 

effectively confining the photogenerated excitons from our pump laser to the 10 nm emitter layer 
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adjacent to the α-NPD interface. Note that the emitter decay rate within a metal-insulator-metal 

microcavity is strongly position-dependent. Thus it is critical to include a spacer layer to 

accurately approximate the actual distribution of excitons in the functioning OLED, which are 

generated within several nanometers of the organic heterojunction. An example of our PL decay 

data for a standard MIM device is shown in Figure 2-11. Data was fitted using a bi-exponential 

function,  𝑆! =   𝐴!. 𝑒𝑥𝑝
!!
!!

+   𝐴!. 𝑒𝑥𝑝
!!
!!

 where the short-lifetime component corresponds to 

the PL contribution from NPD and the long-lifetime component corresponds to Alq3 emission.  

 

 

 
 
Figure 2-11  Alq3 emitter decay for a typical MIM device with no capping layer. The dotted line 

corresponds to a bi-exponential fit with R2>0.999. Lifetimes 𝝉𝟏 and 𝝉𝟐 correspond 
to NPD and Alq3 emission respectively. 
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2.4 Addition of Capping Layers 

Following the characterization of these control device structures, we tailor the optical 

characteristics of our MIM devices through the addition of a molybdenum trioxide (MoO3) 

capping layer on top of the Ag cathode. The thickness of this layer is sequentially increased in 

steps of 20 nm and tests are performed at each set point until a total thickness of 240 nm is 

reached. In order to calibrate the thickness of our MoO3 capping layers, we perform 

spectroscopic ellipsometry measurements [18] on films deposited on both bare Si substrates and 

Si substrates coated with 20 nm of Ag. The latter represents a test bed for the growth conditions 

on our actual devices, where the sticking coefficient on the thin silver cathodes might vary from 

that on bare substrates. Between each deposition, the samples are exposed to ambient in order to 

simulate the repeated exposure of devices during electrical testing as we increase our capping 

layer thicknesses. We find that the overall sticking coefficient is lower for MoO3 films grown on 

Ag, and highly nonlinear in the first 150 nm of deposition as shown in Figure 2-12. Monotonic 

tooling factor adjustments are made to determine capping layer thickness post-deposition. 

 

                   

 
Figure 2-12 Tooling factor adjustments for MoO3 films grown on Ag vs those grown on Si. 
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2.5 Results 

2.5.1 Optical Modeling of Exciton Decay Rate 

We simulate the expected modulation in exciton decay rate as a result of capping layer 

thickness variation for our optically tailored devices using analytical solutions to the Dyadic 

Green’s functions for an emitter in a multilayer stack, following the method of Celebi et al. [19] 

The calculated decay rate as a function of both wavevector and capping layer thickness is shown 

in Figure 2-13 for a dipole located at the heterojunction and oriented perpendicular to the plane 

of the substrate. Our simulations showed that the addition of a capping layer on the top cathode 

periodically modulates the coupling to free-space (leaky) and waveguided modes (for k < 1) 

within the microcavity structure. Above k = 1 we see the coupling to evanescent plasmon modes 

in the metal contacts, which represents the primary loss mechanism for light outcoupling in such 

metallic cavities. With the addition of ~25 nm of MoO3 a second plasmon mode develops in the 

structure, into which the radiative decay rate quickly saturates. This decay rate saturation is 

clearly visible for dipoles perpendicular to the device plane (summed over all k vectors) in 

Figure 2-14, which primarily emit into the gap plasmon modes.  

Assuming the emitter layers to be amorphous, two-thirds of the excitons generated in our 

OLEDs are oriented parallel to the device plane. For this orientation, there is little observed 

coupling to plasmon modes, and a strong modulation is observed with capping layer thickness 

due to the large variation in coupling efficiency to leaky and waveguided modes. It is the 

response of these parallel dipoles that dominates the decay rate in our microcavity devices and 

the period of the corresponding oscillations is a function of the emission wavelength (centered at 

530 nm for Alq3 emission) and the effective refractive index of the multilayer stack. 
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Figure 2-13  Simulation results for guided power distribution through each mode as a function 

of MoO3 capping layer thickness. [17] 
 
 

 
 
 
Figure 2-14   Modulation in relative decay rate for different dipole orientations with respect to 

the device plane. [17] 
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2.5.2 Experimentally Measured Variation in Total Current 

To study the effect of variation in radiative exciton lifetime on the electrical 

characteristics of our devices, we measure the device current under a constant forward bias of 7 

V following the deposition of each capping layer thickness set point. The 7 V pulse is limited to 

10 ms in order to minimize device degradation that may occur due to long operating times. 

Additionally, a set of uncapped control devices is also tested repeatedly in a manner consistent 

with the capped device set in order to account for degradation over time. Figure 2-15 plots the 

measured current density values as a function of capping layer thickness. When the linear drop in 

current arising from repeated testing of devices is accounted for, an oscillatory trend that very 

closely fits the modeled variation in exciton decay rate reveals itself. The slight deviation of 

current from the decay rate simulation for capping layer thicknesses beyond 100 nm can be 

attributed to refractive index changes arising from MoO3/Ag reactivity. It may be possible to 

account for this effect by modeling the MoO3/Ag bi-layer as a three-layer system with the third 

layer being an interfacial layer that accounts for refractive index changes arising from reactivity. 

Another contributing factor could be the change in degradation behavior arising from the 

presence of the MoO3 layer, which likely acts as an encapsulant in some capacity. Control 

devices cannot account for this behavior and a rigorous model that de-couples the effect of 

degradation from the effect of optical cavity modulation, on the total current may have to be 

developed in order to obtain a better fit between the decay rate model and measured current 

density data. Experimentally measured values of decay rate for an uncapped device are used to 

scale our simulation and allow for a semi-empirical correlation to be established between the 

measured current density variations and predicted decay rate oscillations. The phase of this 

oscillation, a function of the position of the emitter dipole relative to the heterojunction and the 
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metal cathode, is approximately the same for both PL lifetime and current modulations. The 

amplitude however, can vary between the two due to differing singlet fractions for electrically 

and optically pumped devices. Our simulation assumes a PL quantum yield of 25%, equivalent to 

the measured electroluminescent quantum yield of Alq3. [20]  

 

 

 
 
Figure 2-15  Modeled decay rates (solid line) and experimental current densities at 7 V bias 

(circles) for devices having varying capping layer thicknesses. The y-axis 
corresponds to the average values of the normalized current densities at 7 V for 
each device with the error bars representing the standard deviations across the set 
of devices tested for each thickness. Inset: Device used for PL and EL studies. [17] 
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2.6 Probable Mechanisms  

There are a few plausible explanations for the observed effect, including mobility 

variation due to plasmonic joule heating and bimolecular quenching processes. Since a 

significant amount of excitation in our devices is coupled to surface plasmon polariton modes, it 

is likely that the damping of these modes could contribute to heating of the device. Hence there 

should be a direct correlation between the local density of states that is being modulated by the 

capping layer variation and the temperature of the metal contact. Such overall heating could then 

increase the mobility of charge carriers in the device or have an indirect effect on the injection 

characteristics leading to a trend in the measured current such as the one observed. Additionally, 

there are three well-known bimolecular quenching processes that might be relevant to the system 

under consideration: singlet-polaron quenching (SP), singlet-singlet annihilation (SSA) and 

singlet-heat annihilation (SHA). [21, 22] SHA could result in a trend similar to the one observed 

through heat induced de-trapping of singlet excitons. Prior studies on NPD/Alq3 heterojunctions 

suggest that for the current density regime employed in this study, SSA effects should be 

negligible [23, 24] while the magnitude of SP quenching at the organic-organic interface has not 

been explicitly measured.  

