
 

 

ANALYSIS AND OPTIMISATION OF AN 

ORGANIC OPTICAL LINK 

 

 

 

Priyanka Ekkanath de Souza 

Jesus College 

 

Department of Engineering 

University of Cambridge 

 

This dissertation is submitted for the degree of Doctor of Philosophy 

September 2018 

 

 



 

ii  

 

  



 

     iii  

DECLARATION 

This dissertation is the result of my own work and includes nothing which is the outcome of 

work done in collaboration except as declared in the Preface and specified in the text. It is not 

substantially the same as any that I have submitted, or, is being concurrently submitted for a 

degree or diploma or other qualification at the University of Cambridge or any other University 

or similar institution except as declared in the Preface and specified in the text. I further state 

that no substantial part of my dissertation has already been submitted, or, is being concurrently 

submitted for any such degree, diploma or other qualification at the University of Cambridge 

or any other University or similar institution except as declared in the Preface and specified in 

the text. 

In accordance with the Department of Engineering guidelines, this thesis does not exceed 

65,000 words, and it contains fewer than 150 figures. 

 

 

Priyanka Ekkanath de Souza  

 

  



 

iv 

 

 



Analysis and Optimisation of an Organic Optical Link  Priyanka Ekkanath de Souza 

     v 

ABSTRACT  

 

Organic light-emitting diodes (OLEDs) have been historically used extensively for displays, 

and more recently for lighting applications. However, the low-cost of materials and direct-

deposition manufacturing processes involved in organic semiconductor fabrication means that 

OLEDs are uniquely placed for low-cost integrated optical interconnects. This thesis presents 

novel high-speed analysis and optimisation of OLEDs for communications purposes. DC and 

small-signal measurement results for small-molecule OLEDs fabricated by Dr. Kou Yoshida at 

the University of St. Andrews are presented and are used to inform a detailed 5-layer OLED 

simulation model. Correlation is drawn between the experimental small signal impedance 

measurements and the experimental luminescent output, from which a novel electrical model 

is built to predict bandwidth. Extension of the OLED physical simulation shows for the first 

time that by using a constant fraction of the overall simulated device resistance (a óluminescent 

resistanceô), this RC-based model can be used to predict device small signal bandwidths, which 

suggests validity of both the simulation and the electrical modelling approach, provided that 

the exciton lifetime is less than the RC time-constant. This simulation is then used to forecast 

trends in device performance, allowing traditional inorganic semiconductor engineering tools 

to be brought into the field of organic device optimisation. Finally, these OLEDs are used in an 

optical link to provide a world-record equalisation-free OLED communications data rate of 130 

Mbps.  
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1 INTRODUCTION 

1.1 Motivation 

 

Fig. 1.1: (a) Forecast increase in global data traffic, redrawn based upon data from Ericsson Mobility 

Report, June 2018 [1], (b) Forecast electricity consumption due to communications technologies, redrawn 

based upon data from Andrae and Edler [2]. 

As the global rate of data exchange continues to increase at a staggering pace, the energy 

required to communicate information is also showing exponential growth trends, as seen in Fig. 

1.1. The global energy usage attributable to communications technologies is forecast to 

represent 20% of global electricity consumption by 2030, of which 81% is expected to be 

consumed in data centres and transmission networks [2]. This growth in communications is set 

(b) (a) 
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to continue as we see the confluence of Internet of Things, Ultra High-Definition Television 

(UHD-TV), cloud computing and Big Data with technologies such as 5G and Radio over Fibre. 

Consequently, it is imperative that work to reduce the energy-per-bit of data flow is concurrent 

with ongoing efforts to increase capacity and speed of end-to-end communications 

infrastructure links. For technologies to be adopted by industry, this expansion will need to 

occur in a cost-efficient manner. Tackling electronic bottlenecks in communications through 

photonic integration has already improved both the speed and the energy efficiency of internet 

communications, and it is necessary to extend this trend further onto the circuit board in order 

to achieve a reasonable energy per bit metric [3].  

Current optical interconnect research explores different methods of interfacing electronics with 

optical technologies. While there is a large volume of research tackling the challenge of such 

bottlenecks in datacentres and high-performance computers, there is space within the market 

for low-cost optoelectronic interconnect technologies. In these instances, where cost, not speed, 

is the driving factor, high-volume, low-cost organic semiconductor technologies may prove to 

be the ideal trade-off technology for applications such as in cars, mobile phones, tablets, VR-

systems, backplanes of UHD-TVs and other consumer technologies. At the moment, it is a 

challenge to directly compare the cost and speed of organic semiconductor technologies to 

inorganic semiconductors, largely because OLEDs represent a significantly less mature market 

than traditional LEDs, and because cost-improvements largely depend on volumes and 

equipment. Indeed, OLED lighting panels are estimated to have a cost of around $525/m2 in 

2018, with this forecast to drop to $100/m2 by around 2025 as volumes of sales increase [4]. 

Furthermore, in the case of organic interconnects, cost-savings may be seen at a system- and 

integration-level, due to the direct deposition processing capabilities of organic 

semiconductors, rather than through comparison of the price of individual components. 

The discovery of electroluminescence in polymer films by Partridge in 1983 [5] opened the 

doors for the development of organic light emitting diodes (OLEDs) by Tang and VanSlyke in 

1987 [6]. Notably, their discovery of efficient, low-voltage electroluminescent diodes 

facilitated a new era of OLED devices; these were devices that demonstrated improved quantum 

efficiency and that did not require a high voltage (>100V) to observe electroluminescence, in 

contrast to the devices that had previously been reported in the literature [7]ï[10]. The 

development of OLEDs then branched into two types: the evaporated small-molecule OLEDs 
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(SM-OLEDs), as originally developed by Tang and VanSlyke [6], and the subsequent invention 

of solution-processed polymer LEDs (PLEDs) by Burroughes et al. [11].  

Since these early days, and despite the fact that organic semiconductors can have reliability 

problems (many organic semiconducting materials degrade when exposed to oxygen or water), 

OLED technology has matured into a commercial product. Currently, OLED displays alone are 

estimated to be a 20 billion dollar market in 2017 [12, p. 7]; this can be attributed to the high 

uptake of such displays in mobile devices due to the vivid colour rendering and improved 

energy efficiency associated with OLEDs. While research into OLED devices has historically 

focussed on display technologies, and more recently on lighting, this thesis presents OLEDs as 

an enabling technology that is ideally suited to low-cost optical interconnects, due to their easy 

manufacturability and integration potential. As opposed to the historic focus that OLEDs have 

received on improving brightness and quantum efficiency, we now look at optimising OLEDs 

for speed.  

This thesis presents a systematic study of small-molecule OLEDs for communications 

applications. Chapter 2 provides background and motivation for the study of low­cost optical 

interconnects and discusses some of the existing interconnect technologies. In this chapter, 

OLEDs for communications are proposed for use as a low-cost integrated optical interconnect 

that has application in consumer electronics, as data consumption and generation continues to 

grow at an astonishing pace. Chapter 3 looks at the current understanding of the physics of 

organic semiconductors and OLEDs, as well as presenting some of the existing modelling and 

simulation that has been done in the literature. It is noted that the majority of published results 

have analysed OLED small signal impedance, without necessarily looking at how this electrical 

impedance affects the optical small signal response; the work presented here proposes an 

electrical model that demonstrates this for the first time. Chapter 4 presents DC measurements 

of the SM­OLEDs under study, and introduces the physical simulation used to model the 

OLEDs; the DC measurements of OLEDs that are missing one of the layers present in the ófull 

stackô is presented and found to fit well to simulation. Variation in identical devices 

manufactured on different substrates is ascribed to self-heating effects, and measurements to 

confirm this effect are presented. Chapter 5 presents the high­speed small-signal and large-

signal measurements of these OLEDs; it was observed that under cooling, the optical 

bandwidths of the OLEDs were significantly reduced, suggesting that the thermally-varying 

mobility of the organic semiconductors is an important parameter in small signal optical 
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bandwidth. The large-signal measurements indicate a strong RC-limited electrical response for 

the OLEDs at all dimensions. In Chapter 6, electrical modelling of the small signal impedance 

is presented, and a methodology for correlating this small signal impedance to the optical 

bandwidth response is presented. The measurements presented in Chapter 5 are found to fit well 

to the suggested RC model, and a physical meaning for the resistance of this RC model as a 

Langevin recombination resistance (a proportion of the total resistance) is proposed. 

Furthermore, extension of the OLED simulation model to produce impedance parameters finds 

that by using a constant fraction of the simulated resistance as this aforementioned Langevin 

resistance, the physical simulation parameters very nicely reproduce the optical bandwidth 

response. The predictive ability of the simulation to model the OLED optical frequency 

response lends itself to device optimisation for speed, and forecasts of device bandwidths with 

varying layer thicknesses is undertaken. Finally, Chapter 7 presents world record 130 Mbps 

unequalised OLED data transmission, and with the implementation of a very simple 3-tap 

feedforward equaliser, this data rate is pushed to a world-record 200 Mbps transmission. 

Finally, conclusions and future work are presented in Chapter 8.  

1.2 Novel Contributions 

¶ A full 5-layer DC simulation of the OLED stack used is presented for the first time, and 

its output is experimentally validated. For comparison and for understanding, devices 

that exclude certain layers in the full OLED stack are manufactured, and the DC 

behaviour of these devices is simulated and found to fit well. This helps provide physical 

insight into the behaviour of various layers and their function within the whole stack. 

¶ The self-heating effects of these OLEDs is measured, and the associated temperature-

related behaviours are observed, leading to an understanding of the importance of the 

thermal behaviour of the substrate in system design.  

¶ An electrical model is presented for the first time that relates the impedance 

measurements of the OLED to the optical bandwidth measurements of the device. It is 

observed that for the full stack OLEDs, their optical frequency response is well 

described by an RC time constant. The physical meaning of this time constant is 

proposed for the first time; the bandwidth response is described as the current response 

through a óLangevin recombination resistanceô in parallel with the OLED capacitance, 
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which explains this OLED behaviour. For the first time, an analytical expression for this 

resistance is proposed. 

¶ A novel simulation of the small signal impedance response of this OLED stack is 

presented, and is found to fit well to the shape and final values of the measured small 

signal impedance, with deviations ascribed to differences in contact resistances and 

charge trapping in the measurements.  

¶ The OLED bandwidth is found to be well predicted by the simulation model, by using 

a proportion of the simulated resistance as the óLangevin recombination resistanceô in 

parallel with the simulated capacitance in the aforementioned electrical model. Through 

use of a single fitting parameter, ‌, for any given device, that describes the Langevin 

fraction of the total simulated resistance, the electrical model in conjunction with the 

simulation model predicts the bandwidth behaviour for a single device across different 

bias currents. This is the first time this type of bandwidth-predictive model is presented, 

and enables bandwidth optimisation of OLEDs to be undertaken in a systematic manner 

for the first time. 

¶ World-record 130 Mbps unequalised OLED data transmission is achieved, and with the 

implementation of a very simple adaptive 3-tap FFE-filter, OLED data transmission at 

a world-record 200 Mbps is shown to be possible, demonstrating OLED 

communications links as capable of reasonable data rates for many current and future 

consumer applications.   
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2 OPTICAL INTERCONNECTS 

This chapter introduces the principle of the optical interconnect and some of the existing 

technologies used in high-speed optical interconnects. It is suggested that many of the existing 

optical interconnect technologies are applicable to relatively high-cost systems, and that organic 

optical interconnects may be able to provide moderate-speed integrated interconnects at low-

cost. State-of-the-art existing organic devices and optical links are presented. 

2.1 Introduction 

Fundamentally, an optical interconnect is a method of transmitting information from one point 

to another. Given this relatively broad definition, the use of the term óoptical interconnectô can 

have different meanings based upon the technological context.  

Historically, optical interconnects arose from the development of the laser and of high-quality 

optical fibres and amplifiers in the 1980s. This technological leap revolutionised global 

communications, allowing fibre optic systems to replace copper lines for long-distance 

telecommunications [13]. From this time, the advantages of optical interconnects over electrical 

interconnects have been apparent, with the adoption of photonic interconnects moving further 

and further into the traditional domain of electronics. Photonic technologies have been 

progressively moving upstream from long-haul communications to shorter 

datacommunications distances and to optical inter-rack interconnects within datacentres [14]. 

Research focus is now looking at methods of greater integration of photonics with electronics: 

both inter- and, eventually, intra-chip links. The reasoning behind this progressive adoption of 
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optical interconnects is clear: they offer a cost-effective method of transmitting information at 

high speed, at lower energies than their electrical equivalents [15]. They are free from many of 

the challenges that plague integrated circuit design, such as electromagnetic interference, 

impedance matching and parasitic capacitances, and can offer reduced cross talk and power 

dissipation [16]. In addition, the ability to multiplex different signals along a single optical line 

offers the advantage of compactness and reduced area relative to complex electrical 

interconnects [15]. 

While much research into optical interconnects has been driven by the pressure to meet the 

high-speed datacommunications requirements within datacentres, there are multiple 

technologies competing with electrical interconnection technologies at different data rates and 

length scales, each with their own advantages and disadvantages. Some of these options for 

optical interconnects of different formats include silicon photonics [17]ï[19], plasmonics [20]ï

[22], free space optics [23]ï[25], optical fibres [26]ï[30] and integrated polymer waveguides 

of different configurations [31], [32]. These technologies are not necessarily mutually 

exclusive, and it is likely that there will be space to use different interconnect configurations, 

depending upon the specific application, length-scale, required speed and cost. 

Given the relatively high system-price of many of the above proposed optical interconnect 

technologies, it is suggested that a significant market exists for low-cost integrated optical 

interconnects, especially as price is often a significant factor in technological adoption by 

industry. This work proposes organic optical systems as a good trade-off between speed and 

cost for such low-cost links. Applications in which these types of low-cost interconnects may 

be applicable are those such as in cars (where optical interconnects based on polymer optical 

fibre are already standardised [33]), in backplanes for ultra-high definition televisions (UHD-

TV), mobile phones, augmented/virtual reality systems, and many other consumer devices. 

Furthermore, the relative low-cost of organic materials and their processing, in combination 

with the ability to integrate such devices in novel ways makes them advantageous when 

considering future flexible electronic products. This type of organic optical interconnect shows 

promise for low-power applications, such as in low-cost sensors, for on-board short-distance 

(~cm) communications or as low-cost opto-isolators. However, the disadvantage of organic 

devices is their reliability, as organic materials can have lifetime difficulties due to their 

sensitivity to oxygen and water. Nevertheless, with appropriate engineering and in relevant 
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applications, this may not be an impediment to organic optical links, as evidenced by the wide 

uptake of OLED displays. 

Given the historical context of optical interconnect research within datacommunications, this 

chapter presents some of the proposed technologies for high-speed optical interconnects for 

datacentres, as they provide good insight into the status of the latest interconnect technologies. 

From this, the state of organic communications as a low-cost (and lower-speed) complement to 

these systems is presented. 

2.2 Optical Interconnects for Datacentre Applications 

As data flows increase around the world, continued use of our existing electronic interconnect 

infrastructure is consuming too much energy and causing bottlenecks in data rate [34]. As a 

result, research has been ongoing into various optical interconnects, with technologies 

competing for different markets within this space. A few different technologies have been 

proposed to tackle this bottleneck at different length scales. As datacentre inter-rack 

interconnects have become fibre-based, the next step is the emergence of intra-rack optical 

interconnects. While the majority of intra-rack interconnects are currently copper-based, one 

option for replacing intra-rack high-speed copper interconnects is the polymer waveguide 

optical backplane, which has advantages as it is a high-speed, low-loss and low-cost technology 

[35]. Another serious contender for short-range communications are silicon photonic 

waveguides [36]. However, the higher losses experienced by these waveguides would suggest 

that this technology would be best suited to fairly short distances of the order of a few 

centimetres or lesser. Beyond silicon photonics, plasmonics is also a potential technology for 

realisation of ultra-short on-chip very fast optical interconnects [37]; this is once again due to 

the high losses in such links. This perhaps suggests a high-speed ecosystem with polymer 

waveguides (or alternate technologies such as fibre optic cables) used for slightly longer intra-

rack interconnects, with the silicon photonics platform well suited to the inter- or intra-chip 

scale.  

2.2.1 Optical Backplane Technology 

In contrast to many of the alternatives, polymer optical backplane technology offers a low-cost 

method of integration with existing electronics processing, whilst enabling the high-

bandwidths, low-energy and small-sizes of optical interconnect technology. Polymer 
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waveguides are a low-cost solution that allows the optical interconnect to migrate onto the 

printed circuit board. 

Within the Centre for Photonic Systems group, an error-free (BER < 10-12) 4 x 10 Gbps optical 

signal has been transmitted through siloxane waveguides [38] and various waveguide 

components (such as bends, splitters and combiners) necessary to achieve on-board routing 

functionality and enable the implementation of different interconnection architectures have 

been demonstrated. A regenerative optical bus architecture has been designed and prototyped 

[39], and uptake of this terabit-capacity technology has the potential to move electro-optic 

integration one step closer to chip-level [35]. 

IBM have also heavily invested in polymer optical interconnect technology; their first 

generation polymer optical interconnect technology achieved 16 x 10 Gbps [40] by coupling 

the light into acrylate polymer waveguides using mirrors and lenses [41]. Their next generation 

polymer optical interconnect technology achieved 15 x 15 Gbps error-free (BER < 10-12), this 

time with siloxane polymer waveguides [42].  

Alternative configurations have also been explored; in 2013 Schmidtke et al. demonstrated a 

960 Gbps optical interconnect system, by using both polymer waveguides and optical fibres in 

an optical backplane system [43]. This value has since been surpassed by Chujo et al. reporting 

a 7.2 Tbps optical backplane. They use ribbon fibre (polyimide) sheets to connect a high number 

of optical fibres, producing a high data-density within a small area (288 x 53 mm2) [44].  

IBM and Dow Corning have also produced flexible polymer waveguides for optical 

interconnect applications. They manufactured layers of waveguides on flexible substrates with 

propagation loss of less than 0.05 dB cm-1 between 760 and 860 nm [45]. The flexibility 

afforded by polymer waveguides allows an extra design dimension in optoelectronic integration 

technologies that is not afforded by competitors such as free-space optics [45].  

2.2.2 Silicon Photonics 

It is increasingly becoming apparent that silicon photonics is an emerging dominant technology 

for high-speed short-range interconnects for application within high-performance computing 

and datacentres. Research into silicon photonics has been largely driven by the desire to 

integrate photonics with CMOS electronics. Silicon has the advantage that it is relatively low-

cost, and is optically transparent in the 1200­1700 nm telecommunications bands [46]. This has 
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allowed silicon waveguides to form the basis of these optical interconnects, although silicon 

waveguides suffer from relatively higher losses than their polymer equivalents, largely due to 

sidewall roughness. This means that silicon waveguide manufacturing processes have strict 

tolerances in order to achieve relatively low losses. Nevertheless, low-loss silicon photonic 

waveguides still typically exhibit propagation losses of the order of 0.3 dB cm-1 [47], [48]. 

However, from the silicon photonics platform, advanced waveguide devices such as ring 

resonators [49]ï[52], arrayed waveguide gratings (AWGs) [53]ï[55], Mach-Zehnder 

interferometers (MZIs) [56]ï[58] and electro-absorption modulators [59], [60] have also been 

demonstrated. 

The indirect bandgap nature of silicon has meant that integration of optical sources and 

detectors is a challenge for silicon photonics. Germanium is often used for photodetectors [61], 

[62] (and for electro-absorption modulators [60]), but the additional manufacturing required to 

add Ge to the silicon wafer adds cost and complexity to the overall interconnect. Still, the ability 

to monolithically integrate germanium devices on silicon often makes germanium 

photodetectors preferable to indium phosphide devices.  

Relative to photodiode integration, integration of an appropriate optical source with the silicon 

photonics platform has proved quite challenging; current technologies explore methods of 

heterogeneously integrating appropriate laser sources with the silicon photonic components 

[63]. Options have included flip -chip processing [64]ï[66], photonic wire bonding [67], [68] 

bonding III-V materials to the silicon or SOI substrates, either through fusion bonding [69], 

[70] or adhesive bonding [71], [72], or finally through epitaxial growth of semiconductor lasing 

materials on Si or SOI [73]ï[76], using multiple buffer layers to reduce threading dislocations 

due to lattice mismatch. However, these epitaxially grown lasers suffer from poorer 

performance, yield and reliability [36], [77], which further makes these types of heterogeneous 

integrations less commercially attractive. 

Furthermore, more than 90% of CMOS manufacturing is undertaken on bulk silicon [78], rather 

than on the silicon on insulator (SOI) configurations necessary for silicon photonic applications. 

Indeed, the SOI requirements for the electronics industry are not necessarily aligned with the 

photonics industry, with buried oxide thicknesses used in silicon photonics much higher than 

in CMOS manufacturing [79], and with the strict manufacturing tolerances required for high-

quality silicon photonic devices. In the case of heterogeneous integration of III-Vs with silicon 
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photonics, this adds further manufacturing steps and expense to the overall photonic integrated 

circuit. 

Nevertheless, although there are challenges to overcome, silicon-based photonics will likely 

have a future in high-speed optical interconnect technologies for high-performance, high-cost 

applications. This leaves space within the market for low-cost communications ecosystems to 

grow, such as those afforded by organic semiconductor communications links. 

2.3 Low-Cost Organic Optical Interconnects 

The ability to manufacture organic semiconductors using relatively low-cost materials and 

processes means that they are ideal for use in low-cost organic optical links, such as in cars, 

industrial sensors, entertainment systems, mobile phones and other consumer electronics. The 

high-speed polymer waveguides mentioned in §2.2.1 provide an ideal platform for such low-

cost links, although polymer optical fibre (POF) is also commercially available for use in low-

cost optical interconnects, and the final configuration of such a link would likely depend upon 

end-user application. In any case, the limiting component of such links is frequently the active 

device (OLED or OPD), and as such, this section looks at existing high-speed organic LEDs 

and photodiodes. As modulation rate is often a limiting factor in organic light emitting devices, 

a brief mention is made with regards to external organic modulators, which would be highly 

compatible with this organic ecosystem and have the potential to significantly increase the 

speeds of such organic optical interconnects.  