If SP quenching were significant, thermal excitation due to long range Förster energy 

transfer from singlets in the Alq3 to trapped charges at the heterojunction could increase the 

diffusive current as shown in Figure 2-16. Past studies on charge-exciton interactions in 

molecular solids, both through direct energy transfer and through formation of intermediate 

complexes, have suggested a resultant excitation of polarons to a higher energy state leading to 

increased mobilities and hot carrier transport. [25 - 27] Further, since most of the applied field is 

dropped across the ETL, while approximately flat-band conditions exist in the HTL, holes 
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excited through singlet annihilation can preferentially back-diffuse to the anode through the NPD 

(note the higher hole mobility by a factor >104 in the NPD as compared to that in Alq3). This 

hole back-current may result in a measured drop in the total device current. Since longer exciton 

lifetimes result in a higher probability of polaron quenching, a direct correlation should exist 

between emitter decay rate and current density in the trapped charge-limited regime.  

 

 

 
 
Figure 2-16  A schematic of the proposed singlet-polaron quenching mechanism giving rise to 

the back current responsible for the observed current modulation. Step (1) 
represents the resonant energy transfer from the Alq3 singlet to a hole in the NPD, 
whereas (2) indicates the back-flow of these holes towards the anode. Since the 
materials used are unipolar, charge diffusion is preferential within each layer. 

 
 
To test the above hypothesis quantitatively, we consider singlet-polaron quenching (𝑘!") as the 

dominant singlet loss mechanism:  
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where 𝑆!  and ℎ!are defined as the singlet and hole concentrations near the heterojunction, 

𝑅!"#$%  is the inverse of the singlet lifetime and 𝑘! is the singlet formation rate, written as a 

function of the drift current, 𝑘! =   
!!
!"#$%

!!!
, where  𝑑! is the thickness of the exciton formation zone. 

At steady state, Eq. (1) yields the following equation for singlet concentration: 
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                      (2.2) 

 Assuming singlet energy transfer to trapped polarons can be a dominant mechanism in 

generating the back current, we can define the hole-dominated back current as:  

                                                                                                        𝐽!!
!"## =   −𝐴𝑞𝑑𝑘!"ℎ!𝑆!                                  (2.3) 

where A is a proportionality constant representing the collection efficiency- a convolution of the 

hole gradient at the interface and the hole mobility/diffusivity whereas 𝑑 is the thickness of the 

space-charge region in the HTL. The total current through the device then becomes the sum of 

the drift and back-current components, clearly having a dependence on the singlet population 

density. Data was fitted by combining Eq. (2.2) and Eq. (2.3) to yield Eq. (2.4). 
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!!!
!"#$%

!!!!!!
+ (!!"!

!!!!"#$%  
!!!

)! −   !!"!
!!  !!"#$%
!!!

         (2.4) 

We assume the literature value for singlet-singlet annihilation rate (kSS) of 5×10-11 cm3s-1 and 

approximate the value of the space-charge density of trapped holes at the α-NPD/Alq3 

heterojunction to be h+ = 1×1016 cm-3 at a bias of +7V. We fix the exciton generation zone (dI) to 

be 1 nm, approximating exciton formation to occur only in the Alq3 monolayer directly adjacent 

to the heterojunction, while the thickness of the space charge region (d) is assumed to be 10nm. 

This leaves only two fitting parameters for the proposed model: the drift current through the 
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device (

€ 

Je
drift) and the singlet-polaron annihilation rate (kSP). Literature values are scarce for 

singlet-polaron annihilation; however Ichikawa et al. [21] have presented data suggesting this 

value to be in the range of 10-9 - 10-10 cm-3s-1 for neat films of Alq3. It is important to note their 

measurements correspond to interactions between mobile charges in Alq3 with Alq3 singlets, 

while in our case it is the carriers trapped in the neighboring α-NPD that quench the Alq3 

singlets. Although the absorption spectra of holes in Alq3 and α-NPD may differ, we can assume 

to first order that the values presented by Ichikawa et al. provide a reasonable approximation to 

the annihilation rates in the case of an organic heterojunction. The fitted curves in Figure 2-17 

correspond to a kSP value of 3.576×10-10 cm-3s-1 with a 95% confidence interval, falling within 

the estimated range for Alq3 singlets, assuming a drift current value of Jdrift = 28.6 mA/cm2. 

	
  

	
  
	
  
	
  
Figure 2-17  Current Density at 7V for a planar heterojunction device plotted against the 

corresponding semi-empirical decay rates and fitted to the model (solid line) 
based on the proposed theory. The dotted lines represent the confidence intervals. 
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2.7 Applications 

As was previously mentioned, the effect discussed in this chapter is unique in that it 

allows for a purely electrical way of sensing changes in the local dielectric environment of an 

OLED. This electrical signal can be very useful for a new generation of sensor and detection 

devices, including but not limited to, touch sensors, refractive index sensors and near-field 

microscopy probes. Preliminary results for the touch sensing and refractive index sensing 

applications are presented in this section.  

2.7.1 Touch sensor demonstration 

The effect discussed, can also be used for a new method of touch-detection for display 

applications. Traditional touch-screens use indium tin oxide (ITO) and are either resistance or 

capacitance based. For multi-touch detection, a patterned array of capacitors has to be fabricated 

between two closely separated ITO plates. This adds significantly to both the complexity of 

display fabrication and cost, as the price of ITO continues (and will continue) to skyrocket due to 

the limited availability of indium worldwide.  Additionally, ITO based displays require the use of 

glass as a framework for the touch sensor component. This adds rigidity to the display and is the 

primary point of failure for most screens. Our touch-detection method can be easily adopted into 

current OLED display technologies. In this case, the OLEDs themselves serve as both the screen 

and detector. A thin encapsulating layer separates the active devices from contact as well as 

oxygen and moisture. (Figure 2-18) Any OLED display which uses a constant driving voltage 

and current-based detector for touch sensing can be made flexible, limited only by the substrate’s 

mechanical rigidity and not by the front-pane of the screen. It is even possible to make semi-

transparent, flexible displays that are touch active using two semitransparent electrodes and a 

clear plastic substrate, such as polyethylene terephthalate (PET). By moving away from glass 
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substrates and ITO conductors, we can significantly reduce the cost and complexity of touch 

screen fabrication.  

 

 

 
Figure 2-18  Schematic of a touch-sensing scheme wherein an MIM OLED is coated with a 

MoO3 barrier layer in order to minimize degradation due to oxygen exposure.  

	
  
 

Additionally, such an approach to touch sensing increases the resolution of detection to a 

single pixel. We have tested single-pixel touch detection of our sensors, which matches the 

predicted response (Figure 2-19). Tests show that finger contact cause the device current at a 

constant bias to drop by 4.5 – 5% that is regained upon release. (Figure 2-20). Although we 

hypothesize that the temperature of the metal electrode is affected by changes in mode coupling 

as per the plasmonic joule heating effect, heat transfer from the metal electrode to the finger 

could also be a factor contributing to the observed drop in current. 
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Figure 2-19  Predicted decay rate oscillations for the touch sensing scheme show that a 5% drop 

in decay rate can be expected upon touch.  

	
  
	
  

 

 
Figure 2-20  Preliminary data from a touch sensing test done on our NPD/Alq3 MIM devices.  
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In order to de-couple extraneous effects arising from finger touch from the changes in 

current generated solely from cavity modulation, we decided to pursue the approach described in 

this section. In this approach, we place a drop of oil on the sensor and record the change in 

device current as shown in Figure 2-21. Plugging the refractive index and thickness of the oil 

film into our decay rate simulation yields an expected 1.7% increase in current. Since the 

magnitude of the observed change in current is actually a decrease of about 3%, we performed 

infrared imaging of our samples with the objective of quantifying the change in temperature of 

the metal electrode. Although we expect optical cavity modulation to play a role, it is evident 

from the contradictory change in current that some proportion of the observed change comes a 

different effect, most likely heat transfer from the electrode to the oil drop.  

 

 

 
 
Figure 2-21  Change in current as a function of time for a bare sensor in comparison with a 

sensor that has a drop of oil placed on it. 
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Figure 2-22 shows the overall temperature change profiles for a baseline sensor under a 

constant bias, in comparison with an identical sensor that has an oil drop placed on it. The 

magnitude of temperature change was found to be approximately 0.75 0C. Based on the data for a 

baseline sensor biased at different voltages shown in Figure 2-23, it can be estimated that a 0.75 

0C temperature drop should correspond to a 4.5% drop in current.  However, the observed 

change in current for the oil drop case as previously stated is only 3% which suggests that the 

1.5% increase in current indeed comes from optical cavity modulation via the intended effect.  

 

 

 
Figure 2-22  Overall temperature change profiles obtained from IR imaging of a bare sensor in 

comparison with a sensor that has a drop of oil placed on it. 

 
 

Although the preliminary results obtained for the finger touch and oil drop cases are 

promising, there is a need for developing these sensing modalities further in a way that 

completely de-couples any extraneous effects from the signal that is observed from the optical 
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cavity modulation based effect described in this chapter. A few strategies that may be pursued to 

this end are described in the next section. 

 

 

 
Figure 2-23  Change in device current density as a function of temperature change for a typical 

baseline sensor biased a three different voltages. Roughly, a 60% change in current 
is expected for every 10 0C change in temperature. 

	
  
	
  
 

 

 

 

 

 

	
  
 



	
   45	
  

2.8 Summary 

In summary, we discovered that the resonant coupling of excitons to a modulated optical 

microcavity influences the current density of an organic light emitting device. Additionally, the 

magnitude of this effect is found to be close to 15% when MoO3 is used as an external capping 

layer. We also discussed two chief potential mechanisms contributing to this effect – singlet-

polaron quenching and plasmonic joule heating. This work may have relevance beyond OLEDs, 

e.g. in considering other excitonic organic heterojunction devices. Further, rigorous 

optoelectronic device modeling may have to account for the optical cavity effects on exciton and 

charge transport via one of the potential mechanisms discussed. While further work is needed to 

isolate which of the proposed mechanisms is responsible for the observed trend, the phenomenon 

itself may enable a new class of electro-optical sensing techniques on account of its sensitivity to 

changes in the local dielectric environment. One application that we demonstrate in our work is a 

touch sensing modality that combines the display and sensing functions of a traditional touch 

screen display. Other applications of this effect may include measuring refractive index 

variations of phase-segregated materials at the nanoscale, detection of molecules and other types 

of sensing.  
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CHAPTER 3 

3 Self-Powered Ion Detection 
 
 
3.1 Overview 

Selective and sensitive detection of metal ions is important in a wide variety of 

applications, [1-3] with only a few examples capable of measuring down to single nanomolar 

concentrations of charged species. A few successful recent demonstrations include plasmonic 

resonance based energy transfer spectroscopy, [4] total internal reflection fluorescence 

spectroscopy, [5] photonic hydrogel based colorimetric detection [6] and other 

absorption/emission based techniques. [7] One major limitation for deploying such optical 

schemes is the need for complex auxiliary instrumentation, which is cumbersome, requires 

external power sources, and lacks robustness. Chemotransistors based on several types of 

semiconductors materials including graphene [8, 9] and organic polymers. [10, 11]  have been 

developed to address this limitation. Although such devices require fewer components than 

optical detection schemes, chemotransistor-based detection of metal ions still requires an 

external power source. Although some sensors incorporating photovoltaic cells as power sources 

have been demonstrated, [12] they are typically separate modules, increasing device cost and 

complexity. The need persists for compact, robust, and energy efficient ion detection with high 

sensitivity.	
  



	
   49	
  

3.2 Dye sensitized solar cell basics 

Since its inception, [13, 14] dye-sensitized solar cell (DSSC) technology has 

demonstrated adequate stability, low cost and ease of fabrication while being able to maintain 

competitive power conversion efficiencies for some applications. This platform is particularly 

compatible with detecting species in solution, because rapid charge transport in high efficiency 

DSSCs occurs in a liquid or gel electrolyte. The schematic in Figure 3-1 shows the construction 

of a typical DSSC consisting of three main parts. The photoanode is typically comprised of a 

mesoporous film of dye sensitized titania nanoparticles spin-coated or doctor-bladed onto a 

transparent conducting oxide film - typically fluorine doped tin oxide (FTO). The titania 

nanoparticle film not only acts as an effective n-type material but also increases the surface area 

available for dye attachment by a factor of a thousand allowing for effective light absorption. 

 

 

 
Figure 3-1  Cross-sectional schematic of a typical dye sensitized solar cell wherein white 

spheres represent titania nanoparticles, red spheres represent dye particles and blue 
spheres represent iodide/triiodide ions. 
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The counter electrode consists of a platinum coated glass substrate while the cavity 

between the two electrodes is filled with an electrolyte containing a redox shuttle that allows for 

the system to be regenerated. Iodide/triiodide has been a popular choice for this electrolyte redox 

shuttle inspite of its corrosive nature, primarily on account of its slow recombination kinetics 

with electrons in the TiO2 allowing for electron lifetimes on the order of 1 ms – 1s, while still 

allowing for relatively fast dye regeneration. DSSC operation involves the following steps: 

1. Dye molecules are excited to a higher energy state as a result of light absorption. 

2. The excited electron is injected into the conduction band of the TiO2 layer. 

3. The oxidized part of the dye molecule accepts electrons from the iodide ions present in 

the electrolyte and is regenerated as a result.  

4. Triiodide ions diffuse to the counter-electrode where they are reduced to iodide ions. 

 

 

 
Figure 3-2  Energy level diagram of a typical DSSC showing the forward (bold) and reverse 

(dotted) processes. 
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3.3 Self-detection concept 

Ion sensors typically consist of a number of different components such as the ones shown 

in Figure 3-3. If the power source, battery storage unit and sensor components that comprise a 

typical sensor were replaced with a single unit, the resulting system would only have two 

components. 

 

 

 
Figure 3-3  An illustration of a typical ion detection scheme comprised of four basic 

components- a power source, a battery, a sensing element and a readout; shown 
alongside is a scheme wherein the photovoltaic device accomplishes both, sensing 
and power generation functionalities.  
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This would substantially reduce the size, cost and complexity of the ion sensor. To realize 

this concept, we designed a sensing scheme in which the presence of ionic analytes disrupts (or 

triggers) the flow of electrical current between two electrodes, with the electromotive force 

ultimately provided by absorbed ambient light. Here we demonstrate an implementation of this 

concept, using the classical dye-sensitized solar cell structure consisting of cis-

bis(isothiocyanato)bis(2,2′-bipyridyl-4,4′-dicarboxylato)-ruthenium (II) sensitizing dye (N3) and 

the iodide/triiodide redox shuttle. [15] We demonstrate the detection of Ag! ions, with high 

sensitivity and reproducibility, low cost and a compact form factor.  

 

 

 
Figure 3-4  Shows the schematic of a dye sensitized photovoltaic cell responsive to the presence 

of ionic species such as silver by producing a change in its electrical characteristics. 
[16] 
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For the proof-of-concept demonstration, we examine a ‘turn off’ type mode of operation 

where the presence of an ionic (or ionized) analyte shuts off photocurrent production. In this 

scheme, the device operates optimally to begin with and then sees a photocurrent drop in 

response to a detection event, such as adsorption of the analyte on to an electrode or quenching 

of the dye excited state. The ionic target species can also be generated using an auxiliary release 

mechanism [17, 18] so as to allow for indirect detection of biological analytes. Figure 3-4 shows 

how introducing Ag ions into the electrolyte of a normally operating DSSC results in the 

adsorption of Ag ions as well as the formation of metallic precipitates on the mesoporous TiO2 

electrode, shown in orange. The energy level diagram in Figure 3-5 shows how the processes 

described previously may alter key steps in the device operation (indicated in orange).  