2.3.1 OLEDs for Communications 

Fundamentally, OLEDs for communications need to be optimised for bandwidth. For such 

devices to be considered in communications applications, OLEDs need to demonstrate at the 

very least ~MHz modulation rates, with the expectation that with advanced coding and 

equalisation techniques, such devices may aspire to ~Gbps data rates.  

In order to manufacture fast-switching OLEDs, there are four critical parameters that must be 

taken into account: the device area, such that the capacitance-led RC-limit of these devices is 

minimised; the mobility of the organic semiconductor materials, such that there is fast carrier 

transport; good energy alignment between different layers, such that there is good charge 

injection; and short exciton lifetime, such that the charge carriers rapidly recombine to emit 
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light. A comparison of the state of the art OLED modulation rates may be found below in Table 

2-1. 

Table 2-1: State of the art OLED modulation rates 

OLED Type Modulation/Data Rate  Ref. 

SM-OLED 100 MHz [80]  

SM-OLED 10 MHz [81]  

SM-OLED Ѕρπ -(Ú [82]  

SM-OLED 5 Mbps [83]  

SM-OLED 2.8 Mbps [84]  

PLED 63 MHz [85] 

PLED 20 MHz [86]  

PLED 20 Mbps [87]  

 

Historically, it has been quite a challenge to produce OLED devices with fast modulation rates, 

with early typical reported values of the order of Ò10 MHz [81]ï[83]. Solution­processed 

OLEDs have lagged behind evaporated OLEDs in terms of modulation rates, with state of the 

art solution-processed OLED modulation rates of 63 MHz produced by Barlow et al. [85]. This 

is quite significant, given that previous attempts to fabricate solution-processed OLEDs had 

produced devices with modulation rates of the order of ~kHz [88], [89]. 

However, the highest reported modulation rates for OLEDs have been achieved by small-

molecule OLEDs (SM-OLEDs), with the highest modulation rates achieved by Ohmori et al. 

in 2002 [80]. These small molecule OLEDs (SM-OLEDs) produced through vacuum 

evaporation techniques were capable of fast 100 MHz switching rates [90], [91].  

With such limited available OLED bandwidths, it is reasonable to question the use of organic 

LEDs over organic lasers. Unfortunately, while optically-pumped organic lasers have been 

demonstrated since the 1990s [92], conclusive proof of electrically-pumped organic 

semiconductor lasers is yet to be demonstrated. This is largely due to the properties of the 

organic semiconductors themselves, including high-absorption losses, low carrier mobility and 
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high-losses at the contacts [93]; it is suggested that electrical pumping would require currents 

of the order of kA cm-2, which is a significant challenge for organic materials [94].  

In any review of OLEDs for communications, mention must be made of visible light 

communications (VLC), as this is a field in which organic semiconductors have thrived. As 

many organic LED materials have been developed from research into display technologies, 

these materials lend themselves well to use of the unregulated visible portion of the 

electromagnetic spectrum. By modulating LEDs used for lighting at an unnoticeably high rate, 

these same devices can be used simultaneously for communications (Li -Fi). Furthermore, 

advanced techniques can be used to overcome the inherent bandwidth limitation of LEDs for 

lighting. In the literature, artificial neural network (ANN) equalisation has reported a 20 Mbps 

transmission from a 350 kHz bandwidth polymer LED; a factor of improvement of over 55 

[87]. Furthermore, the ability to use wavelength division multiplexing in addition to such 

equalisation techniques can result in high aggregate bandwidths: OLEDs implemented in VLC 

systems with an ANN equaliser have achieved over 54 Mbps aggregate capacity using three 

OLEDs with bandwidths of only 350, 110 and 600 kHz [95]. 

In addition to such novel equalisation techniques, different modulation formats have been 

proposed for VLC systems. The simplest modulation format is, of course, on-off keying (OOK), 

but other proposed formats have included pulse-position (PPM) and discrete multitone 

modulation (DMT) [96]ï[99]. The advantages of these formats are that they are relatively 

robust to the variable channels and signal to noise ratios inherent in visible light 

communications. In particular, DMT allows sub-division of the bandwidth to optimally fit the 

response of the channel; this type of bit­loading may be useful to maximise the data rate through 

bandwidth-limited channels, such as those limited by the modulation rates of OLEDs as is the 

case in the communications links proposed here.  

It is clearly possible to use advanced modulation and equalisation techniques to produce data 

rates that vastly exceed OLED bandwidth limitations. This is particularly important in VLC, 

where the primary function of the LED is for display or illumination purposes, and so the device 

dimensions are not necessarily able to be modified by communications engineers. However, 

where it is possible for low-cost links, and provided the active devices can modulate at the 

required speeds, simpler intensity modulation/direct detections schemes may be preferable. 
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2.3.2 OPDs for Communications 

Similarly to OLEDs, OPDs for communications applications must exhibit high bandwidths. 

However, reported OPD bandwidths have historically been much higher than OLED 

bandwidths, with state of the art OPDs demonstrating a bandwidth of around 400 MHz [100]. 

These devices were manufactured by Peumans et al. from alternating thin layers of copper 

phthalocyanine (CuPc) and 3,4,9,10-perylenetetracarboxylic bisbenzimidazole (PTCBI). The 

alternating thin (0.5 nm) layers allows for efficient exciton dissociation and fast and efficient 

post-dissociation carrier tunnelling. 

Other reported OPD responses have been significantly high, with an OPD made from N,N'-bis 

(2,5-di-tert-butylphenyl) 3,4,9,10-perylene dicarboximide (BPPC) and CuPc demonstrating a 

cutoff frequency of 70 MHz with peak responsivity between 500 and 550 nm [101]. Using F8T2 

and PCBM, another OPD demonstrated modulation at 60 MHz [86] with responsivity between 

400 and 500 nm [102]. These are frequencies of interest for integrated communications links 

with OLEDs emitting at these wavelengths. 

2.3.3 Organic Modulators 

An area that has been the subject of research has been electro-optic modulation using polymers. 

Such materials have the capacity to achieve modulation rates higher than that of traditional 

lithium niobate [103], and are suitable for short links [104]. Polymer electro-optic modulators 

have demonstrated modulation rates beyond 150 GHz [104], [105], and as OLEDs have 

relatively limited modulation rates, integrated engineering of such modulators into an optical 

interconnect may facilitate significant data rates. 

In particular, the compatibility of polymer electro-optic modulators with polymer waveguides 

makes them an interesting prospect for integration in waveguide optical interconnections. 

Groumas et al. have demonstrated a 100 Gbaud link, based upon 100 GHz polymer electro-

optic modulators integrated with a polymer waveguide and polymer Bragg-grating [106]. The 

very respectable modulation rates developed by polymer electro-optic modulators suggests that 

this is a very promising technology. 
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2.3.4 End-to-End Organic Optical Links 

 

Fig. 2.1: Different methods of OLED integration in an organic optical link. In (a) the OLED is directly 

evaporated onto a polymer waveguide, as reported by Ohmori et al. [107] and (b) the OLED is glued to a 

POF, as reported by Punke et al. [84]. 

Finally, in terms of the state of the art with regards to end-to-end polymer interconnects, the 

highest speeds so far achieved have been demonstrated by Ohmori et al. with a 5 Mbps 

integrated end-to-end organic link using a polymer waveguide, OLED and OPD [107]. 

Although the OLED used in this link was capable of modulation at 100 MHz, the overall speed 

of transmission was limited by the OPD to 5 Mbps, as the OPD that they manufactured was not 

as fast as those reported in §0. In terms of organic POF links, Punke et al. similarly 

demonstrated a 2.8 Mbps organic link using an OLED and an OPD [84].  

Different architectures have been proposed for integrated optical links. Ohmori et al. evaporated 

OLEDs directly onto polymer waveguides, which are separately coupled to POF, as shown in 

Fig. 2.1(a) [107]. The light-coupling was facilitated by a 45° mirror cut into the waveguides. In 

the case of Punke et al., the bottom-emitting OLED and bottom-absorbing OPD were 

butt­coupled to POF and attached using glue, shown in Fig. 2.1(b) [84].  

Other reported methods of OLED integration with waveguides have involved coupling light 

through use of a diffuser, and simple evanescent coupling, as shown in Fig. 2.2, below [108], 

[109]. 
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Fig. 2.2: OLED -waveguide integration (a) through use of a diffuser, as reported by Lin et al. [108] and (b) 

through evanescent coupling, as reported by Ramuz et al. [109]. 

2.4 Conclusions 

In this chapter, various approaches to optical interconnects have been introduced. In recent 

years, it is becoming relatively clear that research is converging upon silicon photonics as an 

option for chip-scale high-speed and high-performance optical interconnects for use in data 

centres and high-performance computing, although there are still challenges to be overcome 

before this technology is widely adopted.  

In contrast, there has been less work carried out in the areas of low-cost and low-energy 

photonic interconnect technologies to feed the increasing data demand on the consumer-side of 

this relationship. The relative low-complexity processing afforded by organic materials means 

that there is market potential for low-cost organic optical interconnects operating at modest data 

rates. While multimode polymer waveguide interconnects are on the way to being 

commercialised, there is the potential to integrate such components with active organic devices 

such as OLEDs and OPDs to form compact integrated photonic systems. While these links will 

not easily achieve the ḻGbps that will shortly be required in datacentres, the ~Mbps that they 

can achieve (which can be enhanced by advanced modulation formats, wavelength multiplexing 

and equalisation techniques) will likely have use in alternate short-range, low-energy and low-

cost communications requirements, such as on-board in end-user electronics and sensing 

circuits. In addition to this, the ability to manufacture organic devices on flexible substrates 

enables a host of new applications, such as flexible interconnects within vehicles or wearables. 

While OLEDs for displays are a relatively mature technology, little work has been done so far 

with regards to bandwidth performance and optimisation for speed. The literature has shown 

that current state of the art organic devices are capable of modulating at ~100 MHz, although 

little detailed analysis has been done on this so far. The novel results and analysis presented in 
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this thesis represents one step towards understanding and optimising organic device behaviour 

for communications.   
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3 PRINCIPLES OF ORGANIC 

SEMICONDUCTORS 

This chapter provides an overview of the current understanding of organic semiconductor and 

OLED behaviour, with the aim of providing background understanding of the operation of the 

OLEDs and in order to build up to the modelling that will be introduced in later chapters. A 

picture is built of the doped organic layers that enable ohmic contacts to be formed, of the 

carrier blocking and transport layers that facilitate carrier flow into the centre of the OLED, 

where carriers form coulombically-bound excitons that recombine to emit light. The mobility 

is described as a thermally-activated hopping behaviour that empirically exhibits temperature-

, field- and carrier-dependence, which helps describe some of the characteristics of organic LED 

behaviour. 

3.1 Introduction 

In order to improve the performance of organic LEDs for communications, it is first necessary 

to begin building an understanding of the physics of organic semiconductors. This chapter 

provides a brief introduction into such physics, and the significant differences that organic 

semiconductors demonstrate relative to inorganic semiconductors, such as their thermally-

enhanced mobility. For many years, the carrier transport behaviour of organic semiconductors 

was not well understood and is still the subject of some debate. The purpose of this chapter is 

to introduce some of the physics that helps to explain some of the observed behaviours, and 
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concurrently build up a picture of the operation of organic LEDs. From a foundation of physical 

understanding, it is possible to construct electrical and physical models of OLED behaviour, 

and work towards simulation as a tool to be used both for better understanding of complex 

behaviours and for low-cost device optimisation.  

3.2 Hybridisation of Orbitals 

 

Fig. 3.1: (a) p-orbitals, which can overlap in a conjugated molecule to form (b-i) bonding and (b-ii) 

antibonding orbitals.  

The vast majority of organic semiconductors materials are ́ -conjugated; that is to say, they 

have alternating single and double bonds. While three of the outer-shell electrons on each 

carbon atom form covalent ů-bonds with adjacent carbon atoms, the final electron forms a 

delocalized ˊ-bond due to overlapping p-orbitals. This charge delocalisation exists along the 

conjugated backbone of the molecule, and thereby allows electrons and holes to travel. These 

-́orbitals can form as either bonding or as antibonding orbitals, as shown in Fig. 3.1. These 

bonding and antibonding orbitals have different energy levels, and, in the presence of the 

overlap of many p-orbitals, can form two energetic óbandsô ï the highest occupied molecular 

orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). Thus, analogously to 

inorganic semiconductors, organic semiconductors form a óband gapô, caused by the difference 

in the energy levels of the HOMO and LUMO. The electron-delocalisation associated with the 

overlapping orbitals allows charges to travel along the conjugation length of a single molecule. 
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However, transport between disordered molecules must be undertaken by phonon-assisted 

quantum-mechanical tunnelling, which results in a characteristic intra-molecular óhoppingô 

transport mechanism [110]. This is in contrast to the conventional band-like transport that is 

observed in inorganic semiconductors (and is indeed much slower). However, the exact 

mechanism of carrier transport within organic semiconductors is still the subject of some debate 

within the academic community; this chapter will discuss some of the proposed mobility models 

in greater detail. 

It must also be noted that organic semiconductors fall into two major groups: small molecules, 

and polymers. Small molecule materials are predominantly vacuum processed, but frequently 

display higher mobilities than their solution-processed polymer cousins. Some common organic 

materials are presented below in Fig. 3.2; the conjugated portions of each of these molecules 

(the benzene rings) can clearly be observed. 

 

Fig. 3.2: Some common (a) small molecule and (b) polymer organic semiconductors. 

The aggregate effect of having multiple atoms and molecules as in a deposited layer of material 

broadens the singular HOMO and LUMO levels into a Gaussian distribution of HOMO and 

LUMO levels. By this mechanism, the density of states of a material is best described by Eq. 

(σȢρ), below. 

(b) (a) 
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This expression for density of states is defined by the density of sites ὔ , the disorder within 

the material „, and the energy level at the centre of the band Ὁ. 

3.3 Doping Principles 

In a similar manner to inorganic semiconductors, organic semiconductors can indeed be doped, 

and improvements in conductivities and mobilities1 are observed as a result [112], [113]. 

Doping of organic semiconductors has been undertaken using a variety of compounds and 

molecules [114], with p-type doping frequently undertaken by molecular dopants, as their large 

molecular sizes help to reduce problems associated with dopant diffusion [115]. However, n-

type doping of organic semiconductors is frequently undertaken by alkali metals or metal salts, 

due to the challenge in finding molecular compounds with appropriate energy levels [114].  

Commonly proposed theory suggests that the mechanism of molecular doping is via a two-step 

process wherein a dopant forms an ionised charge-transfer state with the host molecule. This 

charge transfer state then thermally dissociates such that the charge is then mobile and able to 

hop between molecules [116], [117].  

ὓὓὃ ᵶὓὓ ὃ  ᵶὓὓ ὃ ᵶὓ ὓὃ σȢς 

Alternative suggested doping mechanisms have included orbital hybridisation between the host 

and the dopant [118], although research investigating the exact doping mechanism of organic 

semiconductors is still ongoing, as this mechanism is not fully understood [119].  

Dopant concentrations in organic semiconductors are normally significantly higher than in 

inorganic semiconductors; usually of the order of a few wt. % of the host material. Despite this, 

                                                 

1 Doping has been measured to both increase and decrease mobility of organic semiconductors, depending on the 

semiconductor and dopant. Measurements of decreased mobility is normally due to increased trap states [111], 

However, improved mobility for some materials is explained by the fact that doping can act to fill trap states and 

thereby improve the mobility [112]. Furthermore, in strongly disordered organic materials, at high doping levels 

the potential wells of dopant sites can overlap, enabling higher mobility [113]. Thus, the effect of doping on 

mobility is not easily generalised, and significantly depends upon the specific materials and concentrations used. 



Chapter 3: Principles of Organic Semiconductors 

  Priyanka Ekkanath de Souza ï September 2018   63 

doping efficiencies –  in organic semiconductors are normally measured to be fairly low 

(< 10%) [115], [116], [120], [121].  

While doping can improve the carrier injection and mobility, it can also act to quench light 

emission. However, doping is necessary for efficient charge injection at contacts, where UPS 

measurements have shown that doping in charge-injection layers act to move the Fermi level 

closer to the transport level [115], [122], [123]. At metal/organic interfaces, this presents óband-

bendingô that allows more efficient charge injection and allows for the formation of quasi-

ohmic contacts [124]. 

3.4 Charge Transport 

The specifics of charge transport within organic semiconductors is still the subject of some 

debate [125]ï[130]. Different mobility models take different effects into account, such as 

polaronic disorder2, and have received varying levels of experimental validation and consensus 

within the literature. The true mobility of these semiconductors may be some combination of 

proposed mobility models, and the degree to which these different models apply may also 

depend on the specifics of the organic semiconductor under study. In this section, some of the 

more commonly proposed mobility models for disordered organic semiconductors are 

introduced. 

3.4.1 Hopping Transport Models 

It is widely acknowledged that carrier transport within disordered, amorphous organic 

semiconductors is via localised hopping between molecules [110]. Two commonly used 

hopping rates to define an overall mobility for the organic semiconductor are the Miller-

Abrahams hopping rate, and the Marcus hopping rate [131], [132].  

 

 

 

                                                 

2 A polaron is a quasi-particle that describes both the local charge carrier (such as an electron), plus the distortion 

associated with that charge carrier upon the local molecules, as the charge carrier acts to distort the local bonds in 

a disordered organic solid. 
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Miller -Abrahams Hopping 
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Miller -Abrahams hopping describes the hopping rate (ὺ  in terms of a hopping attempt 

frequency (’), an inverse localisation radius of the wave function ‎, the distance between 

state Ὥ and state Ὦ Ὑ ), the lattice constant ὥ, and the energy of the state Ὁȟ . Effectively, 

the first exponential represents a tunnelling portion of the hopping rate, and the second 

represents a thermal activation required for the electron to hop to an energetically higher state.  

Marcus Hopping  
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The Marcus hopping rate is similar to the Miller-Abrahams hopping rate in that it contains both 

a tunnelling contribution and a thermally activated portion, but is slightly more sophisticated in 

that it includes a contribution due to polaronic effects (‗. Ὅ represents the transfer integral 

between the two sites (i.e. represents the overlap of the wavefunctions), ‗ is the molecular 

reorganisation energy associated with relaxation of the molecule and ɝὋ  is the difference in 

energies of the two sites. 

3.4.2 Extended Gaussian Disorder Model (EGDM) 

Both of the hopping rates mentioned in the previous section have been used to develop mobility 

models for organic semiconductors [125], [133]ï[137]. One early model based upon the Miller-

Abrahams rate was developed by Bässler, known as the Gaussian Disorder Model (GDM) 

[138]. Based upon a Gaussian density of states, the ς‎ὥ term in the Miller-Abrahams model is 

split into a contribution from positional disorder ɫ and an energetic disorder portion „. Monte-

Carlo analysis of this system then produces the GDM expression for mobility, shown in Eq. 

(σȢυ). 

‘„ȟὊ ‘ÅØÐ
τ„

ω

ÅØÐὅ„   ЍὊ Ὢέὶ ɫ ρȢυ

ÅØÐὅ„ ςȢςυЍὊ Ὢέὶ ɫ ρȢυ
 σȢυ 
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In this model, ὅ is an empirical constant found to be ςȢω ρπ  (cm/Vs)0.5, ‘ is the zero-field 

mobility, and Ὂ is the electric field [138].  

However, this model does not take into account the effect of carrier density upon the mobility. 

In order to correct for this, the Extended Gaussian Disorder Model (EGDM) was developed by 

Pasveer et al. [139], also similarly based upon numerical solution of Miller -Abrahams hopping 

rates. This model defines the mobility based upon temperature, carrier density and electric field, 

as per Eqs. (σȢφ-σȢρρ). 

‘ὝȟὴȟὉ ‘ὝȟὴὪὝȟὊ σȢφ 

‘Ὕȟὴ ‘ ὝÅØÐ
ρ

ς
„ „ ςὴὥ σȢχ 

‘ Ὕ ‘ὧÅØÐὧ„ σȢψ 

ḳ‏
ςÌÎ„ „ ÌÎ ÌÎτ

„
ȟ‘ḳ

ὥὺὩ

„
σȢω σȢρπ 

ὪὝȟὊ ÅØÐπȢττ„ ςȢς ρ πȢψ
ὊὩὥ

„
ρ  σȢρρ 

In these equations, the disorder parameter „ is converted into a dimensionless disorder 

parameter „ , ὴ is the charge carrier density, ὥ is the lattice constant, ’ is the hopping 

attempt frequency, and ὧ and ὧ are found empirically to be ὧ ρȢψ ρπ and ὧ πȢτς 

[139]. 

The EGDM does not take into account correlation between energetic and positional disorder; 

an alternative formalism taking this into account has been developed from Miller-Abrahams 

hopping rates, known as the Extended Correlated Disorder Model (ECDM) [140]. This model 

is described by the following set of equations, and may provide a better description of mobility 

in materials where polaronic effects are significant. 

‘ὝȟὴȟὊ ‘ ὝȟὴȟὊ ‘ ὴȟὊ σȢρς 

ή„
ςȢτ

ρ „
σȢρσ 

‘ ὝȟὴȟὊ ‘ ὝὫὝȟὴὪὝȟὊȟὴ σȢρτ 
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ὧ is empirically found to be ρȢπ ρπ [140]. 

3.4.3 Poole-Frenkel Mobility Model 

The growing complexity and variants of organic semiconductor mobility models represents 

attempts to unify the behaviour of different organic semiconductors under different conditions. 

However, this presents some complication, as there are now multiple mobility models used to 

fit measurements of different materials. In the absence of consensus to a unified mobility model, 

the empirical Poole-Frenkel temperature and field-dependent mobility model of the form in 

Eqs. (σȢςρ-σȢςς) shows a good fit to measured mobility characteristics, although it does not 

provide explanation for these results [141]ï[144].  

‘ὊȟὝ  ‘ ὝÅØÐ‎ЍὊ σȢςρ 

‘ Ὕ ‘Ὡὼὴ
ῳ

ὯὝ
 σȢςς 

In these equations, ‘ refers to the zero-field low-temperature mobility, ɝ is an activation 

energy, Ὧ is the Boltzmann constant, Ὕ is temperature, ‎ is a field-dependence factor and Ὂ is 

the electric field. 
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The ready availability of data fit to the Poole-Frenkel model means that it is possible to emulate 

overall device behaviour for engineering purposes, without the requirement for detailed 

description of the molecular dependencies upon transport, such as the aforementioned polaronic 

effects. With this in mind, the empirical Poole-Frenkel mobility model offers much advantage 

(and reduced complexity) for the purposes of device design and optimisation.  