 

 

 
Figure 3-5  Proposed energy level diagram of a DSSC based ion sensor. [16] 
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3.4 Fabrication  

8 - 9  µμm thick transparent TiO2 films were prepared by doctor blading commercially 

available Ti-Nanoxide T/SP paste (Solaronix Inc.) on 2.2 mm thick fluorine doped tin oxide with 

a sheet resistance of 7 ohm/square. The substrates were cleaned using organic solvents and pre-

treated in 40 mM aqueous TiCl4 solution at 70 0C for 30 minutes prior to film deposition.  After 

coating with TiO2 paste, the substrates were fired for 30 minutes at 450 0C to allow a porous 

nanocrystalline film to form. This step was followed up with a TiCl4 post-treatment and 

additional sintering at 450 0C for 15 minutes. The prepared films were allowed to cool down to 

approximately 50 0C and immersed in a 0.5 mM solution of (cis-bis(isothiocyanato)bis(2,2′-

bipyridyl-4,4′-dicarboxylato)-ruthenium (II) N3 dye (Sigma Aldrich). The dye solution was 

prepared by dissolving N3 in an 8/2 (v/v) mixture of tetrahydrofuran and t-butanol. The films 

were soaked in dye solution for 24 hours after which they were removed from solution, rinsed 

with isopropanol and dried under a stream of N2.  The area of the dye coated TiO2 region was 0.1 

cm2. For device assembly, a 25 µμm Surlyn gasket (Solaronix, Inc.) was placed between the 

working electrode and the counter electrode following which, the device was placed on a 

hotplate at 100 0C and pressed down on for ~ 30 seconds to ensure a good seal is obtained. The 

counter electrode was prepared by sputtering 50 nm Pt on FTO. Electrolyte solutions were 

introduced into the device through a 0.5 mm diameter drilled hole in the counter electrode using 

a Vac’n’Fill syringe (Solaronix, Inc.). The ideal electrolyte solution contained 0.6 M 1,2-

dimethyl-3-propyl-imidazolium iodide (DMPII), 0.1 M Lithium Iodide (LiI), 0.05 M Iodine (I!) 

and 0.5 M 4-tert-butylpyridine (tBP) in acetonitrile. Analyte solutions were prepared by 

dissolving AgNO3 concentrations ranging from 1 nM to 1 mM in acetonitrile.  
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3.5 Characterization 

We used a combination of electrical characterization, electrochemical impedance 

spectroscopy, scanning electron microscopy and simulations to characterize our devices. 

3.5.1 Electrical Characterization  

Current-Voltage (JV) characteristics were recorded using a Solartron Analytical Modulab 

MTS. The cells were illuminated with a Newport solar simulator (model# 91191- 1000) 

calibrated to AM1.5 (100 mW/cm2) using an NREL Si reference cell (Model PVM233 KG5).  

The JV data and performance parameters for one such device, along with Schematic showing the 

molecular structures of the sensitizing dye and redox shuttle are shown in Figure 3-6. 

 

 

 
Figure 3-6  JV characteristics of a DSSC fabricated in this study, under AM 1.5 (100 mW/cm2) 

simulated sunlight. [16] 
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3.5.2 Electrochemical Impedance Spectroscopy 

For EIS measurements, cells were scanned over a frequency range of 100 kHz to 0.1 Hz 

with 10 mV amplitude, at open-circuit conditions, under 1 sun illumination. The obtained 

Nyquist plots were fit using an equivalent circuit model to extract relevant parameters. Since our 

data does not show a distinct semi-circle corresponding to the low-frequency resistance 𝑅!, 

typically arising from electrolyte diffusion, we do not include this parameter in our model. The 

fits were performed using ZView software (Solartron Analytical). Here, 𝑅!"# corresponds to the 

sheet resistance of the fluorine doped tin oxide (FTO) substrate, 𝑅!   is the resistance 

corresponding to recombination at the TiO2/dye/electrolyte interface, 𝑅!" is the resistance to 

charge transfer at the counter electrode and CPE1 and 2 are constant phase elements. 

 

 

 
Figure 3-7  EIS data of a typical device w/ resistances and equivalent circuit model shown. [16] 
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3.5.3 Energy Dispersive X-ray Spectroscopy 

Scanning electron microscopy (SEM) and Energy dispersive X-ray spectroscopy (EDX) 

measurements of the titania films were performed using a Hitachi SU8000 scanning electron 

microscope. The spectra and images shown in Figure 5 were obtained by applying an 

acceleration voltage of 10 kV and a working distance of 15.3 mm.  

 

	
  
 
Figure 3-8  SEM images of a TiO2 electrode prepared by doctor blading 9  𝛍m thick film of T/SP 

paste (top) and screen printing a 10 𝛍m transparent film of 15 - 20 nm diameter 
particles followed by a 3 - 4 𝛍m scattering layer of 400 nm diameter particles 
(bottom). [16] 
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3.5.4 Sensor Characterization: 

The assembled devices were connected to a Solartron Analytical Modulab Materials Test 

System and their electrical characteristics and impedance spectra were measured under 1 sun 

illumination and in the dark. A schematic representation of step 1 of the testing procedure is 

shown in Figure 3-9. We performed identical tests on both, control devices, wherein a fixed 

volume of pure solvent was added to the device in addition to the electrolyte and on the sensors, 

wherein silver nitrate dissolved in acetonitrile was injected into the device in addition to the 

electrolyte, at concentrations ranging from 1 nM to 10 mM.  

 

 

 
Figure 3-9  Schematic of step 1 the testing protocol for the control and sensor tests performed in 

this study. [16] 

 
 

For the control devices, step 2 of the testing procedure is performed as follows - the 

electrolyte is sucked out of the cavity and the electrolyte + acetonitrile is vacuum filled into the 

cavity; device characteristics are measured. This step is repeated several times on the same 
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device.  For the sensors, step 2 of the testing procedure is performed as follows -The electrolyte 

is extracted out of the cavity using the syringe and the electrolyte + AgNO3 dissolved in 

acetonitrile, is vacuum filled into the cavity; device characteristics are measured as shown in 

Figure 3-10. This step is repeated for each concentration of Ag! on the same device. 

 

 

 
Figure 3-10  Schematic of step 2 the testing protocol for the control (top) and sensor (bottom) 
devices tested in this study. [16] 

 
 
The changes in device response in the presence of Ag! are shown in Figure 3-11. From top to 

bottom, the bold lines represent curves under illumination while the dotted lines represent curves 

in the dark for 0 M, 1 µμM, 10 µμM, 100 µμM and 1 mM [Ag!] respectively. The practical utility of 

this scheme is manifested in the observation that the power conversion efficiency of the device 
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never drops below 70% of its original value, thus ensuring that sufficient power is generated to 

modulate the intensity of an external circuit element even when a very high concentration of the 

analyte is present in the electrolyte.  

 

 

 
Figure 3-11  JV characteristics of a device for which AgNO3 dissolved in acetonitrile is added to 

the electrolyte at varying concentrations. [16] 

 
 
The JSC and VOC obtained from these measurements were plotted as a function of Ag! 

concentration as shown in Figure 3-12. A distinct drop in JSC, accompanied by a steady increase 

in VOC was observed for concentrations of Ag! ranging between 1 µμM and 1 mM. Concentrations 

of Ag!  below 1 µμM did not cause an appreciable change in the device characteristics, while 

concentrations greater than 1 mM caused the device to become resistive.  To ensure that the 
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dilution of the electrolyte by solvent addition and repeated electrolyte filling do not corrupt the 

test, we performed control tests. The changes in JSC and VOC for such a device that is repeatedly 

tested in a manner analogous to the sensor are shown in the insets. While the changes in JSC were 

found to be negligible, the VOC for the reference devices shows a steady increase with repeated 

electrolyte filling/re-filling, smaller in magnitude to VOC changes observed from the effect of Ag 

addition. This observation is consistent with reports of the same effect, [19] attributed to an 

increase in the conduction band edge potential of TiO2 arising from a loss of surface bound 

Li!  ions and an increase in the amount of tBP from repeated pumping. 