3.5 Recombination 

The low relative permittivity of organic semiconductors (~3) means that localised electrons and 

holes in these materials form coulombically bound quasi-particles known as excitons. In 

organic semiconductors, these are called Frenkel excitons [145], which have relatively small 

radii (existing on the same molecule); in inorganic semiconductors, the excitons tend to have 

large radii and are known as Wannier-Mott excitons [146]. Charge-transfer excitons also exist 

in organic semiconductors, where the bound exciton exists between different adjacent 

molecules. In organic semiconductors, it is the relaxation of these excitons that provides the 

luminescence seen in OLED devices. Where the exciton exists across two molecules in an 

organic semiconductor (such as a dopant and a host), the exciton effectively bonds the 

molecules and can be known as an exciplex (excited complex) or excimer (excited dimer).  

An important consideration in the context of recombination is the spin states of these excitons. 

Depending upon the spin state, these excitons may be either considered to be singlet excitons 

(spin quantum number S = 0), or triplet excitons (S = 1). As electrons are spin-1/2 particles, 

there are three states with S = 1, and one state where S = 0; therefore, according to standard 

spin statistics, this would suggest a singlet:triplet generation ratio of 1:3. As the electrons in 

singlet excitons have opposing spin, recombination of singlet excitons does not violate Pauliôs 

exclusion principle, and this radiative recombination has a relatively short lifetime (~ns) [147]. 

This type of recombination is termed fluorescence. However, as triplet excitons are formed 

from electrons with the same spin state, direct radiative recombination of such excitons is 

theoretically forbidden, and these excitons have a much longer lifetime (~ɛs) [148]. Although 

theoretically impermissible, triplet states can eventually radiatively decay due to spin-orbit 

coupling, and this slow emission from triplet states is termed phosphorescence.  

In contrast to research into OLEDs for displays, where phosphorescence is a mechanism by 

which enhanced device efficiencies may be obtained, in the context of OLEDs for 
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communications, fast fluorescence is preferable to slow phosphorescent decay, which can limit 

device modulation rates. 

 Fig. 3.3, below, shows some of the different energetic transitions possible within an organic 

semiconductor. 

 

Fig. 3.3: Jablonski diagram to show different types of radiative (solid lines) and non-radiative (dashed 

lines) energetic transitions within an organic semiconductor. Sn and Tn refer to singlet and triplet energy 

levels. 

Excitons may also travel within an organic semiconductor through three different mechanisms: 

photon emission and re-absorption, Förster or Dexter transfer [149], [150]. The first of these 

mechanisms occurs when an exciton recombines to form a photon, which is re­absorbed 

elsewhere in the material. The second mechanism, Förster transfer, as shown in Fig. 3.4(a), is 

a process that occurs through resonant dipole interactions between two molecules to transfer 

the exciton from one molecule to another, and can occur at distances of up to 10 nm [151]. This 

is mechanism is important in doped organic LEDs, as it allows host-molecules to transfer 

excitons to fast-emitting fluorescent (or phosphorescent) dopant molecules. The final 

mechanism, Dexter transfer, (Fig. 3.4(b)) is very short range, as the molecules must have 

overlap of their wavefunctions. Dexter transfer, involves electrons tunnelling from one 

molecule to another due to this overlap of wavefunctions.  
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Fig. 3.4: (a) Förster resonant excitonic transfer and (b) Dexter excitonic transfer. 

Mathematically, órecombinationô (the formation of excitons) within organic semiconductors is 

often described as a Langevin recombination process, with a rate parameter given by Eq. (σȢςσ) 

[152], [153]. 

Ὑ
ή‘ ╔ ‘ ╔

‐‐
 ὲὴ ὲ σȢςσ 

This description of recombination is derived assuming that carriers will recombine provided 

their coulombic attraction energy is larger than their thermal kinetic energy. It is therefore 

possible to define a maximum radius ὶ at which these energies are equal. 

 Ὁὶ
ή

τ“‐‐ὶ
ὯὝ σȢςτ 

ὶ
ή

τ“‐‐ὯὝ
σȢςυ 

Taking a typical organic semiconductor ‐ of 3, at 300 K, this radius is 18.6 nm, which is an 

ample distance compared to the molecular-scale confinement of excitons in organic 

semiconductors. 

Defining a recombination current density ὐ  in a layer of thickness ὒ as the product of the 

recombination rate Ὑ and the electronic charge ή, we arrive at Eq. (σȢςφ). 

ὐ ήὙὒ σȢςφ 

We can take a (hole) drift recombination current flowing into a sphere of radius ὶ around a 

single electron as Eq (σȢςχ). 
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Ὅ ὴή‘ὊȢτ“ὶ σȢςχ 

And equivalently for an electron drift current due to a single hole: 

Ὅ ὲή‘ὊȢτ“ὶ σȢςψ 

From Coulombôs law, we know that the electric field between an electron and a hole is given 

by Eq. (σȢςω). 

Ὂ
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Thus, 
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The total recombination current is the sum of these currents due to Ὅ and Ὅ; to scale this 

individual current to a volume ὠ, Ὅ (Ὅ  must be multiplied by the volumetric number of 

electrons (holes), ὔ (ὖ. The total current density due to recombination can then be given by 

Eq. (σȢσς). 
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Equating the expressions for Eqs. (σȢςφ) and (σȢσς), we find an expression for the 

recombination rate Ὑ : 

Ὑ
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‐‐
ὲὴ σȢσσ 

However, this expression for recombination rate does not take into account the thermal 

generation of intrinsic carriers or the field-dependent mobility. Taking these into account 

produces the full Langevin rate equation given by Eq. (σȢςσ). 

3.6 Organic LEDs  

Based on the information presented in the previous sections, it is now possible to build a picture 

of the operation of an OLED. Holes are injected into the HOMO from the anode and electrons 

into the LUMO from the cathode. These charge carriers hop towards each other under the action 
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of the electric field, where they meet to form an exciton. The lifetime of such an exciton is 

short, and the electron and hole soon recombine, thereby emitting light.  

Although it is possible to produce OLEDs with a single organic material between two contacts, 

the performance of such a device can frequently be improved by the inclusion of other materials 

to help with charge injection, transport and recombination. Highly doped high-conductivity 

electron or hole injection layers (EIL/HILs) help to form ohmic contacts and improve charge 

injection. Doped emissive layers (EMLs) can facilitate excitonic transfer and result in faster 

recombination times. The inclusion of electron or hole blocking layers (EBL/HBL) with high 

energetic barriers help to confine our electrons and holes within the emissive layer and achieve 

charge balance. Moving recombination away from the contact layers also helps to reduce 

exciton quenching. An idealised picture of the overall operation of an OLED under forward 

bias can then be seen in Fig. 3.5. 

 

Fig. 3.5: OLED operation under forward bias. Redrawn after [154]. 

3.6.1 Modelling and Simulation of OLEDs 

Various work has been done on simulation and modelling of OLED devices; this section will 

look at some of the published results in this field.  
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Electrical Modelling 

Impedance spectroscopy is a common technique used in analysis of organic devices and 

materials, with RC parameters predominantly fitting one of the two models given in Fig. 3.6, 

below.  

 

Fig. 3.6: The (a) single-layer and (b) double-layer OLED model often used to fit impedance spectroscopic 

measurements [155]ï[165].  

The resistance model shown in Fig. 3.6(a) is often used to fit single organic layer OLEDs [155]ï

[162], whereas Fig. 3.6(b) is often used for more complex model-fitting, where multiple time 

constants are seen in the impedance response [155], [159], [163]ï[165]. In the models in 

Fig. 3.6, Rs refers to the series contact resistances, and each Rp-Cp combination refers to a layer 

within the device. For single-organic layers, Fig. 3.6(a) is appropriate, but where there is bipolar 

injection, Fig. 3.6(b) can be used, where one Rp-Cp
 combination refers to the electron transport 

layers, and another to the hole transport layers. 

Some variations on these electrical models are seen in the literature, such as in Fig. 3.7, where 

Nam et al. added a series contact inductance for good parameter fitting [166]. 

 

Fig. 3.7: Impedance model used for OLEDs by Nam et al.; redrawn from [166]. 

In one instance, Zeng et al. fit a different RC model (Fig. 3.8) to the pulse response of a 6-layer 

small molecule ɛ-OLED, and extracted overall time constants from the pulse measurements 

[167]. Two time constants were drawn from the OLED, one related to the measured current 

decay time (the óelectrical responseô), and one related to the measured electroluminescent decay 

time (the óoptical responseô). Their OLED structure demonstrated faster electrical response than 
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optical response, but there was no correlation given between the electrical measurements and 

optical speeds. 

 

Fig. 3.8: Electrical model used by Zeng et al. to describe OLED response. Rs is a series (electrode) 

resistance, Cp is a parasitic capacitance, Cd is the device junction capacitance and Rd is the diode 

resistance. Redrawn from [167]. 

Admittance spectroscopic measurements undertaken by Martens et al. on a single-layer OLED 

produced three different electrical models based upon the bias [168]. Once again, correlation 

of the luminescent frequency response of these circuit parameters was not included in this 

analysis. 

 
Fig. 3.9: Electrical models fit to impedance measurements for a single layer OLED according to Martens 

et al. Redrawn from [168]. 

One purely simulated study undertaken by Nguyen and Schmeits involved admittance 

parameter extraction from a 2-layer OLED numerical simulation. The results of this simulation 

were fit to two different models, depending on the bias of the OLED [169]. At 0 V bias, they 

fit a response as in Fig. 3.10(a) and at 3V, the model evolved to Fig. 3.10(b). Each resistance 

and capacitance in this model corresponds to different regions of conduction or depletion within 
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the OLED. Unfortunately, experimental validation of this OLED model was not provided, nor 

was any correlation found between the small signal electrical model and electroluminescent 

response. 

 
Fig. 3.10: Equivalent electrical models for simulated small signal response of two-layer OLED. (a) is the 

model at 0 V bias and (b) is the model at 3 V bias. Redrawn from [169]. 

Whilst admittance spectroscopy is a valuable tool for understanding the electrical properties of 

organic materials, it is the optical frequency response of the OLED that is of significance in the 

context of organic optical communications. To the best of the authorôs knowledge, this thesis 

provides the first attempt to correlate the measured electrical admittance response and optical 

frequency response. Of course, this approach is only valid provided that the exciton 

recombination time (singlet lifetime) is less than the electrical response of the system.  

Simulation and Numerical Modelling 

Simulation and numerical modelling is an essential tool in order to better understand the 

behaviour of complicated organic device structures and materials. Various organic simulation 

models have been applied over the years, ranging from the molecular-level small-scale models 

that have facilitated better understanding of carrier transport to the large-scale drift-diffusion 

models commonly used in the field of inorganic semiconductors [170].  

For example, the original paper that first introduced the Gaussian Disorder Model (GDM) by 

Bässler in 1993, developed the model through Monte-Carlo simulation of charge carrier 

hopping in a material with a Gaussian density of states [138]. The Extended Gaussian Disorder 

Model was also developed from numerical studies of hopping charge carriers [139]. Indeed, 

Monte-Carlo simulations have even been undertaken for entire OLED stacks [171], although 

the great advantage of mobility models such as the EGDM is that they have allowed models to 



Chapter 3: Principles of Organic Semiconductors 

  Priyanka Ekkanath de Souza ï September 2018   75 

scale to the device level, without requiring simulation on the individual carrier-scale. Thanks 

to the development of these effective mobility models, and the improved understanding of the 

physics behind organic devices, there are now many instances in the literature of organic device 

drift-diffusion simulation [172]ï[177]. The ability to apply simulation to device development 

is an important step towards low-cost optimisation. 

In this thesis, physical and electrical modelling and characterisation of a multi-stack OLED is 

presented, with the aim of optimising the devices for communications purposes. The work 

presented here represents the first known demonstration of an experimentally-validated holistic 

five-layer OLED simulation fitting both DC current-voltage and small signal characteristics. 

While there are certainly many OLED simulation models published in the literature, many of 

them have focussed on simpler single- or double-layer devices [169], [178]ï[180] or have not 

included small signal characteristics [181]. 

3.7 Conclusions 

This chapter has introduced the basic mechanisms of operation of organic LEDs, from doped 

layers that facilitate the charge injection, through to the hybridisation of organic orbitals that 

allows the hopping transport of carriers, to the Langevin mechanism that describes the 

recombination. It is seen that organic semiconductors exhibit HOMO and LUMO levels that 

are analogous to valence and conduction bands in inorganic semiconductors, although in 

contrast to the band-like transport observed in inorganic semiconductors, this transport is 

through localised phonon-assisted hopping. From the EGDM, it is seen that the empirically-

observed field and temperature-dependent mobilities of the form ‘ ‘ ὝÅØÐ‍ЍὉ  are a 

consequence of this localised hopping transport amongst disordered materials exhibiting a 

Gaussian density of states. The low relative permittivity of organic semiconductor materials 

also gives rise to coulombically bound electron-hole pairs, known as excitons. It is the 

recombination of singlet excitons that gives rise to fluorescence, and it is this fast-emission that 

is required to implement fast OLEDs for communications.  

Understanding of the physics behind these devices has allowed high-level modelling and 

simulation to be developed in the research leading to this thesis. The following chapters will 

introduce measurements and simulation results for different OLED devices within this context.  
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4 STUDIES ON SMALL-

MOLECULE OLEDS  

This chapter introduces the specific small-molecule OLEDs under study along with their 

manufacture, and presents the electrical, optical and thermal characteristics of these devices. 

An electrical and thermal simulation used to model the overall OLED is introduced, and a 

reasonably good fit is found between experimental results and simulation, suggesting that this 

model is appropriate for trend-forecasting and analysis. It is believed that this is the first time 

that this OLED stack has been simulated in this manner. It is found that deviations between 

simulation and measurement may be ascribed to thermal self-heating effects, which will by 

necessity be an important consideration for device reliability in future organic optical links. 

4.1 Introduction 

In order to bring the tools of simulation to the development of organic devices, it is necessary 

to have a good understanding of the operation of the OLED. The purpose of this chapter is to 

present a systematic study of an OLED stack, by analysing the function of devices without 

various layers of the stack from which to build understanding of the device as a whole. With 

this information, a detailed OLED drift-diffusion simulation model may be constructed and 

validated, building upon the known physics introduced in Chapter 3, and leading up to 

modelling the device modulation for communications purposes. These types of drift-diffusion 

models have been successfully used to describe OLED behaviour in the literature, although 
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there has been very little work done in this area with regards to analysis of the high-speed 

modulation of organic devices [182]ï[184].  

In Chapter 3, it was also mentioned that thermal effects have significant impact upon the 

behaviour of disordered organic semiconductors, due to the thermally-activated charge hopping 

behaviour [185]; therefore, measurement of the self-heating of the full OLED devices is of 

interest and is undertaken in this chapter, in order to explain some of the variance in device 

behaviour.  

4.2 OLED Manufacture 

All of the OLEDs presented in this thesis are top-emitting small-molecule OLEDs 

manufactured by Dr. Kou Yoshida at the University of St. Andrews using shadow mask thermal 

evaporation in high vacuum (EvoVac, Angstron Engineering) at a pressure of 3 × 10-7 mbar. 

The devices were evaporated onto glass substrates with a thickness of 1.1 mm. Organic and 

contact layer thicknesses are measured during evaporation using standard quartz crystal 

monitors. 

  

Fig. 4.1: (a) The layers of the small-molecule OLED under study, and (b) OLEDs on silicon substrates 

under operation (from left to right, 1.1 mm2, 0.12 mm2 and 9 mm2). 

The OLED layers as shown in Fig. 4.1 (a) were deposited sequentially without breaking vacuum 

starting with 80 nm of aluminium for the bottom anode, 40 nm of 

2,2ô,7,7ô­tetrakis(N,Nô­di­p­methylphenylamino)-9,9ô-spirobifluorene (Spiro-TTB) doped 

(b) 

 

(a) 
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with 4wt% 2,2ô­(perfluoronaphthalene-2,6-diylidene)dimalononitrile (F6­TCNNQ) as the hole 

injection layer (HIL), 10 nm of N,Nô­di(naphthalene­1­yl)­N­Nô-diphenylbenzidiene (Ŭ-NPD) 

as the electron blocking layer (EBL), 30 nm of 2-methyl-9,10-di(2-naphthyl)anthracene 

(MADN) doped with 2.76 wt% 2,5,8,11-tetra-tert-butylperylene (TBPe) as the emissive layer 

(EML), 10 nm of bis-(2-methyl-8-chinolinolato)-(4-phenyl-phenolato)-aluminium(III) (BAlq) 

as the hole blocking layer (HBL), 40 nm of 4,7-diphenyl-1,10-phenanthroline (BPhen) doped 

with 2 wt% caesium as an electron injection layer (EIL), 30 nm of silver was evaporated as the 

cathode, and a 40 nm Ŭ-NPD capping layer was evaporated on the thin silver to enhance the 

out-coupling of emitted light to the air. The chemical structure of these materials may be found 

in Table 4-1.This final Ŭ-NPD layer is ignored in the electrical simulation and modelling 

studies, as it is an optical diffuser layer that is not electrically connected and thus  believed to 

have no effect upon the electrical properties of the OLED. Furthermore thin silver is used as 

the top contact due to its easy manufacturability relative to ITO, and as it forms a good contact 

with the EIL. Alternate bottom-emitting OLEDs that use ITO as the anode instead of aluminium 

were found to have very little performance difference, so for the manufacturing reasons 

mentioned above, thin silver is preferred.  

These devices were encapsulated in a nitrogen atmosphere using epoxy and a small strip of 

dessicant attached to the 0.6 mm glass lid. The devices were fabricated with three different area 

dimensions: 0.3×0.4 mm2 (S), 1×1.1 mm2 (M) and 3×3 mm2 (L). As the development of these 

OLEDs has largely been through trial-and-error, in order to better understand the function of 

each of the layers and layer parameters, multiple four-layer devices were also fabricated to use 

as control samples; these devices are missing one of the functional layers above. Additionally, 

alternate devices with a 20 nm EML layer doped with 1.5 wt% TBPe are grown on both the 1.1 

mm standard glass substrates and also on 675 ɛm silicon substrates with 300 nm of SiO2 grown 

on each side. 

For luminescent and charge-injection efficiency, the transport within the full-stack OLEDs is 

bipolar, with charge injection facilitated by the doped layers. The effect of the doping is to pin 

the Fermi level of the organic layer relative to the metal contact, thereby enabling charge 

injection at each contact, as described in §3.6 [114].  
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Table 4-1: The chemical structure of the materials used in these OLEDs 

Chemical Structure  Chemical Name 

 

ςȟςȭȟχȟχȭ-ÔÅÔÒÁËÉÓɉ.ȟ.ȭ-di-p-methylphenylamino)-ωȟωȭ-
spirobifluorene 

(Spiro-TTB) 

 

ςȟςȭ-(perfluoronaphthalene-2,6-
diylidene)dimalononitrile  
(F6-TCNNQ or F6-TNAP) 

 

.ȟ.ȭ-di(naphtalene-1-yl)-.ȟ.ȭ-diphenylbenzidine 
(ɻ-NPD or NPB) 

 

2-methyl-9,10-bis(naphthalen-2-yl)anthracene 
(MADN) 

 

2,5,8,11-tetra-tert -butylperylene 
(TBPe) 

 

bis-(2-methyl-8-chinolinolato) -(4-phenyl-phenolato)-
aluminium(III)  

(BAlq or BAlq3 or BAlq2) 

 

4,7-diphenyl-1,10-phenanthroline 
(BPhen) 
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4.3 Experimental Investigation 

 

Fig. 4.2: Experimental setup for spectral measurements. 

Spectral measurements were taken for the OLEDs presented here using light coupled via a 

collimating lens and optical fibre into a high resolution spectrometer (Ocean Optics 

HR2000+CG-UV-NIR), as shown in Fig. 4.2.  

 

Fig. 4.3: Experimental setup for Light -Current -Voltage (LIV) measurements. 

Continuous-mode Light-Current-Voltage (LIV ) measurements for these OLEDs were taken in 

free space with light coupled into a broad-area detector (HP81520A) via an aspheric optical 

lens (Thorlabs) and measured by a lightwave multimeter (HP8153A) set to detect at the relevant 

optical peaks measured by the spectrometer, as shown in Fig. 4.3. In both cases, a source meter 

(Keithley 2400-LV) was used to provide the power to the devices. For devices measured on a 

heatsink, a temperature controller (ILX Lightwave LDT-5910B) was used to regulate the 

substrate temperature.  

4.4 Experimental Results 

4.4.1 Current-Voltage & Light-Voltage Characterisation 

Unless stated otherwise, the results presented in the following section are for the devices with 

a 30 nm EML on glass substrates. 
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As can be seen from Fig. 4.4 - Fig. 4.6, below, the OLEDs have a turn-on voltage around 2.8 V 

and emit light in direct proportionality to the current in the device. As mentioned in §3.6, the 

light output from OLEDs is generally described by bimolecular Langevin recombination [186]. 

It is also interesting to note the increase in conductance and light output at the highest bias 

points for the small and medium OLED devices ï this is likely due to thermal or trap-filling 

effects during the measurement sweep, as will be seen in §4.4.3, this sharp increase is not seen 

in the same OLED materials evaporated in the same manner upon silicon substrates. The 9 mm2 

OLEDs have a higher current density at the same bias potential than the smaller devices, 

indicating that heating improves the conductance of these large OLEDs relative to the smaller 

devices. 

 

Fig. 4.4: (a) Current-Voltage (solid circles) and Light -Voltage (hollow circles) characteristics of the 0.12 

mm2 OLEDs on glass; (b) shows the same data on a semi-log scale. 

(b) (a) 
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Fig. 4.5: (a) Current-Voltage (black cross) and Light-Voltage (grey plus) characteristics of the 1.1 mm2 

OLEDs on glass; (b) shows the same data on a semi-log scale. 

 

Fig. 4.6: (a) Current-Voltage (solid square) and Light-Voltage (hollow square) characteristics of the 

9 mm2 OLEDs on glass; (b) shows the same data on a semi-log scale.  