 

 

 
Figure 3-12  Changes in JSC and VOC as a function of [𝐀𝐠!] for controls (insets) and sensors. [16] 
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We also performed EIS measurements and fitted the obtained data to an equivalent circuit 

model to obtain the resistances corresponding to electron recombination at the 

TiO2/dye/electrolyte interface (RR), and to charge transfer through the counter electrode (RCT). 

[20, 21] The fitted changes in the charge transfer resistance at the counter electrode (RCT) and the 

resistance at the TiO2/dye/electrolyte interface (RR) obtained via EIS measurements, plotted as a 

function of [Ag!] are shown in Figure 3-13. The changes in RCT and RR for such a control device 

are shown in the insets. The mechanisms that explain the observed trends are discussed in greater 

detail in the following section. 

 

 

 
Figure 3-13  Changes in RCT and RR as a function of [𝐀𝐠!] for controls (insets) and sensors. [16] 

 

	
  



	
   63	
  

3.6 Discussion of sensing mechanism 

This section discusses in depth the various effects that we believe contribute to the trends 

in device parameters shown in the previous section, and is critical to any potential improvements 

in detection limit and/or sensitivity. 

3.6.1 Formation of silver clusters on TiO2 

Energy-dispersive X-ray spectroscopy (EDS) was performed on the TiO2 electrode 

following the Ag!  sensing experiments, confirming the formation of silver clusters. The dramatic 

increase in RCT and RR with the addition of Ag! is attributable to the formation of such silver 

clusters by electrodeposition and/or the reduction of silver iodide precipitate on the TiO2 

electrode to metallic silver under illumination. In both cases, charge transport is inhibited and the 

precipitate may render some dye sites inactive, while also blocking electron recombination at the 

TiO2/dye/electrolyte interface. [22] The EDS spectrum was obtained for the region marked with 

a yellow cross on the SEM image of the TiO2 electrode as shown in Figure 3-14. The inset 

shows the relative atomic weight percentages of the four primary elements expected to be present 

on the electrode surface. The high percentage of silver is indicative of the fact that silver clusters 

are indeed formed on the electrode. Furthermore, optical microscopy and scanning electron 

microscopy of the TiO2 electrode revealed that a large proportion of the silver clusters are 

concentrated directly underneath the electrolyte-filling hole, due to the larger concentration 

driving force and a thinner boundary layer directly below the injection site. (Figure 3-15) The 

limit of detection may be significantly improved by concentrating light in this region of the 

device, or by replacing the glass support for the counter electrode with a porous membrane that 

would eliminate the need for a filling hole, thereby allowing the analyte to interact 

homogenously with the entire device area.  
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Figure 3-14 (a) EDS spectra for spot indicated on SEM inset and (b) EDS mapping overlaid on 

an SEM image of the electrode, showing Ag rich regions in red and TiO2 rich 
regions in blue/green. [16] 
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Figure 3-15  An image showing silver clusters formed on the TiO2 film after sensor tests were 

performed, directly underneath the filling hole. [16] 
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3.6.2 Comparison of EIS data to JV-Model 

To model the J-V characteristics, we consider a modified equivalent circuit model [1] as 

shown in Figure 3-16. 

	
  

 

 
Figure 3-16  Equivalent circuit model for the DSSC system. [16] 

 
 

Here, 𝐽!! is the photocurrent, 𝑅! is the series resistance, 𝑅!" is the shunt resistance, and 𝑉 is the 

bias voltage, while 𝑅!"# corresponds to the sheet resistance of the FTO, 𝑅!  is the resistance 

corresponding to recombination at the TiO2/dye/electrolyte interface, 𝑅!" is the resistance to 

charge transfer at the counter electrode, 𝑅!   (Warburg element) corresponds to the electrolyte 

diffusion resistance and CPE1 and 2 are constant phase elements. For JV modeling, the 

capacitances associated with 𝑅!  and 𝑅!"  may be ignored since these measurements are 

performed under DC conditions, while 𝑅! may be treated as a diode. We lump the other three 
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internal resistances into one fitting parameter ′𝑅!′.  The JV curve can now be modeled as per the 

generalized Shockley equation. [2]. 

𝐽 =    !!"
!!!!!"

   𝐽!    exp
! !!!!!

!"#
−   1 +    !

!!"
−   𝐽!!(𝑉)                      (3.1) 

where 𝐽! is the reverse dark saturation current and 𝑛 is the ideality factor. To obtain the trends 

shown in Fig. 4, we set 𝐽!! = 𝐽!"  and 𝑅!" = 0.1 MΩ- cm2 (estimated from dark current data) with 

𝑅!, 𝐽!, and 𝑛 as fitting parameters. The changes in the saturation current (𝐽!) and the series 

resistance (𝑅!) in the dark plotted are as a function of [Ag!] in Figure 3-17. The observed 

decrease JS, qualitatively agrees with the hypothesis that the overall recombination rate is 

lowered with the addition of Ag!. This also supports the observed increase in VOC, which can be 

described using the following equation: [23, 24] 

V!" =   
!"
!
ln   !!"#

(!!"#!!,![!!!])
                                                    (3.2) 

where k is the Boltzmann constant,  T is the absolute temperature,  q is the magnitude of the 

electron charge, J!"#  represents the injected electron flux, k!"#  is the recombination rate constant 

and n!,! is the density of conduction band electrons in the dark. 

An additional effect that is likely to contribute towards the observed trends in JSC and 

VOC, especially at small concentrations of Ag!, is the shift in the conduction band edge (VCB) of 

TiO2 due to the adsorption of Ag! cations on its surface. Previous work reported that, although 

large cations such as Cs! and Rb! cannot intercalate into the TiO2 lattice like the smaller cations 

such as Li! and Na!, they can cause a significant upward shift of the TiO2 VCB as a result of a 

potential drop across the Helmholtz layer formed at the TiO2/dye/electrolyte interface. [25] This 

typically results in an increase in VOC and a drop in JSC, arising from a reduced driving force for 

electron injection. 
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Figure 3-17  Changes in JS and RS as a function of [𝐀𝐠!] for sensors, extracted from fitting JV 

data to the Shockley model. [16] 

 
 

A further drop in the photocurrent is expected from the fact that larger cations are typically less 

solvated and can form the Bjerrum-Fuoss pairing with triiodide, lowering the mobility and ionic 

activity of triiodide ions in solution. [26, 27] This effect becomes evident when the series 

resistance extracted from the Shockley model is compared with that obtained from EIS 
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measurements as shown in Figure 3-18. It must be noted that RD was not taken into account into 

the series resistance obtained from the EIS measurements, since we could not fit this resistance. 

The discrepancy between the two sets of RS values, especially at higher concentrations of Ag+ 

most likely arises from this omission. Consequently, it appears that RD becomes larger at higher 

concentrations of Ag+, which is consistent with the hypothesis that the mobility of triiodide ions 

is reduced as the Ag+ content in the electrolyte becomes larger.  

 

 

 
Figure 3-18  The left hand side y-axis shows the normalized values of 𝑹𝑺 obtained from fitting 

the JV data to a Shockley model while the right-hand side y-axis shows the 
normalized values of 𝑹𝑺  that are obtained from the EIS measurements using: 
𝑹𝑺 = 𝑹𝑭𝑻𝑶 + 𝑹𝑪𝑻. [16] 
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Since this effect scales with ionic radius, we expect the device response to be highly 

sensitive to the presence of larger cations in the electrolyte.  This suggests that other metal-ion 

species of interest such as Hg+ and Pb+ can sensitively be detected using the proposed system. 