(b) (a) 

(b) (a) 
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4.4.2 Spectra 

 

Fig. 4.7: Luminescent spectra of bottom-emitting 9 mm2 devices with 20 nm EML on ITO-coated glass 

substrates. 

To avoid microcavity effects, spectral measurements are taken of bottom-emitting devices with 

a 20 nm 1.5 wt.% doped EML with ITO as an anode instead of the aluminium bottom contact 

shown in Fig. 4.1. These samples were also very kindly provided by Dr. Kou Yoshida at the 

University of St. Andrews. The results of the spectral measurements are produced in Fig. 4.7. 

The OLEDs emit blue light with a spectral peak of 495 nm (Peak 1), with secondary peaks at 

465 nm (Peak 2) and at 530 nm (Peak 3), which do not change with bias current. Peaks 1 and 2 

closely correspond to the emissive peaks shown in photoluminescent (PL) measurements of 

TBPe [187]ï[189]. The 530 nm longer wavelength emission (Peak 3) and longer ótailô is 

indicative of an exciplex/charge-transfer state within the TBPe:MADN [190]. 

In this instance, although blue light is within the low-attenuation window of SI-POF, these 

wavelengths are chosen due to the relatively fast-response of the emitter layer. As organic 

emissive materials are continually being developed, it is hoped that as materials research 

progresses, appropriate emitters well-suited to the specific channel can be developed, such as 

in the infra-red. 
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4.4.3 Thermal Effects 

Temperature has a significant effect upon the operation of the OLED devices. In order to 

confirm this for the devices under consideration, Fig. 4.8 compares the stable operating currents 

of OLEDs (with a 20 nm EML) on glass to the devices on silicon, measured without external 

temperature control at room temperature. In each case, the devices were allowed 30 s for the 

temperature to settle before the next data point was taken. 

 

Fig. 4.8: (a) 0.12 mm2, (b) 1.1 mm2 and (c) 9 mm2 OLEDs on glass compared to OLEDs on silicon. 

Fig. 4.8 clearly shows that in all cases, at high current densities, the devices on glass substrates 

have a higher conductance than the devices on silicon. The glass of the substrates has a thermal 

conductivity of 0.0109 W·cm-1·K-1, and silicon has a value of thermal conductivity more than 

100 times larger at 1.49 W·cm-1·K-1. Given that 300 nm of insulating SiO2 is grown on the 

surface of the silicon, with largely similar electrical properties to the glass, it is expected that 

the current-voltage deviation measured between devices on glass and on silicon shown in Fig. 

4.8 arises from Joule heating of the devices and not through any electrical influence. As the 

temperature of the devices increases, the mobility increases; this temperature-dependent 

behaviour of organic semiconductors is well established in the literature [191]ï[194] and is 

largely the behaviour observed in the devices presented here, although the temperature range 

studied for these applications is too narrow to determine the exact nature of the mobility 

temperature dependence, i.e. whether it follows the Arrhenius dependence of the form  (Eqs 

σȢςρ-σȢςς) or the EGDM dependence of the form  (Eqs. σȢφ-σȢρρ) [139] [185].  

(a) (b) (c) 
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The lifetime of OLEDs is believed to be strongly related to the glass transition temperature of 

the materials [195]. It is likely that the closer the operating temperature approaches the glass 

transition temperatures of the materials, the lower the lifetime of the devices, and so these 

aforementioned heating effects will likely have an adverse impact. This trade-off must be 

considered in any application considering OLEDs for communications. 

 

Fig. 4.9: J-V plots for (a) OLEDs on silicon and (b) OLEDs on glass. 

It is also possible to observe the effect of the thermal mobility enhancements in plots of the 

current density on silicon and on glass, as in Fig. 4.9 for the devices with a 20 nm EML. The 

current density of the devices on silicon all fall on the same curve irrespective of area, as shown 

in Fig. 4.9(a), whereas for the devices on glass substrates, the larger devices exhibit higher 

current densities than their smaller equivalents at the same bias potential, as shown in Fig. 

4.9(b).  

The devices on glass were also measured on a temperature-controlled heat sink set to 16°C, and 

are seen to have lower current-density than when the same devices were measured without a 

heat sink. It is seen in Fig. 4.10(a) that the devices cooled to 16°C exhibit a lower current-

density and less variance than the same devices in Fig. 4.9(b). In Fig. 4.10(b), we see the J-V 

curves of the smallest devices cooled to 16°C better match the curves of the devices on silicon, 

indicating that the mobility enhancement is indeed thermally driven.  

(b) (a) 
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Fig. 4.10: (a) J-V curves for OLEDs on glass substrates on a heatsink at 16°C and (b) J-V curves of 

OLEDs on glass substrates at room temperature, at 16°C and on silicon substrates at room temperature. 

4.4.4 Self-Heating Measurements 

In order to better understand the substrate thermal effects, infra-red imaging is used to estimate 

the temperature of the devices under operation. Thermal measurements are taken in 

collaboration with Dr. Guillaume Nataf from the Department of Materials & Metallurgy at the 

University of Cambridge using a FLIR SC7500-MB thermal imaging camera, with a spectral 

range of 2.5-5.1 ɛm. Devices of all three dimensions on glass and on silicon are measured; the 

devices were set to a DC bias point, and allowed approximately 120 seconds to come to a 

thermal equilibrium before the bias was ramped to the next operating point.  

The camera system provides images as in Fig. 4.11, of the devices and is calibrated to provide 

the temperatures associated with each pixel of the image. In Fig. 4.11, the OLED is formed at 

the centre of the cross (denoted by an arrow), although the rapid thermalisation of the metals 

causes the emitting centre of the OLED to appear dark in infra-red images. The bright areas 

show the glass/air interface of the devices where there is no metal to conduct away the heat; the 

insulating nature of these areas mean that they likely show the closest value to the real internal 

temperature of the OLEDs. It is possible to extract the average temperature of groups of pixels 

(illustrated by ellipses and boxes in Fig. 4.11), and the corresponding results of this are shown 

in Fig. 4.12 for the 0.12 mm2 OLEDs. A small piece of black tape is also placed close to the 

OLED on the surface of the glass as an approximate black body in order to calibrate the initial 

(b) (a) 
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temperature. However, since the tape is placed sufficiently far from the OLED and on top of 

the cover glass, it is not possible to use this black body to provide an accurate measurement for 

the temperature within the OLED itself during the operation of the device. 

 

Fig. 4.11: Thermal image of 0.12 mm2 OLED on glass. 

It can be seen from Fig. 4.12 that, as expected, the measurements show a clear increase in 

temperature with operating current. The temperature measurements for the LED, anode and 

cathode all show a temperature lower than that of the air surrounding the device, likely due to 

the low emissivity (and good thermal conduction) of the metal. The tape also shows good match 

with the air temperatures at the low-current operation of the device, indicating that these values 

are appropriately calibrated and show a reasonable approximation of the device operating 

temperature. The thermal images are also able to show a spike at around 240 s where the value 

for the current was misadjusted and corrected, and a spike at around 600 s, where the current is 

briefly set to 5 mA.  

 

OLED 

Anode 

Cathode 

Air gap/glass substrate 

 

Black tape 
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Fig. 4.12: Temperature measurements for 0.12 mm2 OLED on glass over time as the current is ramped. 

The secondary y­axis shows the current variation with time in black. The different coloured lines 

correspond to the shapes drawn on the OLED image in Fig. 4.11. 

Equivalent measurements for the 9 mm2 OLEDs on silicon (Fig. 4.13, below) show some 

differences between that of glass, as the thermal conductivity of the silicon is much higher than 

that of the glass. 
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Fig. 4.13: Temperature measurements for 9 mm2 OLEDs on silicon over time as the current is ramped. 

The secondary y­axis shows the current variation with time in black. The different coloured lines 

correspond to different positions on the OLED image. 

The measurements in Fig. 4.13 at different points on the devices show less variance than the 

devices on glass. For devices of the same size and at the same current, the OLEDs on silicon 

show a significantly reduced operating temperature, as shown in Fig. 4.14. The devices on 

silicon typically require more than double the current to show the same relative increase in 

temperature. In addition, the devices on silicon were capable of sustaining much higher currents 

before experiencing thermal instability, indicating that the breakdown of the devices is indeed 

driven by self-heating. 
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Fig. 4.14: Temperature measurements for 0.12mm2 OLEDs over time as the current is ramped. The 

secondary y­axis shows the current variation with time. 

The measurements plotted in Fig. 4.14 show the relative differences in temperature for the 0.12 

mm2 OLEDs on glass and on silicon as the bias current is ramped from 0 to 4 mA for the OLEDs 

on glass and 0 to 12 mA for the OLEDs on silicon. The temperatures plotted are those measured 

at the corners (óAir gapô in Fig. 4.11), where the metal contacts did not act to obscure the real 

temperatures of the devices.  

When comparing the final óplateauô temperature against each bias current, as in Fig. 4.15, 

below, it is clear that the glass devices heat up much faster than the silicon devices, and that the 

smaller devices fare better than the larger devices.  
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Fig. 4.15: Measured operating temperature for the OLEDs against current density. 

However, it must be noted that these temperatures are likely to still be less than the actual 

temperatures achieved in the devices themselves. Firstly, these measurements are taken at the 

corners, and not actually at the centre of the devices, where it would be reasonable to assume 

the temperature is highest. However, as previously mentioned, the low emissivity/high thermal 

conduction of the metal contacts means that it is not possible to probe the temperature of the 

centre of the devices in this manner. Secondly, the surface glass (Schott D 263® T eco thin 

glass) that is used to encapsulate the devices has relatively low transmittance (<50%) at the 

infra-red wavelengths measured by the camera [196]. Finally, for the OLEDs on glass, since 

the organic layers are thin (240 nm) relative to the substrate (1.1 mm) and the glass is a good 

thermal insulator, the IR camera may have difficulty resolving the temperature of the thin film, 

and may be probing an average of the hot OLED temperature, and the temperature of the cooler 

substrate. If this hypothesis holds, it may be possible to use Fourierôs law of thermal conduction 

(Eq. τȢρ) to calculate the actual temperatures of the OLED. 

ή Ὧ
ὨὝ

Ὠὼ
τȢρ 

In this equationȟή is the heat flux density, which may be assumed to be proportional to the 

electrical power density input to the OLED, Ὧ is the thermal conductivity of the substrate and 

 is the temperature gradient. 

For the glass substrate, the thermal conductivity is 0.0109 W·cm-1·K-1
 [197], for silicon this is 

1.49 W·cm-1·K-1 [198] and for intrinsic, thermally grown thin-film silica, this is 
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0.013 W·cm­1·K-1 [199]. Taking ήᶿὐϽὠ  ὐϽὠ, where ὐ is the current density and V is the 

voltage at each bias point, it is possible to calculate , and thereby calculate a ɝὝ ɝὼ 

using half of the thickness of the substrate as ɝὼ due to the averaging effect of the camera 

mentioned above. This approximation is expected to provide a reasonable engineering 

approximation to the real device temperature from the probed óaverageô temperature, as the 

emission efficiency of the OLEDs is of the order of a few percent. It is also assumed that the 

nitrogen at the top surface of the OLED is insulating; the thermal conductivity of nitrogen is 

2.6 × 10-4 W·cm-1·K-1 [200] so this assumption should not significantly impact the results. This 

calculation does not account for for the low transmittance of the encapsulating glass and the 

low emissivity of the cathode. 

 

Fig. 4.16: Adjusted operating temperature of OLEDs. 

The results of this, as shown in Fig. 4.16, demonstrate a stark difference between the 

temperature of the devices on silicon and on glass. The glass devices heat up much faster than 

the silicon devices, which explains the faster turn-on of the devices on glass compared to the 

devices on silicon, and the rapid degradation of the devices on glass at high bias. At a bias of 

40 mA, the 9 mm2 OLEDs on glass may be operating at over 62°C. Given that the glass 

transition temperature of a pure BPhen layer is 62°C, this may help explain the onset of thermal 

instability for all of the devices on glass, although the glass transition temperature of doped 

BPhen will be higher than 62°C, as described in [201].  
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Table 4-2: Glass transition temperature Tg of OLED materials. 

Material  

Glass Transition 

Temperature T g 

[°C] 

Spiro-TTB 146 [202]  

ɻ-NPD 95 [202]  

MADN 120 [203]  

BAlq 99 [204]  

BPhen 62 [205]  

4.4.5 Experimental measurements: LIV & Spectra for additional devices 

To further understand the behaviour of the organic materials, additional OLEDs were 

manufactured without one of the layers existing in the ófull stackô devices. As development of 

OLEDs has predominantly been through a trial-and-error basis, with often large variations in 

published values of material parameters, these additional devices enable confirmation of layer 

function and device behaviour, and can be used to feed data into OLED simulation models.  

The following devices were all manufactured by Dr. Kou Yoshida on 1.1 mm thick glass, and 

the measurements presented are for the 9 mm2 óLargeô OLEDs. The spectra are measured at 

currents of 10 mA for all devices except the devices without Ŭ-NPD and without Spiro-TTB; 

this is because these latter devices had very low luminescent power output relative to input 

current and needed to be driven at higher currents to mitigate some of the noise in the spectral 

measurements. The experimental LIV measurement results were very kindly taken and 

provided by Dr. Nikos Bamiedakis [206]. 

The dynamic performance of these devices is investigated in Chapter 5. 
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Without  the Spiro-TTB Layer 

 

Fig. 4.17: Layers of (a) full stack and (b) devices without the HIL. 

 

Fig. 4.18: (a) Current -Voltage (solid) and Light-Voltage (dashed) curves for OLEDs without an HIL (b) 

shows the same data on a semi-log scale.  

We can see from  

Fig. 4.18, above, that without the Spiro-TTB layer the devices emit very little light (even at 

high current) and function much like diodes with a higher leakage current than the full-stack 
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devices. These devices have a óturn-onô at 1.7 V, around 1.1 V lower than the full stack devices 

at 2.8 V. Even at significant current, the light output is much reduced compared to the ófull 

stackô devices. Without the HIL, it is likely that the device mainly conducts through electron 

injection, with some holes injected directly into the Ŭ-NPD from the anode accounting for the 

small light-output. However, without the Fermi pinning/interface states effect of the doped HIL, 

this injection is not very efficient and the light output shows a similarly poor slope.  

 

Fig. 4.19: Output electroluminescent spectrum of full stack OLEDs and OLEDs without an HIL. 

Normalising the output power for both devices for comparability, we can see from Fig. 4.19 

that the output electroluminescent (EL) spectrum of the devices without a HIL strongly 

corresponds to the photoluminescent (PL) emission of the TBPe dopant. The change in relative 

strengths of the two peaks (465 nm and 495nm) is possibly due to a change in charge transfer 

between MADN and TBPe under conditions of low hole injection.  

The shift in spectra between the full stack devices in Fig. 4.7 and in Fig. 4.19 may also be due 

to microcavity effects [207], as these devices have metal contacts at both the cathode and the 

anode, as opposed to the transparent anode used for the measurements in Fig. 4.7.  

Organic materials have a relative permittivity of very approximately 3, so the wavelength of 

the light within the cavity may be calculated approximately as  

‗
‗

Ѝ‐

τωυ

Ѝσ
ςψφ ὲά τȢς 
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We may see microcavity effects where an integer number of half-wavelengths can be sustained 

within the cavity. As 
ʇ

ς
ρτσ ÎÍ, this is of the same order as the thickness of the OLED (130 

nm), and so microcavity phenomena may have some effect in these devices.  

Without  the Ŭ-NPD Layer 

 

Fig. 4.20: Layers of (a) full stack and (b) devices without the EBL. 

 

Fig. 4.21: Current -Voltage (solid) and Light-Voltage (dashed) curves for OLEDs without an EBL (b) 

shows the same data on a semi-log scale. 

Ag (30 nm) 

Cs:BPhen (40 nm) (EIL) 

BAlq (10 nm) (HBL) 

F6-TCNNQ:Spiro-TTB (40 nm) 

(HIL)  

Al (80 nm) 

TBPe:MADN (30 nm) (EML) 

Ag (30 nm) 

Cs:BPhen (40 nm) (EIL) 

Ŭ-NPD (10 nm) (EBL) 

BAlq (10 nm) (HBL) 

F6-TCNNQ:Spiro-TTB (40 nm) 

(HIL)  

Al (80 nm) 

TBPe:MADN (30 nm) (EML) 

(b) (a) 

 

(b) (a) 



Analysis and Optimisation of an Organic Optical Link 

98  Priyanka Ekkanath de Souza ï September 2018 

Without the Ŭ-NPD, light output is low ( 

Fig. 4.21, above), suggesting that this layer has a significant effect upon charge injection. Without this 

EBL, holes are unable to transport between the HIL and the EML, and there is a large energetic gap 

between the HOMO of the Spiro-TTB and the MADN, reducing the electroluminescent efficiency of the 

device. It can be seen from  

Fig. 4.21 that in contrast to the devices without a Spiro-TTB layer ( 

Fig. 4.18), that the turn on of the device does not change; the Spiro-TTB layer acts to pin the 

internal built-in bias Vbi of the device; this can be explained further by looking at the simulation 

results presented in §4.5. 

 

Fig. 4.22: Output electroluminescent spectrum of full stack OLEDs and OLEDs without an EBL. 

The output spectrum of the devices without Ŭ-NPD (Fig. 4.22) closely matches that of the full 

stack devices, with an extended tail at the longest wavelength of emission. This may be due to 

an imbalance of charge injection within these devices causing greater exciplex formation within 

the EML layer, and thus causing greater proportion of exciplex decay creating this óexcessô at 

around 570 nm. 
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Without  the EML  Layer 

 

Fig. 4.23: Layers of (a) full stack and (b) devices without the EML. 

 

Fig. 4.24: Current -Voltage (solid) and Light-Voltage (dashed) curves for OLEDs without an EML (b) 

shows the same data on a semi-log scale. 

Interestingly, without the TBPe:MADN emissive layer, this device still exhibits good light-

current characteristics (Fig. 4.24), with a similar turn-on voltage and a lower differential 

resistance than the devices without the TBPe:MADN layer, potentially since the device without 

an EML is 23% thinner and due to the low mobilities of MADN (4.1 × 10­8 cm2·V·s­1, field 
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enhancement factor 2.2 × 10­3 (cm·V­1)0.5 [208]) relative to Ŭ­NPD (3.2 × 10­4 cm2·V·s­1, field 

enhancement factor of 8 × 10­4 (cm·V­1)0.5 [209]) and BAlq (9.5 × 10­7 cm2·V·s­1, field 

enhancement factor of 3.8 × 10­3 (cm·V­1)0.5 [209]).  

 

Fig. 4.25: Output electroluminescent spectrum of full stack OLEDs and OLEDs without an EML. 

The electroluminescent spectrum of the devices without an EML show a similar (but wider) 

major peak to the full stack devices, and do not exhibit the side-peaks. This wavelength peak is 

similar to the photoluminescence peak of BAlq, and the charge-transfer peak of co-evaporated 

BAlq:Ŭ-NPD devices [210]; it is also possible that this peak appears as a result of Ŭ-NPD 

emission in combination with micro-cavity effects shifting the position of the peak, or some 

combination of the above. However, the relatively low bandwidth measurements of this device 

(§5.3.4), combined with the thin layers indicates that there may be significant charge-transfer 

exciton generation; in [210], the CT exciton has a lifetime of 40 ns, compared to 9 ns for the 

BAlq and less than 3 ns for the Ŭ-NPD. This is despite the higher reported mobility of the Ŭ-

NPD and BAlq compared to MADN.  
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Without  the BAlq  Layer 

 

Fig. 4.26: Layers of (a) full stack and (b) devices without the HBL. 

Without BAlq, Fig. 4.27 below shows that the turn-on voltage of the OLEDs is much the same, 

and the devices also have similar light emission compared to the full stack devices, although 

the devices exhibit higher leakage current, and a lower differential resistance. This may be due 

to the relatively low mobility of the BAlq materials and reduction in device thickness causing 

higher equivalent internal electric fields in the devices without BAlq. As OLED materials 

exhibit field-enhanced mobilities, these factors may explain the lower differential resistance of 

the OLED devices without an HBL. 
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Fig. 4.27: Current -Voltage (solid) and Light-Voltage (dashed) curves for OLEDs without an HBL (b) 

shows the same data on a semi-log scale. 

 

Fig. 4.28: Output electroluminescent spectrum of full stack OLEDs and OLEDs without an HBL.  

Fig. 4.28 shows a reduced tail for the longest wavelength peak in the devices without BAlq; 

these devices show the opposite effect compared to the devices without Ŭ-NPD. This fits with 

the hypothesis that this tail is caused by electron-injection causing negatively charged 

exciplexes within the EML. The BAlq layer is designed to improve electron injection into the 

EML, and so without this, we may see fewer of the excimers that contribute to this ótailô (the 

converse of the effect seen in Fig. 4.22).  

(b) (a) 
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Without  the BPhen Layer 

 

Fig. 4.29: Layers of (a) full stack and (b) devices without the EIL . 

 

Fig. 4.30: Current -Voltage (solid) and Light-Voltage (dashed) curves for OLEDs without an EIL (b) shows 

the same data on a semi-log scale. 

As shown in Fig. 4.30, these devices exhibit a curious non-linear behaviour; they turn on at 

~1.8 V, and then maintain a current of ~1 mA until a high bias of 12-15 V is achieved. At this 

point, the current through the device increases in a diode-like fashion, and the light output 

significantly improves. It is likely that from 1.8 V to around 12 V, the device is a predominantly 
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unipolar device. However, at a high enough potential, electrons are injected into the device 

which causes the increase in both light and current. The emission spectrum (Fig. 4.31) is similar 

to the device without Spiro-TTB, and again corresponds to the PL emission of the TBPe dopant 

in the EML. 

 

Fig. 4.31: Output electroluminescent spectrum of full stack OLEDs and OLEDs without an EIL. 

While further measurements pertaining to the dynamic response of the OLEDs is provided in 

Chapter 5, it can be concluded that three devices provide bright DC luminescent output: the full 

OLED, the OLEDs without the BAlq (HBL) layer, and the OLEDs without the MADN:TBPe 

(EML) layer. 

4.5 DC Simulation 

The OLED devices are simulated in commercial Silvaco ATLAS software [211]. The software 

itself solves Poissonôs equation (Eqs. τȢσ ï τȢτ) and the continuity (Eqs. τȢυ ï τȢφ) and 

constitutive equations (Eqs. τȢχ-τȢψ) in order to model semiconductor device behaviour.  

​Ͻ‐​‰ ” τȢσ 

╔  ​‰ τȢτ 

where ‐ is the permittivity, ‰ is the scalar electric potential field, ” is the charge density and 

╔ is the electric field. 
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Carrier continuity equations: 

‬ὲ

‬ὸ

ρ

ή
​Ͻ╙ Ὃ Ὑ τȢυ 

‬ὴ

‬ὸ

ρ

ή
​Ͻ╙ Ὃ Ὑ τȢφ 

where ὲ and ὴ are the electron or hole concentration, ╙and ╙ are the electron and hole current 

densities, Ὃ  and Ὃ are the electron and hole generation rates, Ὑ  and Ὑ  are the electron and 

hole recombination rates, and ή is the electronic charge.  

The drift -diffusion constitutive equations for electrons and holes are: 

╙ ήὲ‘╔ ήὈ​ὲ τȢχ 

╙ ήὴ‘╔ ήὈ​ὴ τȢψ 

where ‘ and ‘ are electron and hole mobilities, and Ὀ  and Ὀ  are the diffusion coefficients 

for electrons and holes, defined by Eq. (τȢω). 

Ὀ
‘

ή

ὲ

Ὠὲ
ὨὉ

ȟὈ
‘

ή

ὴ

Ὠὴ
ὨὉ

τȢω
 

4.5.1 Simulation Setup 

In order for Silvaco to accurately simulate organic semiconductor devices, device models 

appropriate to organic materials have been implemented. The different device layers are 

modelled with thicknesses as in Fig. 4.1, although the device width is simulated as 1 ɛm and 

scaled to the final device area. The non-linear scaling of current exhibited by the devices on 

glass due to self-heating effects (Fig. 4.9(b)) is not modelled. 

Density of States 

As is common in organic semiconductors, the density of states (Ὣȟ  is assumed to be Gaussian 

[138], [212], [213]: 

Ὣ Ὁ Ὁ
ὔ

Ѝς“„
Ὡὼὴ

Ὁ Ὁ

ς„
τȢρπ 

Ὣ Ὁ Ὁ
ὔ

Ѝς“„
Ὡὼὴ

Ὁ Ὁ

ς„
τȢρρ 
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ὲὉ  Ὣ Ὁ Ὁ ὪὉ Ὁ ὨὉ τȢρς 

ὴὉ  Ὣ Ὁ Ὁ ρ ὪὉ Ὁ ὨὉ τȢρσ 

where ὔ and ὔ  are the electron and hole site densities, „ and „ are the widths of the density 

of states, Ὁ and Ὁ are the energies of the centres of the conduction and valence densities of 

states and Ὁ is the Fermi energy level. Fermi-Dirac statistics ὪὉ provide the electron density 

in the óconduction bandô (ὲὉ) and hole density in the óvalence bandô ὴὉ . Although charge 

transport within amorphous room temperature organic semiconductors is not expected to be 

óband-likeô, and is better described as localised hopping of charges between molecules, this 

approximation works well for simulation purposes. Where the electron and hole site density 

parameters are not found in the literature, these have been assumed to be equal to the 

approximate molecular density of the semiconductor, as shown in Table B - 1 in Appendix B. 

Similarly, the relative permittivity ‐ has been assumed to be 3.1 where not found in the 

literature, which is the approximate permittivity of most organic materials. The Ὁ and Ὁ 

parameters are equivalent to the HOMO and LUMO (or Ionisation Potential and Electron 

Affinity) levels reported in the literature. Where the energetic disorder is not found in the 

literature, it has been assumed to be 0.1 eV. The specific values used for these parameters may 

be found in Table B - 1. 

Doping and Contacts 

Doping is modelled as an additional Gaussian band within the doped layers: 

Ὣ Ὁ Ὁ
ὔ

Ѝς“„
Ὡὼὴ

Ὁ Ὁ

ς„

ὔ

Ѝς“„
Ὡὼὴ

Ὁ Ὁ ЎὉ

ς„
 τȢρτὦ 

Ὣ Ὁ Ὁ
ὔ

Ѝς“„
Ὡὼὴ

Ὁ Ὁ

ς„

ὔ

Ѝς“„
Ὡὼὴ

Ὁ Ὁ ЎὉ

ς„
 τȢρυὦ 

where ὔ  and ὔ  provide the carrier óguestô site densities due to the dopant; this has been set 

to be equal to the dopant molecular density within the host material, and the energetic disorder 

has been set to 0.05 eV, as shown in Table B - 1. The addition of an uniform doping 

concentration of charge is required in the HIL, EML and EIL in order to model the doped layers; 
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the doping concentrations used correspond to doping efficiencies of ~2-3%, which are values 

commonly observed in organic semiconductors [115], [116], [120], [121].  

Except where otherwise indicated, the contacts are assumed to be ohmic. It has been shown that 

significant doping of organic layers provides quasi-ohmic contacts ï for the anode, the doping 

provides a shift in the Fermi-level [122], [214], and highly-doped layers provide behaviour 

similar to óband-bendingô to allow holes to tunnel through, which provides the a quasi-ohmic 

p-contact. Although the description of a óband structureô is not strictly accurate, experimental 

measurements have confirmed the existence of this local óband-bendingô or dipole state 

generation at interfaces [215], [216]. At the cathode, the Cs:BPhen forms a quasi-ohmic contact 

with the silver deposited on top of it; silver deposited onto Cs:BPhen has a work function of 

2.4 eV, as has been observed in ultraviolet photoelectron spectroscopy (UPS) and x-ray 

photoelectron spectroscopy (XPS) measurements [217]. This workfunction lowering effect 

compared to bulk materials has been observed in other metal/organic top contact interfaces and 

is believed to be due to the existence of a layer of organic semiconductor on the surface of the 

contact metal, reducing its workfunction at the interface [218]. 

Mobility  

Many mobility models have been used to fit  charge transport within organic semiconductors, 

notably the Extended Correlated Disorder Model (ECDM) [140] and the Extended Gaussian 

Disorder Model (EGDM) [139]. Both of these models attempt to explain the field-, temperature- 

and thickness-dependence measured in a wide range of organic materials. However, there is 

still some debate amongst the scientific community as to the exact mobility mechanism (and it 

is possible that the actual mobility mechanism is some combination of the aforementioned 

models, and that different semiconductors exhibit different degrees of correlated and 

uncorrelated behaviour). However, for simplicity, as organic semiconductor mobility data is 

often reported empirically according to the Poole-Frenkel model, and in order to emulate the 

device behaviour for Engineering purposes, it is assumed that since the device layers are <50 

nm thick, that the Poole-Frenkel Field-dependent mobility model will provide a reasonable 

approximation to the carrier transport within the organic layers at operating device potentials: 

‘ ╔ ‘ Ὡὼὴ‎ ȿ╔ȿ τȢρφ 

‘ ╔ ‘ Ὡὼὴ‎ ȿ╔ȿ τȢρχ 
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‘  and ‘  are zero-field mobilities for electrons and holes, ╔ is the electric field and ‎ and 

‎ are the Poole-Frenkel field-enhancement mobility factors. If the activation energy at zero 

field and the temperature-dependent field-enhancement factors are known, then these can also 

be included in the mobility, although these parameters are not known and not modelled for this 

device. However, when the Poole-Frenkel mobility model is used, the reported mobilities of 

organic semiconductors can vary by orders of magnitudes according to the layer thicknesses 

[219]ï[221]. In order to manage this effect, the mobility was chosen to vary according to an 

‘ ‘ ÅØÐὃὸ relation, where ὸ is the layer thickness and ὃ is a fitting parameter, with the 

assumption that this relation holds within the range of the thicknesses used for these devices. 

Where data to fit the thickness relation could not be found, the parameters were estimated and 

modified until they gave an approximate reported mobility. These parameters can be found in 

Table B - 1. 

Transport Between Layers 

Injection from one semiconductor layer to another is modelled as thermionic emission, where 

the probability of a carrier crossing from one organic layer to another is given by Staudigel et 

al. [222]: 

ὋɝὉ Ãẗ᷿ Ὣ Ὁ ὨὉ ẗ   

Ὣ Ὁ ὨὉ
ÅØÐ

Ὁ ɝὉ Ὁ

ὯὝ
Ὁ ɝὉ Ὁ

ρ Ὁ ɝὉ Ὁ
τȢρψ 

ῳὉ ῳὉ ήὊ ὥ τȢρω 

ɝὉ is the energy difference between band edges, Ὂ  is the average electric field across the 

layer, ὥ is the average molecule size between the sides of the barrier, and ὧ is chosen such that 

Ὃπ normalises to 1. From this, the current at the interface is calculated as in [211]: 

ὐ ήὺ ὲ ὲὋῳὉ  τȢςπ 

ὐ ήὺ ὴ ὴὋῳὉ  τȢςρ 

where ὐ (ὐ) are electron (hole) current densities, ὲ  (ὴ ) and ὲ  (ὴ ) refer to the carrier 

densities on different sides of the junction, and ὺ (ὺ) refers to the electron (hole) thermal 

velocity, 
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ὺ
ὃᶻὝ

ήὔ
ȟ ὺ

ὃᶻὝ

ήὔ
 τȢςς 

where Ὕ is the lattice temperature, ὔ  (ὔ ) refer to the carrier density of states and ὃᶻ (ὃᶻ) 

refers to the Richardson constant which is calculated from the electron (hole) effective mass 

άᶻ (άᶻ) according to Eq. (τȢςσ). 

ὃᶻ
τ“ήὯάᶻ

Ὤ
ȟ ὃᶻ

τ“ήὯάᶻ

Ὤ
τȢςσ 

Trapping  

Traps are modelled as exponentially-decaying bands (Ὣ , Ὣ ) characterised by a density of 

acceptor (donor) trap states Ὄ  (Ὄ ) and a characteristic temperature Ὕ  (Ὕ ) [223]: 

Ὣ Ὁ
Ὄ

ὯὝ
Ὡὼὴ

Ὁ Ὁ

ὯὝ
ȟ Ὣ Ὁ

Ὄ

ὯὝ
Ὡὼὴ

Ὁ Ὁ

ὯὝ
τȢςτ 

In this simulation, Ὄȟ are set to a value of 1×1018 cm-3 and Ὕ ȟ are set to 1200 K in each 

layer [222]. 

Interface defects are also modelled as having a surface trap concentration of 1.4×1010 , a 

characteristic temperature of 5500 K and an carrier capture cross-section of 1×10-14 cm2 or 

1×10-16 cm2 depending on the type of carrier and trap (i.e. acceptor traps have a larger hole 

capture cross section than electron capture cross section and vice-versa for donor traps) [222]. 

Recombination and Excitons 

Recombination is modelled according to the bimolecular Langevin Recombination model, 

where the recombination rate is given by: 

Ὑ ὶὼȟώȟὸὲὴ ὲ τȢςυ 

Where the Langevin recombination rate coefficient ὶ is given by:  

ὶὼȟώȟὸ
ή‘ ╔ ‘ ╔

‐‐
 τȢςφ 

In addition to the electron and hole drift diffusion equations Eqs. (τȢχ) and (τȢψ), in organic 

semiconductors, it is necessary to include singlet and triplet exciton continuity equations.  

ὨὛὼȟώȟὸ

Ὠὸ
πȢςυὙ

Ὓὼȟώȟὸ

†
​Ὀ​Ὓὼȟώȟὸ ὑ Ὓὼȟώȟὸ τȢςχ 
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ὨὝὼȟώȟὸ

Ὠὸ
πȢχυὙ

Ὕὼȟώȟὸ

†
​Ὀ​Ὕὼȟώȟὸ ὑ Ὕὼȟώȟὸ τȢςψ 

Equations (τȢςχ) and (τȢςψ) are describing the rate of change of singlet exciton density 

Ὓὼȟώȟὸ and triplet exciton density Ὕὼȟώȟὸ as a function of the Langevin recombination rate 

Ὑ, singlet (triplet) radiative decay lifetime † (†), singlet (triplet) exciton diffusion constant 

Ὀ (Ὀ ), defined as in Eq. (τȢςω) and the singlet (triplet) non-radiative decay constant ὑ  

(ὑ ). 

Ὀ
ὒ

†
ȟὈ

ὒ

†
 τȢςω 

ὒ  (ὒ ) is the singlet (triplet) diffusion length. These exciton rates are used to calculate 

luminescent power. The 0.25 and 0.75 pre-factors to the Langevin recombination rate are 

according to standard spin statistics. 

These equations ignore the effect of singlet dissociation, inter-system crossing, triplet-triplet 

annihilation, and quenching rates due to singlet-triplet, singlet-singlet, triplet-triplet, singlet-

polaron, triplet-polaron and dipole-dipole interactions, although these can be implemented if 

these rates are known. 

The final simulation parameters and input file may be found in Appendices B & C. 

4.5.2 Simulation Results 

Based upon the model inputs and parameter values introduced in the previous section, the DC 

behaviour for the full stack OLEDs is modelled. From this, the simulation is developed to 

reproduce the behaviour of the OLEDs manufactured without certain layers, in order to improve 

understanding of the OLED behaviour and simulation validation. The energy level alignments 

of the full stack OLED can be seen below in Fig. 4.32. 
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Fig. 4.32: The relative HOMO  (red) and LUMO  (blue) levels exported from the simulation model at a 0 V 

bias. 

Simulation is a powerful tool that allows the systematic physics-based methodology of 

traditional semiconductor engineering to be used in complement with the trial-and-error of 

experimental device development. Further, it allows insights into behaviour within the OLED 

devices, which can be difficult to extract from device measurement.  
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Full Stack 

 

Fig. 4.33: Current -Voltage for the (a) 0.12 mm2, (b) the 1.1 mm2 and (c) the 9 mm2 OLEDs on silicon 

(points) and simulation (lines). 

We can see in Fig. 4.33 that the simulation model offers a very good fit for the measured OLEDs 

of all different dimensions on silicon substrates. Of course, as per Fig. 4.9, this simulation model 

does not take into account the thermal mobility enhancement, and so will likely underestimate 

the current for the devices on glass. 

(a) (b) (c) 
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Without the Spiro-TTB Layer 

 

Fig. 4.34: (a) Current -Voltage and (b) Light -Voltage measurement and simulation comparison for the 9 

mm2 OLEDs on glass substrates with and without the HIL . 

It can be seen from Fig. 4.34 that the simulation shows good trends compared to measurement, 

with the exception of the thermally enhanced mobility at higher currents. The simulation 

predicts that the turn-on voltage of the device without Spiro-TTB is lower than the turn-on of 

the full stack device, although the simulation shows a slightly higher turn-on voltage than seen 

in measurements; this may be ascribed to the uncertainty in mobility levels and HOMO/LUMO 

levels described in the literature. The simulation shows that the devices without Spiro-TTB are 

electron-only, with very little light output, even at high current densities. The discrepancy seen 

between the simulation and measurement currents may be due to an overly-pessimistic 

modelling of the electron-mobility in these electron-only devices. 

(b) (a) 
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Without  the Ŭ-NPD Layer 

 

Fig. 4.35: (a) Current -Voltage and (b) Light-Voltage measurement and simulation comparison for the 9 

mm2 OLEDs on glass substrates with and without the HBL. 

The current-voltage curves in Fig. 4.35(a) show a reasonably good fit between experiment and 

simulation, except at high-current, which is likely to be due to the thermal mobility 

enhancement previously mentioned. In order to account for the low-luminescence behaviour of 

the OLEDs without the Ŭ-NPD layer, the HOMO level of the Spiro-TTB layer had to be reduced 

by 0.3 eV relative to published values, to 4.9 eV, and the non-radiative exciton recombination 

rate was increased within the Spiro-TTB layer. Both of these changes are reasonable, as the 

HOMO level for Spiro-TTB has also been reported as 4.9 eV [224] (this may also be due to 

interface states at the Spiro-TTB/MADN boundary) and high doping is commonly accepted as 

causing quenching of luminescent excitons [225]. The effect of this change in HOMO, is to 

reduce the hole injection from the Spiro-TTB layer and move most of the recombination from 

within the EML to the Spiro-TTB layer, where excitons recombine in a non-radiative manner. 

However, the energy difference between the MADN and Spiro-TTB layers means that some 

holes do have enough energy to be injected into the MADN layer, where they radiatively 

recombine, and produce the relatively low amount of luminescent output. From this, it can be 

understood that the Ŭ-NPD layer acts less as an Electron Blocking Layer (EBL), but more as a 

Hole Transport Layer (HTL), providing an intermediate energy level for holes injected into the 

Spiro-TTB layer to jump to, before jumping into the EML. This also makes sense, as the 

reported LUMO levels for Ŭ-NPD relative to MADN and Spiro-TTB mean that it does not really 

(a) (b) 
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act to block electron transport from the MADN to the Spiro-TTB, as this interface is already 

large and only made smaller with the inclusion of Ŭ-NPD. 

Without the EML Layer  

 

Fig. 4.36: (a) Current -Voltage and (b) Light-Voltage measurement and simulation comparison for the 9 

mm2 OLEDs on glass substrates with and without the EML. 

The simulation for the devices without an emissive layer shows a higher current and higher 

light output than the full stack devices; the mobility in the simulation is likely overestimated 

compared to the real values. This effect may be due to the thin BAlq and Ŭ­NPD layers having 

lower mobility than the mobility values measured using thick films, and is thereby significantly 

overestimated in these devices. Fig. 4.37 shows the results for the same simulation model re-

run with the pre-factor mobility ‘ values reduced by a factor of 100 in the BAlq and Ŭ-NPD 

layers. The turn-on voltage for both these simulations is the same potential, as it is set by the 

pinning of the Fermi level of the carrier injection layers.  

(b) (a) 



Analysis and Optimisation of an Organic Optical Link 

116  Priyanka Ekkanath de Souza ï September 2018 

 

Fig. 4.37: Alternate low-mobility (a) Current -Voltage and (b) Light-Voltage simulation comparison for the 

9 mm2 OLEDs on glass substrates with and without the EML. 

Without the BAlq  Layer 

 

Fig. 4.38:(a) Current -Voltage and (b) Light-Voltage measurement and simulation comparison for the 9 

mm2 OLEDs on glass substrates with and without the ETL. 

We can see from Fig. 4.38 that the model fits reasonably well between experiment and 

simulation, and the trends shown are as expected; the current in the device without BAlq is 

higher at the same potential compared to the full stack device. The simulation shows higher 

luminescent output power in the devices without the ETL compared to the full stack device, 

(b) 

 

(a) 

(b) (a) 
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which fits with measurement trends. We see a similar deviation between the measurement and 

simulation at higher currents as seen previously, but this may be explained by the thermal 

mobility enhancements. In contrast to the Ŭ-NPD layer, it appears that the BAlq does not have 

a critical role in the DC operation of the OLEDs. 

Without the BPhen Layer 

 

Fig. 4.39: (a) Current-Voltage and (b) Light-Voltage measurement and simulation comparison for the 9 

mm2 OLEDs on glass substrates with and without the EIL. 

The devices without the BPhen layer exhibit a strange behaviour, and, as shown in Fig. 4.39, 

this could be emulated in simulation, although for this behaviour the model required non-ohmic 

contacts to be modelled in the device. The workfunction of the aluminium anode is modelled 

as 4.2 eV, and the silver cathode is set to a workfunction of 3.35 eV. Under these conditions, 

the simulation shows the device turning on to a constant hole current of 1 mA. As the bias 

increases, electrons can tunnel into the device, and we begin to see both an increase in current 

and light output (although this is far from the level achieved by the full-stack devices). The 

configuration of this simulation suggests that these devices are no longer bulk-limited, but 

injection limited, due to the BAlq-Ag contact. The bias at which this second óturn onô occurs is 

much higher in simulation than in experiment, although experimentally it was observed that 

this voltage differed significantly between different devices.  

It is postulated that the high-voltage turn-on discrepancy between simulation and experiment is 

due to a higher level of disorder in the OLED and the presence of interface states, which may 

vary between samples. This would have significant impact upon the density of states within the 

(b) (a) 
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device and upon the point at which we see carrier tunnelling into the device. In addition, as 

before, heating of the device may act to increase the tunnelling into the device and reduce the 

potential at which we see turn on. Nevertheless, the simulation was able to model the general 

shape of the unexpected behaviour of these diodes in both current and light output, despite the 

highly unusual characteristic. To the best of my knowledge, this type of behaviour has not been 

seen in the literature; however, through simulation it has been possible to understand this 

characteristic for the first time.  

4.5.3 Self-heating Simulation 

 

Fig. 4.40:(a) Temperature-Voltage and (b) Temperature-Current curves showing the results of the self-

heating simulation (lines) and of the temperature measurements (points) discussed in §4.4.4.  

A very basic self-heating simulation of the OLED devices on glass substrate was undertaken in 

Silvaco ATLAS, by implementing thermal conductivities and specific heat capacities for the 

organic layers and for the substrate. The thermal conductivities for the organic layers were set 

to a constant 0.004 W cm-1 K-1, which is fairly typical for organic materials [226]ï[229], and 

for the substrate, this was set to 4.95 × 10-5 W cm-1 K-1 [197], as the device substrate thickness 

was scaled to only 5 ɛm (rather than 1.1 mm) to make the calculation more computationally 

efficient. The specific heat capacity of the organic layers was set to a constant 2.04 J cm-3 K-1 

[230], and the substrate again proportionally scaled as 420 J cm-3 K-1 [197]. These values are 

compared against the measured temperatures for the centres of the OLEDs (as the simulation 

accounts for the conductivity of the metal contacts), and the results from this calculation are 

shown in Fig. 4.40. These results show the large devices heating by ~15 K, which is of the same 

(b) (a) 
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order of magnitude as the self-heating measurements obtained in §4.4.4. The underestimation 

of the temperature suggests that the specific heat capacity and thermal conductivity of these 

OLED materials may be even lower than input into the simulation, with a more detailed 3D 

thermal simulation required to fully understand the thermal behaviour of the devices. 

Nevertheless, the simulated and measured temperature difference is significant enough to 

increase the semiconductor mobilities. At high enough currents, this can cause thermal runaway 

and breakdown.  