We also considered the reaction between Ag!and I!, energetically favorable in comparison to 

the reaction between I!and the oxidized dye molecule, which could slow down the dye 

regeneration process by depleting the electrolyte of iodide ions. This effect however, is found to 

be insignificant within the range of Ag! concentrations examined in this study, since the 

concentration of iodide present in the electrolyte is orders of magnitude larger than the largest 

concentration of Ag! tested.  

 

3.7 Summary 

In summary, we demonstrated a novel and versatile detection scheme, in which power 

generation as well sensing is achieved using a single dye-sensitized solar cell device. We found 

that this scheme can reliably detect small concentrations of charged species in solution, without 

making substantial modifications to an efficient and well-understood system. Moreover, such a 

technique can be applied to the detection of a wide variety of metal ions with high sensitivity and 

selectivity simply by using different material systems to fabricate the cell. Although further 

efforts are required to arrive at a fully integrated device that is ready for commercialization, the 

concept discussed here represents an important step toward realizing autonomous, ultra-compact 

sensing devices. 
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CHAPTER 4 

4 Chemiluminescence based Ion Detection 
 
	
  
 

4.1 Overview 

Chemiluminescence (CL) based sensing, wherein a chemical reaction involving an 

analyte of interest results in light emission, is applicable to enzyme detection, DNA sequencing, 

treatment diagnostics, environmental monitoring and a wide range of other chemical and 

biological assays where high sensitivity and selectivity are essential requirements. [1 - 3] In 

comparison with other types of commonly used sensing techniques, CL based sensors do not 

require an external light source [4] and have a high potential for miniaturization and integration 

with microfluidic flow cells. Although a considerable amount of research has been dedicated to 

the development of CL-based chemistry in recent years, the hardware used to collect the CL 

signal has typically been a sophisticated, high-responsivity detector such as a photomultiplier 

tube (PMT) or a camera equipped with a charge couple detector (CCD) focal plane sensor [5, 6]. 

Indeed there have been demonstrations of more compact detectors such as those based on 

hydrogenated amorphous silicon (a-Si:H) [7] and organic polymers [8], that have shown 

performance metrics comparable to those obtained with PMTs. In this chapter, I describe and 

analyze a simple setup that is compatible with any kind of CL assay and photodetector. When 
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applied to the detection of fluoride (F-) ions in conjunction with a standard Si photodetector, a 

100 nM detection limit was observed, with substantially higher performance possible. 

4.2 CL assay for Fluoride detection 

One of the key problems associated with CL based detection protocols is the complexity 

of the chemical reaction itself. Most CL protocols use luminol, a well-known chemical that emits 

light when oxidized. The target analyte is typically labeled with a semiconducting nanoparticle 

or quantum dot [9, 10] that engages in chemiluminescence based resonant energy transfer 

(CRET) with the luminol. This step is often inefficient and limits the intensity of the CL signal. 

Recently, a new type of CL based sensory system with a built-in self-signaling feature that 

bypasses the CRET step was demonstrated. [11] This was accomplished by incorporating a 

masking group to luminol that efficiently suppresses its CL in the absence of an analyte. The 

masking group is selected such that it can selectively be removed only by the target analyte and 

this restores the CL signal. This concept was used to detect fluoride anions in an aqueous 

environment and a detection limit of 18 nM was established by masking luminol with a 

triisopropylsilyl (TIPS) moiety as shown in Figure 4-1. The fluoride ion removes the TIPS 

making group from the oxygen atom of luminol and allows the conversion of luminol to its 

monoion adduct. The reaction then proceeds as expected, emitting bright blue light. 

Sensitive detection of fluoride is critical to a large number of applications ranging from 

water treatment to chemical warfare agents [12, 13], but the detection limit of 18 nM 

demonstrated using the aforementioned CL assay, is the best reported so far [14 – 17], and falls 

short of many application requirements. There is clearly a need for further sensitivity 

enhancement, and the result demonstrated in this chapter can be further improved upon to reach 

detection limits in the single nanomolar regime using a rudimentary silicon photodiode. 
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Figure 4-1  Schematic showing the CL concept for fluoride detection wherein the oxygen atom 

of luminol is masked with a TIPS group. Reprinted from [11], with permission from 
RSC Publishing. 
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4.3 Detection setup 

The photodetector used in this study was a model 818 silicon photodetector from 

Newport that has a typical responsivity value of 0.25 A/W at 430 nm, the wavelength 

overlapping with the peak of CL of luminol. The active area of the detector was 1 cm2. A 

chamber into which the solutions containing the analyte and the TIPS-luminol were introduced 

was placed directly atop the photodetector.  

The reaction chamber is comprised of a cylindrical tube having an inner diameter of 12.5 

mm and an outer diameter of 13 mm, constructed from a polypropylene syringe barrel with an 

open top and a sealed bottom. This cylinder is set in a 7 mm thick slab of polydimethylsiloxane 

(PDMS) and placed atop a 1” x 1” glass slide.  The glass slide is masked off with black electrical 

tape to minimize stray reflections expect for a 15 mm x 15 mm square opening in the center, that 

is aligned with the bottom of the cylinder. This assembly is then placed directly onto the 

photodetector as shown in Figure 4-2. No index matching fluid was used. The collection 

efficiency of the setup estimated to be 0.35% is discussed further in Section 4.5. This is expected 

given that a considerable amount of light leakage occurs through the transparent sidewalls and 

the top opening. 
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Figure 4-2  (a) Schematic showing the detection setup. The inner diameter of the cylinder is 12.5 

mm. (b) An image of the cylindrical reaction chamber set in a slab of PDMS. 
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4.4 Sensing protocol 

Experiments to detect fluoride ions were performed as per the procedure described in 

Ref. 11. A solution consisting of 400  µμL of each of the following three compounds – Co(NO3)2 

(5x10-4 M), H2O2 (2x10-2 M) and Na2CO3/ NaHCO3 (0.1 M) – in de-ionized water was first added 

to the reaction chamber.  Subsequently, a 200 µμL solution containing only TIPS-luminol (1.7x10-

3 M) in tetrahydrofuran (THF) was added to the DI water solution in the reaction chamber. This 

is done to establish a baseline for our tests, since it is known that some light emission can be 

expected from the unmasked luminol impurities present in the TIPS-luminol solution even in 

absence of the target analyte. The photodetector current resulting from the CL signal is recorded 

in 10 millisecond steps for 450 seconds using an Agilent 4156B semiconductor parameter 

analyzer. This time duration for signal integration was chosen since our data indicates that the 

TIPS-Luminol emission does not decay completely up until 350 – 400 seconds after initial 

injection. We note that THF is chosen as a solvent primarily due to the poor solubility of TIPS-

luminol in water but this may potentially be improved via chemical modification of the 

compound or by introducing additional steps to the assay. 

4.5 Results 

Once a baseline has been established, the sensing test is repeated, this time with a 

solution containing 100   µμL  TIPS-luminol (3.4x10-3 M in THF) and 100   µμL  of varying 

concentrations of tetrabutylammonium fluoride (TBAF) in THF as a source of fluoride ions. 

When this solution is added to the water mixed solution of cobalt nitrate, hydrogen peroxide and 

sodium carbonate/sodium bicarbonate, light emission of varying intensities is observed as 

expected.	
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Figure 4-3 shows the measured photodetector current as a function of time for the entire 

duration of the CL emission, with the start of the measurement coinciding with the injection of 

the TIPS-luminol into the reaction chamber. This is important since, based on our data, the 

emission intensity typically peaks within the first 10 seconds of injection for most cases. Note 

that the numbers in the legend correspond to the concentration of F- in the droplet, without 

accounting for dilution upon the introduction of the droplet into the chamber. 