4.6 Conclusions 

In this chapter, the DC measurements of the OLED devices showed that they have a turn­on of 

around 2.8 V and emit blue light at 495 nm, with secondary spectral peaks at 465 and 530 nm. 

The shorter-wavelength emission is likely due to the TBPe dopant in the MADN layer, whereas 

the longer-wavelength light is indicative of an exciplex/charge-transfer exciton within the 

emissive layer. 

 Measurements of OLEDs on glass and OLEDs on silicon substrates show markedly different 

performance, wherein chemically and structurally identical diodes on different substrates have 

exhibited different behaviour. In particular, the OLEDs on glass substrates demonstrated non-

linear scaling of the current with device area. Thermal imaging measurements confirm that this 

is a thermal effect, with the OLEDs on silicon demonstrating both a lower operating 

temperature and a more consistent behaviour with different device areas. It is found that 9 mm2 

devices on 1.1 mm glass substrates heat by at least 18.5°C at only 40 mA. For the same devices 

on silicon substrates at the same bias current, this temperature increase is measured to be only 

5.6°C. As a result, all the large devices on glass show a thermal mobility enhancement that 

means the current seen in measurements exceeds the simulation model at high bias. This is 

corroborated by a self-heating simulation, that predicts similar temperature increases for a 

scaled version of the 9 mm2 OLEDs on glass substrates. 

Measurement of OLEDs excluding certain layers is used to better understand the function of 

each layer relative to the whole stack, and information from this is fed into a detailed OLED 

drift-diffusion simulation model, that gives good fit with the experimental results. It is believed 

that this is the first time that this OLED stack has been analysed in this way. From the 

measurements and the simulation, it is understood that the turn-on voltage of the whole stack is 

determined by the injection layers, as their doped nature causes a Fermi-level pinning. In 
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corroboration of this, all the OLEDs that include the contact carrier injection layers but exclude 

central layers exhibit the same turn-on voltage, both in simulation and in measurement. It is 

also determined that the carrier injection layers facilitate the formation of ohmic contacts; 

without the Spiro-TTB layer, the device becomes a low-turn-on electron-only diode, and 

without the BPhen, the device becomes injection-limited by the barriers at the contact 

interfaces, initially presenting a hole-only current until the voltage is high enough for the carrier 

injection barrier at the cathode to be overcome.  

The Ŭ-NPD layer is determined to be essential for the function of the OLED, not as an nominal 

electron blocking layer, but as a hole transport layer, providing an intermediate energy step 

between the hole injection layer (HIL)  and the emissive layer (EML), and without it, the 

luminescent output is low. This is because few holes have the energy to jump over this energetic 

barrier, and much of the recombination then occurs non-radiatively in the Spiro-TTB layer, as 

the high-levels of doping in this layer quench luminescent emission. It is also observed from 

the emission spectra that without the Ŭ­NPD layer, there is an increased proportion of light from 

the longer-wavelength exciplex. Conversely, this longer-wavelength is suppressed in OLEDs 

without the BAlq layer, suggesting that it is a charge imbalance caused by an excess of electrons 

that causes these negatively-charged exciplexes in the emission spectrum. 

Interestingly, the OLEDs without the emissive layer are indeed still quite emissive, showing a 

bright blue luminescent output. This is assumed to be due to a charge-transfer exciton existing 

between the Ŭ-NPD and BAlq layers; measurements that further confirm this are discussed in 

Chapters 5 and 6. 

Overall, the measurements taken in this chapter suggest that all of the layers are necessary for 

various reasons: the EIL and HIL are critical for balanced charge injection; the EBL acts more 

as a hole transport layer (HTL); the EML provides fast carrier recombination; and it will be 

shown in Chapter 5 that the HBL is required do improve the device bandwidth. 

The drift-diffusion simulation model, although simplified, demonstrates many of the 

behaviours of the OLEDs as measured. It includes the Gaussian densities of states, exciton 

generation, empirical Poole-Frenkel mobilities and thermionic emission of carriers between 

organic layers. It has demonstrated a reasonably good agreement with measurements for all of 

the OLEDs presented in this chapter, and forms a foundation from which further analysis and 

optimisation may be undertaken. 
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5 HIGH-SPEED MEASUREMENTS 

Small signal measurements are a useful tool to evaluate the potential communications 

performance of a selection of the OLEDs presented in Chapter 4. This chapter presents the 

small signal measurements taken for an optical link incorporating each of the OLEDs that show 

powerful enough light outputs and the effects of varying EML thickness and electric-field are 

characterised. The impact of the thermal self-heating upon the small signal response of the 

OLEDs is seen by placing them on a heat sink and the consequent reduction in device bandwidth 

is measured. The fastest OLEDs are the 0.12 mm2 devices with a 30 nm EML on glass 

substrates, which achieve a 42 MHz 3 dB electrical bandwidth. Large signal measurements 

show the capacitive nature of even the small 0.12 mm2 OLEDs, which limits the achievable 

bandwidths for communications. 

5.1 Introduction 

The advantage of OLEDs lies in their low system-cost and their manufacturability. However, 

the challenge of using disordered organic materials lies in their inherent low mobility and 

reliability issues. The low mobility is particularly problematic when it comes to manufacturing 

OLEDs for communications, as this can result in high RC time constants. While historically 

OLEDs have been developed for displays, this means that their operation has often been 

optimised for luminescence and not necessarily modulation speed. This has resulted in an 

interest in increasing efficiencies by encouraging emission from triplet states [231]ï[233], 

which, of course, is detrimental to OLEDs for communications due to the longer lifetimes of 
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the triplet excitons, as discussed in Chapter 3. As many organic materials have been 

characterised with regards to their luminescent efficiency, and not necessarily their speed, this 

presents a challenge in developing OLEDs for communications; organic compounds that would 

perhaps be promising for communications purposes may have been neglected due to their 

moderate luminous efficiency (and low-triplet emission). 

Even considering the more recent development of (O)LEDs for lighting and the subsequent 

interest in LiFi, the primary function of these LEDs is illumination, and they are often 

consequently large area devices. The resultant high capacitance causes these (O)LEDs to have 

relatively low bandwidths, and there is much work ongoing in the area of visible light 

communications to increase the available communications bandwidth of such devices [87], 

[96], [234]. Indeed, as encountered in visible light communications, many of the LEDs used for 

lighting are blue GaN LEDs with a yellow phosphor used to produce white light, and the slow-

response of the phosphor can limit the overall performance of the optical link, in a similar 

fashion to the slow triplet phosphorescence limiting OLED speeds [235], [236].  

Having investigated the DC performance of the OLEDs and used that to build a simulation 

model in Chapter 4, it is now necessary to understand the modulation performance of the OLED 

and to evaluate their communications performance and limitations within this context. This 

chapter presents the experimental small-signal and large signal modulation results for the 

aforementioned OLEDs, in order to understand some of the factors influencing the bandwidth. 

It is expected that OLED bandwidths are limited either by the low carrier mobilities and charge 

accumulation at interfaces, or by exciton recombination times. In measurement of the small 

signal response, low carrier mobilities and charge accumulation are electronic phenomena, 

which will directly relate to measurements of the small-signal resistances and capacitances of 

the devices, which will be presented in Chapter 6. However, as excitons are electronically 

neutral quasi-particles, it is expected that their recombination lifetime will not be seen  in 

measurement of the small signal resistance and capacitance of the OLED.   
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5.2 Experimental Setup 

  

Fig. 5.1: Experimental schematic for the small signal measurements. 

The bandwidths of the OLEDs were measured using a vector network analyser (VNA, Keysight 

N9913A), as shown in Fig. 5.1. The OLEDs are biased to a DC operating point using a source 

meter (Keithley 2400LV) and this DC signal is combined with the ­10 dBm signal from the 

VNA via a bias-tee (Mini Circuits 15542). The output optical signal was butt coupled into a 1 

mm diameter plastic optical fibre (POF) 1 m patch cord and fed into an 800 ɛm diameter 

avalanche photodiode (APD, First Sensor AD800-11) via a pair of aspheric optical lenses 

(Thorlabs). The received optical signal was then passed through a bias-tee (Mini Circuits 

15542) before being amplified (Mini-Circuits ZFL­1000LN+) and fed back into the VNA. The 

VNA produces S-parameters, where the S21 parameter relates the output power to the applied 

input power, whereas the S11 parameter relates the reflected power from the device to the 

applied input power. The VNA was calibrated such that the output from its S21 measurement 

directly provides the frequency response of the OLED, as the bandwidths of the photodiode, 

amplifier and POF are all >350 MHz.  
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Fig. 5.2: Experimental schematic for the large signal measurements. 

For large signal measurements, a 0.5 Vpp square wave signal from an arbitrary function 

generator (AFG, Tektronix AFG3102C) was fed into the OLEDs via a bias tee (Mini Circuits 

15542), as shown in Fig. 5.2. The current into and voltage across the OLED was then measured 

using two probes fed into an oscilloscope (Tektronix DPO 3014). 

 

5.3 Experimental Results 

5.3.1 S21  

 

Fig. 5.3: |S21| measurements for the 0.12 mm2 OLEDs with a 30 nm EML on glass at different bias 

currents. 
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The S21 measurements for the smallest OLEDs on glass show the highest bandwidths. From 

Fig. 5.3, it can be seen that the bandwidth increases dramatically with bias current, with the 

position of the peak response also moving to higher frequencies as the current increases. As 

will be discussed in §5.3.2, this effect is likely due to thermal effects, in particular, thermal 

mobility enhancements. However, it can be seen from Fig. 5.3 that at a DC bias current of 5 

mA, a small signal bandwidth of more than 42 MHz is achieved. It is also notable that the rate 

of increase of bandwidth starts to decline after 3 mA bias. The roll-off observed at very low 

frequency is due to the filtering of the bias-tee.  

A similar shape for the 1.1 mm2 and 9 mm2 OLED frequency responses can be seen in Fig. 5.4, 

below, with the bandwidth improving with bias current in all cases. Nevertheless, the bandwidth 

of the OLEDs becomes significantly worse as the device area increases, with the 1.1 mm2 

OLEDs achieving a maximum bandwidth of 14 MHz at 20 mA and the 9 mm2 achieving only 

3.6 MHz at 50 mA bias current. This is to be expected, as the relatively low mobility of the 

organic semiconductors and large area of the devices implies that these devices have a 

significant capacitance that limits the achievable small signal bandwidth. 

 

Fig. 5.4: |S21| measurements for (a) the 1.1 mm2 and (b) the 9 mm2 OLEDs with a 30 nm EML on glass 

substrates at different bias currents. 

(b) (a) 
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Fig. 5.5: 3 dB bandwidths of OLEDs with 30 nm EML on glass at different bias currents. 

We can see the significant change in OLED electrical 3 dB bandwidths3 between the different 

OLED sizes in Fig. 5.5. The 0.12 mm2 OLEDs have a 3 dB bandwidth more than ten times 

higher than the 9 mm2 device. While the area of the smallest devices is almost 100 times less 

than the largest, the conductance of the 9 mm2 devices is much higher than that of the 0.12 mm2 

devices, hence the reduction in device capacitance for the smallest devices is moderated by the 

increased resistance 

In addition, the power output of the smallest devices is, of course, lower than for the larger 

devices, and there will be a trade-off between reducing the device area for the purposes of 

improving the bandwidth and worsening the available signal to noise ratio for communications. 

As these OLEDs are intended for low-cost short distance on-board communications, such an 

optimisation may tend towards smaller devices areas in order to maximise bandwidth and not 

the absolute signal power. 

5.3.2 Thermal Effects 

As has been shown in Chapter 4, heating effects can have a significant effect upon the DC 

operation of OLEDs, and the mobility enhancement seen in DC operation can also be seen in 

                                                 

3 Due to the square-law of the detection process, the electrical 3 dB bandwidth (half the electrical power) is lower 

than the optical 3dB bandwidth (half the optical power). Indeed, the optical 3 dB frequency is the same as the 

electrical 6 dB frequency. As the S21 measures the electrical response, the bandwidths quoted are the electrical 

bandwidths, and it is the electrical response that is plotted in this thesis.  
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the small signal measurements taken of the OLEDs. Two sets of S21 measurements for the same 

OLEDs with a 20 nm EML doped to 1.5 wt.% are presented in Fig. 5.6.  

 

Fig. 5.6: |S21| measurements for 0.12 mm2 OLEDs placed on a heat sink at 16°C and without any 

temperature control applied. Both measurements are for a bias current of 5 mA. 

It can be seen that when the OLEDs are cooled, the shape of the frequency response 

significantly changes in many ways: the low-frequency response climbs to its peak much 

earlier; the peak is measured at around 2 MHz when the devices are placed on a heat sink. As 

seen in the uncooled devices measured in Fig. 5.3, this shift of peak response to higher 

frequencies is also seen as the current increases; it would make sense for this to occur if this 

effect is temperature-related. For the non-temperature controlled devices, it can be seen that the 

peak S21 response is measured around 7 MHz, and the decay of the response is much flatter 

than the cooled devices. The light output is reduced for all the temperature controlled devices 

of all sizes relative to the uncontrolled devices, and the signal appears noisier in the cooled 

devices. These measurements are taken consecutively using the same devices with the same 

equipment with the heat sink turned on or off, therefore the effect of optical misalignment 

between measurements may be considered negligible. This behaviour is consistent with our 

understanding of thermally-activated charge hopping within the organic materials ‘ᶿ

ÅØÐ  or ‘ᶿÅØÐ  [191]. 
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Fig. 5.7: Electrical 3 dB measurements for the OLEDs with a 20 nm EML on glass substrates measured on 

a heat sink set to 16°C (hollow), and measured without any temperature control (solid). 

Comparison of the electrical 3 dB bandwidth of the OLEDs at different sizes and bias currents 

with and without temperature control can be found in Fig. 5.7. The smallest OLEDs experience 

a halving of their electrical bandwidths, whereas the cooling has less effect on the 1.1 mm2 and 

9 mm2 OLEDs. This is likely because the heat sink is unable to extract the heat generated in 

these larger devices as efficiently as the smaller devices, probably due to the high thermal 

impedance of the glass.  
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Fig. 5.8: |S21| measurements for (a) 1.1 mm2 OLEDs at 20 mA and (b) 9 mm2 OLEDs at 50 mA.  

Fig. 5.8 shows the |S21| measurements for the 1.1 mm2 and 9 mm2 and it can be seen that the 

response of the cooled devices have the same shape as the uncooled devices, with the same 

position of the peak and similar decay of the response. 

 

Fig. 5.9: Measurements of the frequency of the peak |S21| response of the OLEDs. 

(b) (a) 
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Measurements of the frequency of the peak of the response (Fig. 5.9) show a large reduction 

for the 0.12 mm2 OLEDs with cooling, a smaller reduction for the 1.1 mm2 and almost no 

reduction for the 9 mm2 OLEDs, consistent with the measured change in bandwidths. 

5.3.3 Substrate Dependence 

 

Fig. 5.10: Electrical 3 dB bandwidths measured for OLEDs on silicon and equivalent devices on glass 

substrates. 

Interestingly, the devices on silicon have significantly outperformed their counterparts on glass 

substrates (Fig. 5.10), despite their lower internal operating temperature. Although there is little 

difference in performance for the 9 mm2 devices, the silicon devices significantly outperform 

the glass devices in the 1.1 mm2 and 0.12 mm2 configurations. Further analysis to explain this 

behaviour is discussed in Chapter 6.  

It can be seen from Fig. 5.11, below, that the shape of the S21 curves of the devices on silicon 

is quite different from those on glass, in particular at low frequency, where the device achieves 

its peak response at a lower frequency than the device on glass. The measured response for 

substrates on silicon is also much less noisy than the devices on glass, likely due to reduced 

thermal noise; there are fewer thermally-generated carriers in the cooler OLEDs on silicon than 

the OLEDs on glass. In addition, the high-frequency roll-off is slower for the devices on silicon. 

This may be due to the higher DC potential (and consequently electric field) that the devices on 
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silicon must operate at to sustain the same current as the devices on glass. For two devices 

biased to the same DC potential, as in Fig. 5.12, the bandwidths are similar (21 MHz for silicon, 

20 MHz for glass), which is within experimental uncertainty for these measurements and at low 

currents where heating effects are lessened.  

 

Fig. 5.11: |S21| of 0.12 mm2 devices on silcon and on glass substrates at a DC bias current of 5 mA. 

 

Fig. 5.12: |S21| Measurements for two 0.12 mm2 OLEDs biased to the same potential. 
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5.3.4 Layer Dependence 

Emissive Layer Dependence 

 

Fig. 5.13: Electrical bandwidths of OLEDs with a 20 nm EML doped to 1.5 wt% and 30 nm EML doped 

to 2.76 wt%. 

It can be seen in Fig. 5.13 that the thickness of the emissive layer plays a significant role in 

determining the electrical bandwidths of the OLEDs. The 3 dB bandwidth doubles from 21 

MHz for the 20 nm EML to 42 MHz for the 0.12 mm2 devices with the 30 nm EML at 5 mA. 

Both sets of devices are on the same 1.1 mm glass substrates. Whereas both the 0.12 mm2 and 

the 1.1 mm2 devices show doubled bandwidths for the 30 nm EML devices, the 9 mm2 devices 

have almost identical bandwidths.  

Fig. 5.14 shows the relative change in shape of the |S21| response of the OLEDs between the 

silicon substrates, the 20 nm EML devices on glass substrates and the 30 nm EML substrates at 

bias currents of 5 mA. The response of the devices on silicon are not as noisy as the devices on 

the glass substrates, with the 30 nm EML exhibiting a peak response at a higher frequency than 

either of the other two devices. 

The DC characteristic of the devices with a 20 nm and 30 nm EML are very similar (Fig. 5.15, 

below), so this bandwidth enhancement may be accounted for by a reduced capacitance for the 

thicker devices. The thicker devices have a higher small signal resistance, but this is far 
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outweighed by the reduction in device capacitance. The electrical modelling of these devices in 

Chapter 6 investigates this effect in greater detail. It is also observed that empirical Poole-

Frenkel zero-field prefactor carrier mobilities tend to increase with layer thickness [219], [220], 

[237], which may further account for the further mobility enhancement in the bandwidth of the 

thicker devices. The increased doping between the 20 nm and 30 nm EML devices may also 

have an effect, although further control samples would be required in order to confirm whether 

any changes in behaviour are due to doping or thickness-changes. 

 

Fig. 5.14: |S21| response for 0.12 mm2 OLEDs at a DC bias current of 5 mA. 
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Fig. 5.15: Comparison of current-voltage curves for OLEDs with 20 nm 1.5 wt% doped and 30 nm 

2.76 wt% doped EML at (a) 0.12 mm2, (b) 1.1 mm2 and (c) 9 mm2. 

Without  the BAlq  Layer 

The devices without the BAlq layer show significant light output, as shown in Fig. 4.38, and 

S21 measurements for these devices relative to the full stack devices is presented in Fig. 5.16 

and Fig. 5.17. 

 

Fig. 5.16: |S21| for 0.12 mm2 devices at a bias current of 4 mA on glass substrates. 

(a) (b) (c) 
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Fig. 5.17: Electrical 3 dB bandwidth measurements for OLEDs without the BAlq layer with areas of (a) 

0.12 mm2, (b) 1.1 mm2 and (c) 9 mm2. 

It can be seen from Fig. 5.17 that excluding the BAlq layer makes little difference to the 

bandwidth of the 9 mm2 OLEDs, but significantly reduces the 3 dB bandwidth for the 1.1 mm2 

and the 0.12 mm2 devices. As the devices without the BAlq layer have a greater luminous 

intensity at the same voltage than the full stack devices (Fig. 4.27), the lower bandwidth for the 

OLEDs without the BAlq layer is potentially due to the higher electric fields within the full 

stack devices, as the DC bias voltage for the full stack OLEDs is higher at the same current. At 

a DC bias of 4.88 V (0.5 mA), the 0.12 mm2 full stack OLEDs achieve a bandwidth of 20 MHz, 

and at a comparable 4.97 V (2 mA), the 0.12 mm2 OLEDs without BAlq also achieve 20 MHz. 

This may be the effect of the field dependence of the OLED mobilities. 

Without the EML  

It can be seen from Fig. 5.18 that the shape of the response is very different from the full-stack 

devices, with the peak response occurring at much lower frequencies, and with a faster roll-off 

than the full-stack devices. This is potentially because light generation in these devices is due 

to slow charge-transfer excitons, as opposed to the singlet excitons generated in the full-stack 

devices. This thereby means that these OLEDs are limited by excitonic recombination rates 

rather than electrical RC limi ts, as shown in Fig. 5.19. This is discussed further in Chapter 6, 

where S11 measurements indicate that the capacitance of these devices is not significantly 

altered compared to the full stack devices. 

(a) (b) (c) 
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Fig. 5.18: |S21| response for 0.12 mm2 OLEDs without an EML compared to full stack OLEDs at 5 mA.  

It can be seen in Fig. 5.19, below, that the bandwidths for these devices does not significantly 

change with device dimension, which is further evidence that these devices are not RC limited, 

but rather limited by relatively slow exciton generation and recombination. 

 

Fig. 5.19: (a) |S21| bandwidth measurements for the devices without an EML, compared to full stack 

devices (b) Bandwidth measurements of different size devices plotted against their current density. 

(b) (a) 
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5.3.5 Large Signal Measurements 

 

Fig. 5.20: Large signal measurements for the 0.12 mm2 OLEDs at a DC bias current of 2 mA at 

(a) 100 kHz and (b) 10 MHz. 

The capacitive nature of the OLEDs is observed in the large signal modulation measurements 

presented in Fig. 5.20. A clear capacitive current spike of the form ))ÏÅØÐȤ
Ô

2#
 can be seen 

as the OLEDs charge and discharge, and similarly the voltage follows a capacitor charging 

curve of the form 6 6π ρȤÅØÐȤ
Ô

2#
. As is seen in Fig. 5.21, this response has an inherent 

filtering effect upon the response of the OLED and will limit the achievable bandwidths. Large 

signal measurements for the 1.1 mm2 and 9 mm2 OLEDs may be found in Appendix A. 

The rise-time for the voltage pulse measured in Fig. 5.20 (b) corresponds to a time constant †

Ὑὅ of approximately 5.0 ± 0.6 ns; this is an approximation due to the quantisation of the 

oscilloscope measurements. This corresponds to a 3 dB bandwidth of around 32 ± 4 MHz, 

which corresponds well to the measured small signal bandwidth of 28 MHz at this current. It is 

also observed that these parameters fit well to the small signal model that is introduced in the 

following chapter. 

(b) (a) 
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Fig. 5.21: Current and voltage response of the 0.12 mm2 OLEDs biased to 2 mA with an applied 40 MHz 

0.5 Vpp square wave. 

5.4 Conclusions 

Small signal measurements for various OLEDs are presented in this chapter. A strong 

bandwidth dependence on area is seen amongst all of the OLEDs that include a MADN:TBPe 

EML, with the 0.12 mm2 OLEDs incorporating a 30 nm EML demonstrating a 42 MHz 

electrical bandwidth. This area-dependence indicates that these devices are RC limited (and not 

limited by exciton recombination), which is confirmed by large-signal measurements of the 

current and voltage response across the OLED. This is in contrast to the OLEDs fabricated 

without the EML layer, whose 3 dB bandwidths did not vary as significantly with area, 

suggesting that these devices are limited by much slower charge transfer exciton recombination 

times.  

It has been shown that thermal effects play a significant role in extending small signal device 

bandwidths. The thermally-activated nature of organic LEDs means that, in contrast to 

traditional inorganic materials, heating improves the luminous efficiency and small signal 

bandwidths of these devices. However, when looking at application of these devices for 

communications, there is a trade-off between the improved bandwidth and luminous efficiency 

due to thermal heating and increased thermal noise and breakdown. It is also seen that the 

achieved bandwidths have a field-dependence, and so by incorporating the devices on an 
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appropriate substrate or heatsink, it may be possible to avoid the thermal noise and instability 

and improve the bandwidths by driving the devices at a higher bias than is possible on a 

thermally insulating substrate and thereby compensate for the reduced bandwidth. This would 

improve the signal to noise ratio and hence improve the overall link quality. 
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6 HIGH-SPEED MODELLING & 

OPTIMISATION 

This chapter presents a novel method of modelling the small signal optical response of the 

OLEDs presented in Chapters 4 and 5, and correlates these parameters to measured impedance 

parameters calculated through S11 measurements. It is found that, as long as the OLED does not 

appear to be limited by exciton recombination times, this model fits well all OLED device areas 

and operating bias currents. Furthermore, extension of the physical modelling introduced in 

Chapter 4 corroborates these measurements and validates the simulation, allowing for extension 

of the simulation into the realms of device optimisation. As far as is understood, this is the first 

time this type of corroborated small signal simulation analysis has been presented for organic 

devices.  

6.1 Introduction  

Thus far, characterisation of the OLEDs with regards to their DC parameters has been presented 

and fed into a physics-based simulation model. The application of these OLEDs is in 

communications links, and so the small-signal optical frequency response has been measured. 

This, in conjunction with large signal measurements, has suggested an RC­based optical 

response. However, there has been relatively little progress made to date in the literature to tie 

the optical frequency response of OLEDs (as measured by the S21 response in the previous 

chapter) to the measured electrical and physical behaviours. This type of characterisation is 
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fundamentally valuable to optimisation of OLEDs for communications applications, and, for 

the first time, this chapter attempts to bridge this gap by relating measurements of the optical 

frequency response to an electrical model corroborated by the impedance response of the 

OLEDs, and further links this electrical model to the physical simulation of the OLEDs.  

The structure of this analysis will be to use the measured complex S11 response to define a 

simple RC model for the S21 response. As previously discussed, the device capacitance is 

observed to limit the full-stack OLED bandwidths, which corroborates the capacitive spikes 

seen in the large signal measurements in Chapter 5. From this basis, it is found that a proportion 

of the measured total small signal resistance is used to fit a model to the measured output S21, 

which is assumed to be an equivalent luminescent fraction of the total device resistance.  

Limitations of this small signal analysis are seen in the devices without an EML. The S11 

parameters show similar behaviour to the full stack devices, but the S21 behaviour is shown to 

be poorly modelled by the RC model due to excitonic effects. 

Nevertheless, it is found that extraction of the small signal resistance and capacitance 

parameters from the simulation introduced in Chapter 4 affords a similar analysis of the S21 

response, with the advantage of being able to calculate equivalent circuit parameters without 

experimental noise. A good fit is found for the S21 modelling of the OLEDs on silicon substrates 

across all bias currents.  

This leads to trend-forecasting for the purposes of device optimisation for small signal response, 

with the assumption that validation will need to be undertaken on thermally appropriate 

substrates. This model can be built upon in the future for improved simulations as our 

knowledge of the library of organic materials and understanding of the relevant models 

improves.  

6.2 Electrical Modelling  

6.2.1 S11 Parameter Extraction  

Simultaneous measurements of the complex Ὓ  parameters were taken with the Ὓ  

measurements presented in Chapter 5. Taking the Ὓ to be equal to the reflection coefficient of 

the transmission line, these Ὓ parameters may be converted into ὤ  parameters using Eq. 

(φȢρ).  
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ὤ ὤ
ρ Ὓ

ρ Ὓ
 φȢρ 

With a characteristic impedance ὤ υπ ɱ, Eq. (φȢρ) returns complex impedance parameters 

for the OLED. 

Assuming a small signal model of the form in Fig. 6.1, it follows that ὤ  can be equated to the 

parameters of the model, Ὑ, Ὑ  and ὅ, where Ὑ is equivalent to the contact resistance of the 

device, Ὑ  is the current path through the OLED and ὅ is the intrinsic device capacitance. 

Similar impedance spectroscopic techniques have been used in the literature to analyse OLEDs 

in terms of their electrical response [155], [238]ï[241]. 

ὤ Ὑ
Ὑ

ρ Ὦ‫ὅὙ
φȢς 

 

Fig. 6.1: Small signal equivalent circuit model for the OLED. 

Equivalently, ὤ  may be expressed by the equation 

ὤ Ὑ
Ὑ ρ Ὦ‫ὅὙ

ρ ‫ὅὙ
 φȢσ 

ὙὩὤ Ὑ
Ὑ

ρ ‫ὅὙ
φȢτ 

Ὅάὤ  
‫ὅὙ

ρ ‫ὅὙ
φȢυ 

The separating of ὤ  into real and imaginary parts provides two equations for three unknowns. 

However, noting that as ‫ᴼЊ, ὙὩὤ ᴼὙ, an approximation to Ὑ may be found from 
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the value of ὙὩὤ  at high frequencies, and this value may be subtracted from ὙὩὤ  to 

form ὙὩᴂὤ , as per Eq. (φȢφ).  

ὙὩᴂὤ ὙὩὤ Ὑ
Ὑ

ρ ‫ὅὙ
  φȢφ 

Thus, an analytic solution for Ὑ  and ὅ may be found from Eqs. (φȢυ-φȢχ).  

Ὅάὤ

ὙὩᴂὤ
‫ὅὙ φȢχ 

The results of this analysis of Ὑ  and ὅ for the 0.12 mm2 OLEDs on silicon substrates are 

shown in Fig. 6.2, with a value for Ὑ of 17 ɋ. Interestingly, the values for ὅ collapse to a 

single value at all bias currents, indicating a single value of small signal capacitance for the 

device. At low frequency, the capacitance is seen to be significantly higher than at high 

frequency, which may be due to charge-trapping effects [242]. At high enough frequency, these 

traps cannot react in time to the changing field and so we see only the constant capacitance, 

whereas at low frequency they influence the Ὓ  measurements. The value for the small signal 

Ὑ is seen to vary with both bias current and frequency. As bias current increases, Ὑ  decreases 

ï this is consistent with the instantaneous value for  decreasing as the current is increased on 

the current-voltage curve. Ὑ  is also seen to significantly decrease with frequency, although the 

extent of the change reduces as bias current increases, suggesting that this effect may also be 

due to charge trapping increasing the equivalent resistance of the OLED. As the bias current 

increases, traps are filled and their effect upon the OLED is reduced. 
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Fig. 6.2: (a) Rp and (b) Cp as a function of frequency and bias current for 0.12 mm2 OLEDs on silicon 

substrates. 

Splitting Ὑ  into a constant term Ὑ and a frequency-varying trapping term Ὑ , i.e. Ὑ ‫

Ὑ Ὑ ‫ , it is possible to produce a small signal model of the OLED. This splitting is 

illustrated schematically below in Fig. 6.3.  

 

Fig. 6.3: Schematic illustration of proposed Rp split between a constant term and a frequency varying 

term. 

(b) (a) 

Ὑ 

Ὑ ‫  
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Assuming that the photodiode and POF do not limit the response of the OLED (as their 

bandwidth response is > 650 MHz), and that the current through the Ὑ  component is 

proportional to the light response, the Ὓ  response may be modelled as Eq. (φȢψ). 

Ὓ  Ὄ‫ ᶿ
Ὅ

Ὅ

ρ

ρ Ὦ‫ὅὙ
φȢψ 

However, using the high-frequency values of Ὑ  significantly underestimates the 3 dB 

bandwidth of the OLED. Through knowledge of ὅ and of the 3 dB bandwidth of the OLED, it 

is possible to use Ὢ  to work out Ὑ , the equivalent luminescent portion of the total 

resistance Ὑ.  

The physical meaning to Ὑ is proposed as an equivalent resistance to the luminescent portion 

of the Langevin recombination. Starting with Eq. (σȢςφ), where Ὑ  is the Langevin 

recombination rate, ή is the electronic charge, ὒ is the thickness of the luminescent layer of the 

device, and ὐ  is the recombination current:  

ὐ ήὙὒ σȢςφ 

Neglecting the effect of diffusion, and considering only the drift-current, by Ohmôs law this can 

be equated to: 

ὐ „Ὁ φȢω 

where „ is a radiative conductance parameter and Ὁ is the electric field. 

Effectively,  

„
ήὙὒ

Ὁ
φȢρπ 

Expressing the conductance as a resistance through a layer with area ὃ: 

Ὑ
ὒ

„ὃ

Ὁ

ὃήὙ

Ὁ‐‐

ὃή ‘ Ὁ ‘ Ὁ ὲὴ ὲ
 φȢρρ 

Of course, not all of the excitons that are generated by Langevin recombination will recombine 

radiatively, but this provides a physical basis and context for Ὑ as an equivalent luminescent 

resistance related to the Langevin recombination rate. 
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Fig. 6.4: Schematic illustration of proposed Rp split between a constant term R0 and a frequency varying 

term R2(ɤ) and Cp split between a constant term C1 and a frequency varying term C2(ɤ). 

This suggests an alternate equivalent circuit, in Fig. 6.5, which is consistent with both the fitting 

of the results from the Ὓ  and the Ὑ  and ὅ parameters from the Ὓ  measurements. The effect 

of splitting out of Ὑ  and ὅ into the terms Ὑȟὅȟὅ ‫  and Ὑ ‫  is to separate out the 

luminescent and non-luminescent portions of the measured parameters.  

 

Fig. 6.5: Equivalent small signal model for the OLED based upon S11 measurements. 

(b) (a) 

ὅ ‫  

ὅ Ὑ 

Ὑ ‫  
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At high frequencies, the capacitance due to traps, ὅ, becomes short circuited, and only the 

device capacitance due to accumulation of charges, ὅ, remains, which is consistent with the 

results in Fig. 6.2(b), indicating that ὅ represents the combination of ὅ and ὅ. Ὑ represents 

both the frequency-invariant portion and a frequency-varying portion of the non-luminescent 

small signal resistance of the OLED such that Ὑ Ὑ Ὑ ‫ , i.e. Ὑ represents the sum of 

a resistance due to traps (the frequency-variant portion), and a resistance due to the transport 

properties of the non-luminescent organic layers. Ὑ  represents the resistance associated with 

Langevin recombination in the emissive layer. Ὑ  and Ὑ both vary with bias. This is consistent 

with the change in instantaneous  of the OLED as bias increases, consistent with the results 

in Fig. 6.2(a) and consistent with Eq. (φȢρρ). The Ὑ, ὅ and Ὑ terms do not result in light 

output, so the Ὓ  response of the OLED is consistently reproduced by Eq. (φȢψ). The high-pass 

response of the bias-tee may be included into the system by including the response given in Eq. 

(φȢρς), with Ὑὅ chosen to provide a 100 kHz cut-off, corresponding to the high-pass response 

of bias-tee. The combined response of the OLED [Eq. (φȢψ)] with the low-pass filter [Eq. (φȢρς)] 

may be found in Fig. 6.6. 

Ὃ‫
Ὦ‫Ὑὅ

ρ Ὦ‫Ὑὅ
 φȢρς 

 

Fig. 6.6: Fitting between the small signal model (dashed lines) and S21 measurements (solid lines) for the 

0.12 mm2 OLED at different bias currents. 
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It can be seen from Fig. 6.6 that at high currents, the model shows good fitting to the 

measurements across all frequencies; the values of the parameters used for this fitting may be 

found in Table 6-1. For low bias currents, the fit is very good at low frequencies, but deviates 

at higher frequencies. The shape of the deviation suggests that the value for Ὑ  reduces at higher 

frequencies, perhaps suggesting Ὑ  takes the alternate form given in Fig. 6.7. However, as the 

effective value Ὑ  provides a sufficient small signal response, the exact equivalent parameters 

for Ὑ , Ὑ  and ὅ  have not been calculated. 

 

Fig. 6.7: Small signal equivalent circuit model for Ro to account for high-frequency behaviour at low bias 

currents. 

Fig. 6.8 shows the variation of Ὑ  and ὅwith bias and frequency for the 1.1 mm2 OLEDs. For 

these calculations, Ὑ is set to 6 ɋ. It is observed that these parameters show the same shape 

response as the 0.12 mm2 OLEDs, with similar trapping characteristics. Notably, a variation in 

ὅ at 1 mA is measured relative to the other bias currents, which may help explain the relatively 

poor fitting of the Ὓ  in Fig. 6.10(a) compared to the other devices and other bias currents. 
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Fig. 6.8: Variation in (a)  Rp and (b) Cp with frequency and bias current for the 1.1 mm2 OLEDs on silicon. 

 

Fig. 6.9: Variation in (a)  Rp and (b) Cp with frequency and bias current for the 9 mm2 OLEDs on silicon. 

Similar calculations are undertaken for the 9 mm2 OLEDs and are presented in Fig. 6.9, and 

show similar shape response to the smaller area devices. A value of 3.1 ɋ is used for Ὑ to 

calculate Ὑ  and ὅ. 

The high frequency measurements for ὅ may be used to model the Ὓ  response of the OLEDs. 

These results are presented in Fig. 6.10 for the 1.1 mm2 and 9 mm2 OLEDs, with the fitting 

values for Ὑ and ὅ found in Table 6-1.  

(b) (a) 

(b) 

 

(a) 
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Fig. 6.10: |S21| measurements (solid lines) and model (dashed lines) for (a) the 1.1 mm2 and (b) the 9 mm2 

OLEDs on silicon substrates at different bias currents. 

The fitting between the model and the measurements is good at all biases and frequencies, with 

the exception of the measurements for the 1.1 mm2 at 1 mA, and at high frequencies, where the 

response is slightly under-estimated, in a similar fashion to the 0.12 mm2 OLED at 1 mA. 

(b) (a) 
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Table 6-1: Small signal parameters used to model the OLED |S21| response. 

 0.12 mm 2 OLED 

╘╓╒ [mA]  0.5  1  2  3  4 5 

╡▫ ɍɱɎ 201 131 102 87 77 70 

╒  [pF] 76.7 76.4 76.0 75.8 75.7 75.7 

 1.1 mm2 OLED 

╘╓╒ [mA]  1  3  5  8  10  15  20 25 30 

╡▫ ɍɱɎ 100 49 40 33 30 25 22 19 17 

╒  [nF] 0.65 0.65 0.64 0.64 0.64 0.64 0.65 0.65 0.66 

 9 mm2 OLED 

╘╓╒ [mA]  1 3 5 10 15 20 25 30 35 40 45 50 

╡▫ ɍɱɎ 68 43 34 23 18 15 13 12 11 9.9 9.1 8.7 

╒  [nF] 6.3 6.5 6.5 6.2 6.0 5.9 5.9 5.9 5.8 5.9 5.9 5.9 

For each of the devices on silicon, the value of ὅ extracted from the measurements appears to 

scale very nicely. Equating ὅ to a geometric capacitance , and assuming a very approximate 

constant overall relative permittivity of 3, as is standard for organic devices, it is possible to 

calculate an estimated value for Ὠ as per Eq. (φȢρσ).  

Ὠ
‐ὃ

ὅ
φȢρσ 
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Table 6-2: Capacitance calculations for the devices on silicon. 

  0.12 mm 2 1.1 mm2 9 mm2 

Silicon 

ὅ [nF]  0.076 0.65 5.9 

 [nF mm-2] 0.63 0.59 0.66 

Ὠ  [nm]  42 45 40 

 

The calculations presented in Table 6-2 suggest an equivalent parallel plate capacitor with plate 

separation of 40 nm in these devices4. As this device has a 20 nm EML and 10 nm EBL and 

HBL layers, this suggests that there may be charge accumulation at the Spiro-TTB/Ŭ-NPD and 

BPhen/BAlq interfaces creating this capacitance.  

6.2.2 Comparison of Devices with a 20 nm EML 

Similar calculations for the 20 nm EML devices on glass show unexpected results. Plots of ὅ 

and Ὑ  against frequency for the 0.12 mm2 are shown in Fig. 6.11. Surprisingly, the capacitance 

of the room temperature devices on glass is much higher than the equivalent capacitance 

measurement for devices on silicon. When these devices on glass are cooled, the capacitance is 

less than that of the devices on silicon. 

                                                 

4 Of course, the total capacitance for capacitors in series are limited by the smallest capacitance, so this does not 

preclude a higher capacitance existing in the OLED stack. Thereôs also the potential effect of charge accumulation 

at multiple interfaces, so this calculation is not necessarily so straightforward, especially for semiconductors, 

where ὅ Ὅά , where ὣ‫  is the admittance. However, these results are corroborated by simulation in 

§6.3. Moreover, for fitting to the S21, this would imply a higher R than is calculated to exist in the device from the 

S11 measurements. 
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Fig. 6.11: Variation of (a) Rp and (b) Cp with frequency and bias current for the 0.12 mm2 OLEDs on 

silicon compared to glass and on a heat sink set to 16°C. 

The equivalent Ὓ  model for these OLEDs suggests that the bandwidth of the devices on 

silicon is higher relative to the devices on glass due to the higher capacitance of the glass 

devices. Table 6-3 provides the equivalent Ὑ and ὅ parameters of these measurements, and 

Fig. 6.12 shows the fitting of these parameters to the measured ȿὛ ȿ values. The capacitance 

of 156 nF corresponds to a Ὠ  of just 20 nm, which would correspond to the thickness of 

the EML. It may be that the higher temperatures in the device on glass mean that carriers can 

thermionically hop the energy barriers and accumulate at the edge of the EML, which increases 

the device capacitance accordingly. Furthermore, the reduction of the small signal Ὑ  on glass 

relative to the devices on silicon would also be consistent with a thermally enhanced mobility. 

However, despite the higher mobility of the devices on glass, the overall small signal bandwidth 

of these devices is reduced due to the high device capacitance. 

  

(b) (a) 
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Table 6-3: Ro and C1 parameters for the 0.12 mm2 OLEDs with a 20 nm EML. 

0.12 mm 2 OLED 

╘╓╒ [mA]  0.5 1 2 3 4 5 
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╡▫ ɍɱɎ 201 131 102 87 77 70 

╒  [pF] 76.7 76.4 76.0 75.8 75.7 75.7 
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╡▫ ɍɱɎ 100 81 67 60 51 47 

╒  [pF] 158 159 163 159 160 157 
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╡▫ ɍɱɎ 543 332 270 298 307 257 

╒  [pF] 41.7 60.2 59.9 53.7 49.0 48.4 

 

Fig. 6.12: |S21| measurements (solid lines) and |S21| modelling fit (dashed lines) for the 0.12 mm2 OLEDs on 

(a) glass substrates and (b) glass substrates cooled to 16°C. 

In contrast to the relatively consistent values found for ὅ  for the room temperature 

measurements, it is seen from Table 6-3 that the device small signal capacitance shows much 

(b) (a) 
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higher variance when the devices on glass are cooled to 16°C. It is observed that the Ὓ  and 

Ὓ  measurements for the cooled devices are much noisier than the uncooled devices. It is 

possible that the balance between heat extraction from the heat sink and generation from the 

device self-heating is causing this erratic behaviour in the system. Under the assumption that 

these capacitance measurements accurately reflect the device behaviour under cooling, these 

capacitance values correspond to values of Ὠ  between 53­66 nm. A potential reason for 

these larger values of Ὠ may be that there is additional charge accumulation in between different 

layers, as the carriers cannot thermally hop between layers as easily, creating a more complex 

net capacitance at cooler temperatures. It may also be that carriers cannot be thermally injected 

from one of the contacts as easily and the assumption of two quasi-ohmic contacts no longer 

holds. If, for example, the anode (as it is closer to the heat sink) is injecting fewer holes, and 

the current is not charge balanced, there would be a greater proportion of electrons than holes 

and there would be less luminescent power output (similar to the devices without Spiro-TTB). 

With a lesser proportion of the current going to luminescent recombination, this would present 

as a higher value of Ὑ  (in addition to the lower mobility) and lower luminescent power output 

even at high bias currents. This is consistent with observations, where there was a reduction in 

|S21| power between uncooled and cooled devices at the same current bias.  

 

Fig. 6.13: Variation of (a) Rp and (b) Cp with frequency and bias current for the 1.1 mm2 OLEDs on silicon 

compared to glass and on glass with heat sink set to 16°C. 

(b) (a) 
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Fig. 6.13 shows the Ὑ and ὅ measurements for the 1.1 mm2 OLEDs. Very little difference is 

seen between the Ὑ  measurements at 16°C and uncooled, although there is a slight reduction 

in ὅ between the uncooled and 16°C devices. Relative to the devices on silicon, the uncooled 

devices on glass show a higher ὅ and a lower Ὑ . This may be related to higher thermally-

generated mobilities in the devices on glass.  