 

 

 
Figure 4-3  Photodetector current as a function of time corresponding to the CL signal from the 

presence of fluoride ions. 
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The photodetector current was then integrated over the duration of the CL emission; 

subtracting from it the background, we obtained the contribution from the emission signal from 

TIPS-luminol alone. It is important to note that since mixing typically occurs by diffusion and is 

not instantaneous, the concentration of F- in the reaction chamber, relative to the volume of fluid 

in which the contents of the droplet are dispersed, is much higher at the start of the test than at 

the end. To address this discrepancy, we plot the charge collected by the photodetector both as a 

function of F- concentration in the droplet and as a function of the F- concentration in the solution 

as shown in Figure 4-4. Since detection limits are typically reported after accounting for 

dilution, the detection limit in our case would be 100 nM.  

 

 

 
 
Figure 4-4  Total charge collected by the photodetector over the duration of CL emission as a 

function of fluoride ion concentration (a) in the droplet (b) in the solution. The error 
bars for the two highest concentration data points are too small to be seen on this 
plot. 

	
  
	
  
Since the concentration of F- in the droplet is smaller than that of TIPS-Luminol, F- is the rate 

limiting reagent and the total number of photons emitted can be calculated as follows: 
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𝑁! = 𝑉Φ[𝐹!]𝑁! 

where, V is the volume of the droplet that contains TBAF i.e. 0.1 ml, ϕ is the quantum yield of 

TIPS-Luminol (assumed to be 1%, similar to that of Luminol), [F-] is the concentration of TBAF 

in the droplet that is introduced into the reaction chamber along with the TIPS-Luminol and NA 

is Avogadro’s constant. The calculation assumes that every fluoride ion successfully unmasks 

one TIPS-Luminol molecule and is consumed in this reaction. The optical collection efficiency 

of the reaction chamber may then be estimated as the ratio of the number of photons incident on 

the photodetector to the total number of photons emitted, for a given concentration of F- as 

shown in Figure 4-5. This results in an average optical collection efficiency of 0.35% for the 

setup.  

 

 
 
 
Figure 4-5  Total number of photons emitted (Ne) vs. the total number of photons incident on the 

photodetector (Ni) for increasing concentrations of F- from left to right. 
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The recently demonstrated best detection limit of 18 nM by M. S. Kwon et al. – an order 

of magnitude lower than that realized with our setup – was measured using a high-sensitivity 

multi-mode PMT (PTI model 914) that has a responsivity of 105 A/W at 430 nm, six orders of 

magnitude higher than the responsivity of the silicon photodetector used in this study. This 

suggests that improvements in the collection efficiency of the reaction chamber should result in 

detection limits that are in the low nanomolar range. Alternatively, a high responsivity 

photodetector such as an avalanche photodiode may be integrated with the setup demonstrated in 

this chapter to achieve even better results.  

4.6 Summary 

In summary, a simple and inexpensive chemiluminescence based scheme for fluoride ion 

detection was demonstrated. The detection limit obtained was ~ 100 nM, while the range extends 

across four orders of magnitude. The setup developed is compatible with all kinds of CL based 

assays and detectors, making it highly applicable to a wide range of chemical and biological 

applications. Future work may involve improving the optical collection efficiency of the reaction 

chamber as well as the development of a monolithic device.   
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5 CHAPTER 5… 

Conclusions and Future Work 
 
 
 

5.1 Future Work - OLEDs 

The OLEDs studied in Chapter 2 can be used as refractive index sensors by virtue of their 

sensitivity to external optical changes when in contact with an elastic or viscoelastic material 

such as polydimethylsiloxane (PDMS). As the material in contact with the top electrode is 

compressed and its density increased within a few microns of the sensor surface, the refractive 

index increases with compression or decreases with tension. Additionally, with a layered 

structure including a rigid layer such as reflective Mylar within the near-field of the device (~1-2 

μm), deformation of the composite varies the separation distance of the highly reflecting surface, 

and thus adjusts the field distribution within the sensor and the total electrical current. In place of 

a rigid reflector/elastomer composite, it is also possible to use an all-elastomeric Distributed 

Bragg Reflector (DBR) spin-cast on top of the sensor for pressure sensing such as a λ/2 

PDMS/PSPI stack. [1] Similarly, the deformation of the DBR changes the peak reflectivity 

wavelength and modulates the power guiding/electrical current in the sensor.   
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5.1.1 OLED based NSOM Probe 

The concept of an OLED based near-field scanning optical microscopy (NSOM) probe is 

illustrated in Figure 5-1. An NSOM based on this concept enables the integration of the light 

source and detector of typical PL-based sensors into a single unit, drastically reducing system 

complexity, cost, and form factor while providing new functionality. In addition, the proposed 

probe adopts several known benefits of OLED technology: ultrathin devices, simple fabrication, 

mechanical flexibility, and the ability to integrate devices into non-planar geometries such as 

nanoscale AFM tips. It has has previously been shown that photovoltaic sensors and OLEDs can 

be manufactured on the tip of atomic-force microscope (AFM) probes. [2] We propose to extend 

the use of OLEDs via the newly demonstrated effect, to a fully integrated near-field scanning 

optical microscope (NSOM). Traditional NSOM devices have both an illumination source and a 

detector. [3] In the most basic form, the probe is used as a near-field scattering source and the 

resonant optical interaction with the substrate is probed from the far-field scattering signal. For 

higher sensitivity, hollow-tip probes have been demonstrated where the incident light travels 

down the core of the tip, forming evanescent waves at the tip aperture which can scatter off the 

sample and be collected at a far-field detector.  
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Figure 5-1  An OLED based NSOM probe on a pyramidal silicon nitride atomic force 

microscopy tip. The OLED deposited on the tip of the probe has an inverted 
structure as compared to the OLEDs used in the previous sections of our study. 
The sample shown here is a bulk heterojunction type material with domains of 
varying refractive indices. 

 
 

In both cases, the use of far-field detection cuts out much of the scattering signal, and cannot 

probe evanescent non-radiating coupled modes between tip and substrate. The ability to probe 

such interactions would represent a significant improvement in sensitivity, resolution, and 

reproducibility of NSOM methods. Because the proposed device incorporates the detector and 

light emission source within the near- field of the sample, higher order optical interactions of the 

tip and sample can be probed. In addition, the unique nature of the probe, namely that it is 
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sensitive to the local dielectric environment allows for this method to be used to map nanoscale 

variation of refractive index across a sample. Mixtures of materials such as organic bulk 

heterojunctions, which when spin-cast exhibit a uniform film without discrete domains and with 

smooth surfaces, can be easily probed and the relative phases mapped. Such measurements can 

typically only be made by probing the local mechanical properties (friction-based AFM) or via 

energy-filtered transmission electron microscopy (TEM).  Both methods are invasive and 

irreparably damage the materials being measured. The proposed approach represents a non-

invasive technique for such detection and can be extended to any system with scattering features 

or refractive index variation (including biological). 

 

5.1.2 Phosphorescent OLED based sensors 

In order to make the proposed applications commercially viable it will be essential to 

transition to high efficiency, long lived systems that employ phosphorescent emitters. Recent 

studies on the spontaneous emission rate in organic electroluminescent devices have 

demonstrated that intrinsic luminescent properties of molecular emitters determine to what extent 

the photonic mode density influences macroscopic characteristics such as external quantum 

efficiency, luminous efficacy and forward luminance. [4, 5] These studies also suggest that the 

extent to which the total excitonic decay rate is modified by the optical microcavity through the 

Purcell effect depends on the intrinsic luminescence quantum yield of the molecular emitter. 

Given the higher PL quantum yield of phosphorescent molecules, we should expect to see a 

larger variation in overall decay rate for such devices which would result from an increased ratio 

of radiative to non-radiative components of the total decay rate. Our simulations, shown in 

Figure 5-2 support this hypothesis. Whether or not this increase in oscillation amplitude 
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corresponds to a larger variation in the electrical signal generated from our devices, would 

depend on the exact nature of the mechanism involved.  

 

	
  

 
Figure 5-2  Simulation showing the modulation in decay rate for two hypothetical materials 

whose PL quantum yields are assumed to be 12.5% and 25% respectively. 
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5.2 Future Work - DSSCs 

The sensor demonstrated in Chapter 3 suffers from a few shortcomings in its current form 

that may be addressed using the strategies proposed in this section. In particular, methods for 

making the scheme truly autonomous wherein no human intervention is required, making the 

sensor selective to the presence of a specific ion and extending the sensing mechanisms 

previously discussed to common species of interest are discussed.   

5.2.1 Improved sensor design 

Stability and speed of response of the sensor may be improved via the use of non-

corrosive and kinetically fast redox couples. Further, water may be employed as the electrolyte 

solvent or the liquid electrolyte may be replaced altogether with a hydrogel, [6, 7] to enable the 

use of such systems in either one of the ‘turn on’ or ‘turn off’ configurations for continuous 

monitoring of metal-ion content in contaminated water. Since the metallic deposition on the 

photoanode appears to be permanent, the formulation of the sensor discussed in this chapter 

implies one-time use. However, the sensing mechanism demonstrated is essentially independent 

of device area. This opens up the possibility for reducing the size of each sensor to, for example, 

a tenth of it’s present size, allowing for an array of 10-100 sensors to be accommodated on a 1” 

by 1” substrate. [8, 9]  Cheap metal foil or plastic can be used to replace the glass substrates, 

lowering the material cost, as well as flexible form factor for low cost, roll-to-roll fabrication of 

disposable sensors. With conventional and emerging fabrication approaches (e.g. micromolding / 

embossing, 3D printing, CNC milling, etc., many of which are also compatible with continuous 

processing), costs are expected to be essentially independent of the number of sensors, down to 

individual sensor size in the 10 micrometer or smaller scale. Individual sensors in arrays of 100 

or more can be activated sequentially, spanning a significantly longer overall period of time.  
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Selectivity may be achieved by functionalizing the TiO2 surface to allow for specific adsorption 

of the target analyte, or via the use of a selectively permeable membrane. Changes in sensor 

response arising from extraneous factors can be eliminated using simple circuitry (e.g. a bridge 

or a variant) that compares the responses of a control device and that of a device exposed to the 

target analyte. This compensating arrangement is standard (and usually extremely compact) for 

many types of sensors and modulators, where light intensity, temperature, or other variables may 

be present. [10] 

5.2.2 Alternative sensing modalities 

One alternative sensing mechanism that may be realized using the demonstrated platform 

is one wherein the electrolyte is chosen such that the analyte of interest constitutes one part of 

the redox couple required for normal DSSC operation. In the absence of the analyte, no redox 

reaction takes would place, and the PV cell would produce virtually no photocurrent. Introducing 

the analyte into the electrolyte would then allow the redox reaction to proceed, spiking the 

photocurrent in proportion to the concentration of the analyte. While the effect of increasing 

triiodide in the electrolyte on device performance has been studied extensively, [11 – 13] this 

simple concept may be adapted to a wide variety of target species by replacing the 

iodide/triiodide based electrolyte with an alternate one (e.g. based on a [FeCN6]3- /[FeCN6]4- or 

[Co(bpy)3]2+/3+ redox shuttle). Sufficient power conversion efficiencies (PCEs) have already been 

demonstrated using these electrolyte systems [14 – 16] to allow for an external circuit element to 

be modulated in response to detection events.  

In addition, there are target analytes for which the detection mechanism proceeds 

exclusively through previously discussed cationic effects, without altering the structure of the 

TiO2 film. Such target analytes physically adsorb to the surface of the TiO2 film for charge 



	
   91	
  

compensation, under bias and can be removed simply by extracting the electrolyte containing the 

analyte out of the device cavity and replacing it with fresh electrolyte solution. Such regeneration 

can also be realized for applications wherein the ‘turn on’ detection mechanism is employed. 
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5.3 Future Work – Chemiluminescence Detection 

To improve the collection efficiency of the reaction chamber, we propose the use of an 

optical concentrator akin to a miniaturized integrating sphere that may be constructed by bonding 

together two parabolic multifaceted reflectors bonded together as shown in Figure 5-3. We 

expect the collection efficiency of this type of reaction chamber to be ~50%, two orders of 

magnitude higher than that of the setup demonstrated in Chapter 4. This would allow for the 

detection of fluoride ions down to single nanomolar concentrations without the use of a high 

responsivity detector. 

 

	
  

	
  
 
Figure 5-3 Schematic showing the miniaturized optical concentrator concept. 
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The setup discussed above can be the basis for radically improving the performance of 

point-of-care diagnostic devices and other medical applications, which require miniaturization 

and monolithic integration of the chamber and detector components with microfluidic flow cells. 

One proposed method to realize this is by molding a hemi-spherical concentration chamber out 

of PDMS or polymethylmethacrylate (PMMA), coated with a reflective film using microscale 

patterning techniques [17] such as soft lithography. [18] This component may then be integrated 

with a flexible organic photodetector, shown in Figure 5-4, to realize a compact, disposable 

device that can be cheaply fabricated.  

 

 

 
Figure 5-4   Schematic of a proposed monolithic sensor that incorporates a miniaturized optical 

concentrator (a) Top view (b) Bottom view showing a flexible organic 
photodetector. 

	
  
	
  

	
  
	
  
	
  
	
  

 

  



	
   94	
  

5.4 References 

1. M. Kolle, B. Zheng, N. Gibbons, J. J. Baumberg, U. Steiner, Optics Express 18, 4356 

(2010). 

2. Yiying Zhao, Kwang H. An, Brendan O’Connor, Kevin Pipe, Max Shtein, App. Phys. 
Lett. 89, 111117 (2006). 
 

3. E. Betzig, J. Trautman, Science 257, 189 (1992). 

4. Jonghee Lee, Simone Hofmann, Michael Thomschke, Mauro Furno, Yong Hyun Kim, 

Björn Lüssem, Karl Leo, App. Phys. Lett. 99, 073303 (2011). 

5. Mauro Furno, Rico Meerheim, Simone Hofmann, Björn Lüssem, Karl Leo, Phys. Rev. B.   

85, 115205 (2012). 

6. S. J. Park et al., ACS Nano 2013, 7, 4050. 

7. W. Xiang, W.  Huang, U. Bach and L. Spiccia, Chem. Commun. 2013, 49, 8997. 

8. W. Guo, X. Xue, S. Wang, C. Lin and Z. L. Wang, Nano Lett. 2012, 12, 2520. 

9. S. Cho, H. Park, M. Kim, S. Kim and S. Lee, Nanoscale Res. Lett. 2013, 8, 491. 

10. Mandalakas J. N., U. S. Patent 3,480,781 (1969). 

11. S. Nakade et al., J. Phys. Chem. B 2005, 109, 3480. 

12. J. L. Lan, T. C. Wei, S. P. Feng, C. C. Wan and G. Cao, J. Phys. Chem. C 2012, 49, 116. 

13. A. Mathew, V. Anand, G. M. Rao and N. Munichandraiah, Electrochimica Acta 2013, 

87, 92. 

14. T. Daeneke et al., Adv. Mater. 2012, 24, 1222. 

15. J. H. Yum et al., Nat. Commun. 2012, 3, 631. 

16. W. Xiang, F.  Huang, Y. B. Cheng, U. Bach and L. Spiccia, Energy Environ. Sci. 2013, 6, 

121. 

17. D. Qin, Y. Xia, G. M. Whitesides, Nat. Protoc. 2010, 4, 491.  



	
   95	
  

18. Y. Xia, G. M. Whitesides, Angew. Chem. Int. Ed. Engl. 1998 37, 551–575. 

	
  

	
  