Table 6-4: Ro and C1 parameters for the 1.1 mm2 OLEDs with a 20 nm EML. 

1.1 mm2 OLED 

╘╓╒ [mA]  1 3 5 8 10 15 20 25 
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╡▫ ɍɱɎ 171 122 120 109 178 45 52  

╒  [nF] 0.65 0.62 0.61 0.53 0.29 0.83 0.62  
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Fig. 6.14: |S21| measurements (solid lines) and |S21| modelling fit (dashed lines) for the 1.1 mm2 OLEDs on 

(a) glass substrates and (b) glass substrates cooled to 16°C. 

We can see from Table 6-4 that the ὅ fitting parameters for the OLEDs cooled to 16°C have a 

much higher variance than those uncooled. The cooled devices also show a higher small signal 

Ὑ , related to the lower mobility of the cooled devices. Contrary to expectation, Ὑ  for the 

OLEDs on silicon is lower than on glass. An explanation for this is that Ὑ  represents only the 

fraction of the measured value Ὑ  that contributes to light emission. Since Ὑ  is higher on 

silicon than on glass, this perhaps suggests that the proportion of Ὑ  that contributes to light 

emission is higher in the devices on glass than the devices on silicon. This would infer that the 

devices on glass have better luminescent efficiency than the devices on silicon, which would 

be consistent with the improved carrier transport and Langevin recombination in the hotter 

devices. It is also noted again that the relatively poorer bandwidth performance of the OLEDs 

on glass compared to silicon is likely due to their higher small signal capacitance values. 

Fig. 6.15, below, presents the Ὑ  and ὅ measurements of the devices with an area of 9 mm2. 

It can be seen that Ὑ  does not significantly change between devices on glass and on silicon, 

and cooling only has a significant effect upon the value of Ὑ  at low biases. ὅ is also consistent 

at different bias currents for the uncooled devices on glass and on silicon. However, once again 

the cooled devices show a greater variation in ὅ (and ὅ) than the uncooled devices. It is also 

of note that the capacitance for the cooled devices is lower than for the uncooled devices, despite 

the large variance in measurement values, perhaps because fewer charges can hop the energetic 

(b) (a) 
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barriers between layers at lower temperatures and therefore have a greater separation distance 

Ὠ. 

 

Fig. 6.15 Variation of (a) Rp and (b) Cp with frequency and bias current for the 9 mm2 OLEDs on silicon 

compared to glass and on a heat sink set to 16°C. 

(b) (a) 



Analysis and Optimisation of an Organic Optical Link 

162  Priyanka Ekkanath de Souza ï September 2018 

Table 6-5: Ro and C1 parameters for the 9 mm2 OLEDs with a 20 nm EML. 

9 mm2 OLED 

╘╓╒ [mA]  1 5 10 15 20 25 30 35 40 45 50 
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╒  [nF] 6.3 6.5 6.2 6.0 5.9 5.9 5.9 5.8 5.9 5.9 5.9 
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╡▫ ɍɱɎ 130 50 37 30 32 24 22 21 18 14 15 

╒  [nF] 4.6 4.6 4.9 4.1 3.5 3.8 3.5 3.5 3.9 4.2 3.8 

Extraction of the small signal circuit fitting model parameters presented in Table 6-5 show that 

there is relatively small difference between the Ὑ  values for the devices on silicon or on glass. 

However, under cooling, the values for Ὑ  increase significantly, again likely due to a reduction 

in thermally assisted mobility. The fitting of this model to the ȿὛ ȿ measurements is found in 

Fig. 6.16. The large measurement noise for the devices biased to 1 mA is due to the low output 

signal power at such low bias potentials; the signal to noise ratio is poorer. 



Chapter 6: High-Speed Modelling & Optimisation 

  Priyanka Ekkanath de Souza ï September 2018   163 

 

Fig. 6.16: |S21| measurements (solid lines) and |S21| modelling fit (dashed lines) for the 9 mm2 OLEDs on 

(a) glass substrates and (b) glass substrates cooled to 16°C. 

It may be noted that for all devices of all areas with a 20 nm EML, that the values for ὅ are 

highest in the devices on glass, followed by the devices on silicon, and finally the cooled devices 

on glass.  

6.2.3 Comparison of Devices with Varying Thickness 

The same modelling techniques have been used to extract the Ὑ  and ὅ values for the OLEDs 

with 30 nm EMLs. The following subsection presents the results of this analysis, and compares 

the full stack devices with a 30 nm EML to the devices manufactured without a BAlq layer and 

manufactured without an EML. The results for the devices with a 20 nm EML on glass are 

included for completeness and are presented in Fig. 6.17. All of these devices are on the same 

glass substrates.  

(b) (a) 
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Fig. 6.17: Variation of (a) Rp and (b) Cp with frequency and bias current for 0.12 mm2 OLEDs. 

The measured Ὑ  values for the devices with the 30 nm EML are higher than the other devices 

measured; this would be expected, as this device is thicker than the others measured. It is also 

seen that the ὅ values for the devices with no EML, without BAlq and with a 30 nm EML are 

all similar, whereas the ὅ for the OLEDs with a 20 nm EML are significantly higher. As 

previously suggested, this is possibly due to charge accumulation either side of the EML. 

However, in the devices without a BAlq layer and without an EML, these same interfaces do 

not exist and the same charge accumulation cannot occur. The device with the 30 nm EML has 

a lower measured capacitance than would be expected if charges were accumulating either side 

of the EML. This may be due to the higher doping level in this device, which creates more sites 

for charges to hop from the Ŭ-NPD and BAlq layers into the EML layers, reducing the 

interfacial barrier to injection into the EML. This would thereby move the charge accumulation 

layers to closer to the contact layers and further reduce the device capacitance.  

Fitting of the Ὓ  response to Ὑ  and ὅ parameters provides responses as seen in Fig. 6.18. The 

Ὑ  and ὅ parameters used can be found in Table 6-6. A reasonably good fit is found for the 

devices with the 30 nm EML and without the BAlq layer. The RC time constants provided for 

the devices with the 30 nm EML also provide good consistency with the time constants 

measured in the large signal measurements in Chapter 5. It can be seen that the difference in 

capacitance between the OLEDs without BAlq and the full-stack OLEDs is not significant, but 

that it is the difference between the values of Ὑ  for these devices that causes the signficant 

(a) 

 

(b) 
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performance difference. This is likely related to the MADN:BPhen interface affecting charge 

transport relative to the full stack devices.  

 

Fig. 6.18: |S21| measurements and modelling fit for the 0.12 mm2 OLEDs on glass (a) with a 30 nm EML, 

(b) without the BAlq layer and (c) without an EML. 

The influence of electric field also affects the value of Ὑ . At ~4.9 V, Ὑ  for the full stack 

OLEDs is 190 ɋ, and for the OLEDs without BAlq, Ὑ  is 148 ɋ, although the bias currents for 

each are 0.5 mA and 2 mA respectively. This is likely due to the field-dependence of the 

mobility (Eqs. φȢρτ & φȢρυ) and the mobility-dependence of Langevin recombination. 

‘╔ ‘Ὡὼὴ‎ȿ╔ȿ φȢρτ 
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‐‐
ὲὴ ὲ φȢρυ 

In comparison, the fit of the devices without the EML to the model is relatively poor, with a 

significant change in shape of the response. The Ὑ  and ὅ  measurements for the OLEDs 

without an EML are similar to the measurements for the devices without the BAlq layer, thus 

it would be reasonable to expect a similar Ὓ  response. However, it is suggested that the slow 

response of these devices without the EML is limited by the slow excitonic response of the 

OLED, and not necessarily by the electrical properties measured in the Ὓ  modelling. It has 

been suggested in the literature that a BAlq:NPB charge-transfer exciton has a lifetime of  40 

ns [210]. From these results, and from the results in Fig. 5.19, it would suggest that the charge-

transfer exciton in these devices may have a lifetime even higher than this. The relative-stability 

(a) (b) (c) 
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of this exciton would mean that it is not the RC-response that limits the bandwidth of this 

device, but the exciton lifetime. This would explain the relatively poor fit of the model used 

here. It is of note that the equivalent values of Ὑ  at bias currents of Ó2 mA are higher than 

values measured for Ὑ  at any frequency, further suggesting that Ὑ  is a non-physical 

parameter in this instance and that this model is inappropriate for the OLEDs without an EML. 

Although the fit is poor, the parameters for the device without the EML are included in Table 

6-6 for completeness. 
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Table 6-6: Ro and C1 fitting parameters for the S21 response of the 0.12 mm2 OLEDs.  

0.12 mm 2 OLED 
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L ╡▫ ɍɱɎ 746 638 523 437 388 356 

╒  [pF] 59.4 59.5 59.8 60.0 60.2 60.4 

 

It has been shown in Chapter 4 that thermal effects are significant for devices on glass, as they 

cause operating behaviour to not scale with area in a simple fashion (unlike the devices on 

silicon). As the previous results pertaining to the 0.12 mm2 are not then directly scalable to the 

larger devices, the same modelling techniques have been undertaken for the 1.1 mm2 and for 

the 9 mm2 OLEDs. 

Measurements of the ὅ values in Fig. 6.19 suggest that, as the capacitance of the OLEDs with 

the 30 nm EML is lowest, these would have the highest bandwidth, followed by the OLEDs 

without the BAlq layer, then the OLEDs with the 20 nm EML; this is indeed the case. Although 

the OLEDs without the EML have a similar capacitance to the OLEDs without the BAlq layer, 

these devices are excluded from this comparison for the excitonic reasons previously 

mentioned, as it is clear that the exciton recombination time limits the overall device bandwidth. 
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Equivalent Ὓ  modelling is presented in Fig. 6.20 , with the model parameters presented in 

Table 6-7. 

 

Fig. 6.19: Variation of (a) Rp and (b) Cp with frequency and bias current for the 1.1 mm2 OLEDs on glass. 

 

Fig. 6.20: |S21| measurements and modelling fit for the 1.1 mm2 OLEDs on glass (a) with a 30 nm EML, (b) 

without the BAlq layer and (c) without an EML. 

(a) 

 

(b) 

 

(a) (b) (c) 
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Table 6-7: Ro and C1 parameters used for fitting to the S21 model for the 1.1 mm2 OLEDs. 

1.1 mm2 OLED 
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╡▫ ɍɱɎ 145 85 63 47 41 30 25 20 

╒  [nF] 0.52 0.51 0.51 0.51 0.51 0.51 0.51 0.51 
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ss
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L ╡▫ ɍɱɎ 219 147 124 110 100 85 77 70 

╒  [nF] 0.50 0.50 0.50 0.50 0.49 0.49 0.48 0.47 

 

Fig. 6.21: Measurements of (a) Rp and (b) Cp against frequency at different bias currents for the 9 mm2 

OLEDs on glass. 

(a) (b) 
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Fig. 6.21 presents the Ὑ  and ὅ measurements for the 9 mm2 OLEDs. Once again, the OLEDs 

with the 20 nm EML have the highest values for ὅ. 

 

Fig. 6.22: |S21| measurements and modelling fit for the 9 mm2 OLEDs on glass (a) with a 30 nm EML, (b) 

without the BAlq layer and (c) without an EML. 

Fig. 6.22 shows the fit between the Ὓ  parameters found in Table 6-8 and the Ὓ  

measurements. The relative improvement of the fit of the devices without an EML to the Ὓ  

model fitting may be because the electrical RC time constant starts to be of the same order of 

magnitude as the exciton lifetime, and thus the exciton lifetime is no longer the only factor 

limit ing the bandwidth of these devices. 

(b) (c) (a) 
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Table 6-8: Ro and C1 parameters used for fitting to the S21 model for the 9 mm2 OLEDs. 

9 mm2 OLED 
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╡▫ ɍɱɎ 84 41 28 21 18 16 14 12 10 9.5  

╒  [nF] 5.2 5.1 5.0 5.0 5.0 4.9 4.9 4.9 4.9 4.9  
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L ╡▫ ɍɱɎ 83 46 35 30 25 22 20 20 18 17 16 

╒  [nF] 5.4 5.4 5.4 5.3 5.3 5.3 5.3 5.3 5.4 5.4 5.4 

 

The modelling in this section has shown that the bandwidth of the full stack OLEDs is limited 

by the device capacitance (as opposed to excitonic lifetimes), and may be well predicted by an 

RC time constant. The measured capacitances are relatively constant with bias, with small 

signal resistances reducing as bias increases. The OLEDs with the 30 nm EML have the highest 

bandwidths as they have the lowest capacitances, and are significantly faster than the devices 

with a 20 nm EML. Measurements of the 20 nm EML OLEDs on silicon substrates show that 

their capacitance suggests that due to the low mobility of the materials and hopping nature of 

the transport and energetic barriers at interfaces, there is a crowding of charge at the Spiro-

TTB/Ŭ-NPD and BPhen/BAlq interfaces, such that improvement of charge injection at these 

interfaces and reduction of associated capacitance may improve overall device bandwidth. 
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6.3 Physical Modelling 

The Silvaco simulation introduced in Chapter 4 is extended to produce small signal RC 

parameters for the OLEDs at different bias points. The simulation applies a DC bias to the 

OLED, and then performs a sinusoidal steady state analysis by linearisation of Poissonôs 

equation and the carrier continuity equations around the DC operating point, based upon the 

works of Laux [243]. The output of this is the admittance matrix of the overall device, from 

which the small signal resistance and capacitance values may be found. This simulation method 

is directly analogous to the small signal measurements taken by the VNA presented in Chapter 

5, and so may be used to analyse the internal workings of the OLED. For computational 

efficacy, the effect of temperature has not been included. 

6.3.1 Simulation Results 

 

Fig. 6.23: Output (a) resistance and (b) capacitance values against frequency for the simulation of the 9 

mm2 OLEDs with a 20 nm EML. 

Fig. 6.23 shows the output resistance and capacitance values for the simulation of a 9 mm2 

OLED with a 20 nm EML. Broadly similar trends to the direct R and C values obtained from 

the admittance of the S11 measurements, are shown, as can be seen from Fig. 6.24 

(measurements do not subtract the series resistance Ὑ  parameter for measurement 

equivalency). The reduction in R with frequency is due to the influence of Ὑ in both the 

simulation and the measurements. Of note is that the low frequency small signal resistance is 

(a) 

 

(b) 
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much higher for the measurements than the simulation. This suggests a higher concentration of 

trap states in the measured devices than implemented in the simulation. 

 

Fig. 6.24: (a) Resistance and (b) capacitance values obtained through measurement of the S11 parameters 

of the 20 nm EML 9 mm2 OLEDs on silicon. 

Similar trends are observed for the 0.12 mm2, with a reduction in R with frequency due to the 

effect of the contact resistance Ὑ. The capacitance simulation does not show the same low-

frequency response as measurements, likely due to the influence of the bias-tee (at <100kHz) 

and due to the frequency response of traps, which is not included in the simulation. The 

measured reduction in C with frequency is due to the effect of Ὑ (c.f. Ὑȟὅ in Fig. 6.15), and 

has also been observed in the literature [244]. 

(a) (b) 
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Fig. 6.25: Output (a) resistance and (b) capacitance values against frequency for the simulation of the 0.12 

mm2 OLEDs with a 20 nm EML. 

 

Fig. 6.26: (a) Resistance and (b) capacitance values obtained through measurement of the S11 parameters 

for the 20 nm EML 0.12 mm2 OLEDs on silicon. 

The final capacitance values for the simulation and measurement are in good agreement. In 

contrast to the 9 mm2 OLEDs, the measured low-frequency resistance values for the 0.12 mm2 

are lower than the simulated values. 

Taking the small signal simulation values for R and C, it is possible to build a fitting model to 

the S21 parameters, in the same fashion as §6.2.1. It is found that taking the constant simulation 

(a) (b) 

(a) (b) 
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high-frequency capacitance (ὅ  and a fixed proportion of the simulation low-frequency 

resistance (‌Ὑ‫ πḳ‌Ὑ  across all bias currents for a given device size provides a very 

good fit to the measured S21. This proportion ‌Ὑ represents a luminescent proportion of the 

total resistance. 

Ὄ‫ ᶿ
Ὅ

Ὅ

ρ

ρ Ὦ‫ὅ‌Ὑ
 φȢρφ 

This is in contrast to the Ὑὅ fitting in §6.2.1, where Ὑ  is not found to have any constant 

correlation to low frequency values of Ὑ  or Ὑ (the equivalent resistance without the 

subtraction of Ὑ). This would suggest that the series resistance Ὑ, the bias tee and the trap 

states act to obscure the true value of the resistance values obtained by Ὓ  measurements, 

which can conversely be predicted in simulation.  

 

Fig. 6.27: Measurement (solid) and dashed (simulation) |S21| fit for the 0.12 mm2 OLEDs. 

It can be seen that for the low current measurements, the fit shows the same deviation at high 

frequencies as is seen from the fitting methodology in §6.2.1. By allowing the simulated Ὑ to 

vary with frequency, this low-bias fitting can be improved, as in Fig. 6.28. 
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Fig. 6.28: Low bias fitting of the |S21| to 0.12 mm2 OLEDs with a 20 nm EML on silicon substrates. 

 The fit of the 3 dB frequency calculated from the constant ‌ version of the S21 against measured 

3 dB values may be seen in Fig. 6.29, below. The ‌ used is constant for each bias current but 

varies between OLED sizes.  

 

Fig. 6.29: 3 dB bandwidth calculations from simulation and by measurement at different bias currents for 

the 20 nm EML OLEDs at (a) 0.12 mm2, (b) 1.1 mm2 and (c) 9 mm2 on silicon substrates. 

(b) (c) (a) 
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Furthermore, a reasonable fit is found by varying the fitting parameter ‌ for different devices. 

Fig. 6.30 presents these results for 20 nm EML OLEDs on glass, and Fig. 6.31 presents the 

same fitting for the simulation run with a 30 nm EML. 

 

Fig. 6.30: 3 dB bandwidth calculations from simulation and by measurement at different bias currents for 

the 20 nm EML OLEDs at (a) 0.12 mm2, (b) 1.1 mm2 and (c) 9 mm2 on glass substrates. 

 

Fig. 6.31: 3 dB bandwidth calculations from simulation and by measurement at different bias currents for 

the 30 nm EML OLEDs at (a) 0.12 mm2, (b) 1.1 mm2 and (c) 9 mm2 on glass substrates. 

(b) (c) (a) 

(b) (c) (a) 
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Fig. 6.32: 3 dB bandwidth calculations from simulation and by measurement at different bias currents for 

the 30 nm EML OLEDs without a BAlq layer at (a) 0.12 mm2, (b) 1.1 mm2 and (c) 9 mm2 on glass 

substrates. 

Fig. 6.32 shows the fit between simulation and measurement for the devices without a BAlq 

layer. In each device dimension, the simulation underestimates the bandwidth at high bias and 

overestimates at low-bias. This suggest that one of the layers may have an underestimated field-

enhanced mobility factor. With better characterisation of the material mobilities at the 

thicknesses used in these devices, it may be possible to refine this model. 

6.3.2 Trends  

An advantage of simulation techniques is that modelling may be used to forecast behaviour and 

trends. While work remains to consistently characterise a rapidly growing library of organic 

semiconductor materials, with reasonable understanding of the significant parameters, it is 

possible to analyse device structure and behaviour in the context of optimisation. By applying 

the same methodology as detailed in §6.3, it is possible to forecast device performance with 

variation of parameters. All of the following trends are forecast using a 0.12 mm2 OLED 

simulation, and make the assumption that a constant value of ‌ can be used to plot trends. This 

is a significant assumption, as ‌ correlates the luminescent recombination to the total output 

resistance and may vary with different device geometries. 

Nevertheless, this approximation may be considered valid to calculate rough estimates of 

bandwidth performance as the device conductance (and therefore resistance) also depends upon 

(b) (c) (a) 
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these same parameters of mobility and carrier concentration. Aside from the parameter that is 

varied, the OLEDs simulated have a structure as introduced in Fig. 4.1, and doping 

concentrations are maintained. 

 

Fig. 6.33: Predicted 3 dB bandwidths for varying thicknesses of Spiro-TTB. 

Fig. 6.33 shows the predicted 3 dB bandwidths as the thickness of the doped Spiro-TTB layer 

is changed. It appears that bandwidth is likely improved with increasing thickness of the Spiro-

TTB layer, possibly because both capacitance and mobility improves with layer thickness.  

 

Fig. 6.34: Predicted 3 dB bandwidths for varying thicknesses of Ŭ-NPD. 
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It appears from Fig. 6.34 that electrical bandwidth is only slightly modified by changing the 

thickness of the Ŭ-NPD layer. 

 

Fig. 6.35: Predicted 3 dB bandwidths for varying thicknesses of the EML. 

Simulation predicts that the thickness of the EML can be further increased in order to improve 

OLED bandwidth (Fig. 6.35); this trend is in agreement with the observed increase in S21 

bandwidth between the OLEDs with the 20 nm EML and the 30 nm EML. Of course, this is 

predicated upon a constant value of ‌, which may not be the case, and further validation is 

required to confirm the correlation of ‌ to the total resistance. Ideally, this would involve 

verifying a relationship with the hypothesised Langevin resistance. 

‌Ὑ ᶿὙ
Ὁ

ὃήὙ
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Fig. 6.36: Predicted 3 dB bandwidths for varying thicknesses of BAlq. 

In contrast to the hole injecting and transporting layers, the simulation model suggests that 

increasing the BAlq thickness may in fact very slightly worsen OLED bandwidths (Fig. 6.36), 

although the overall change is very small. Furthermore, it suggests that OLED bandwidths may 

be improved by reducing the thickness of the BPhen layer below 15 nm (or increasing it beyond 

40 nm), as seen in Fig. 6.37.  

 

Fig. 6.37: Predicted 3 dB bandwidths for varying thicknesses of BPhen. 

Overall, the simulation model suggests that there may be an improvement in bandwidth by 

reducing the thickness of the BPhen layers and by increasing the thicknesses of the EML, Ŭ-

NPD and Spiro-TTB layers. This analysis, of course, assumes that Ŭ is constant for each of 
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these devices, that the recombination zone remains within the EML and is not limited by 

excitonic effects. It is also assumed that any changes in luminescent output power do not limit 

the overall bandwidth of the optical link and that these devices are manufactured on a thermally 

conductive substrate such that the devices are more predictable and thermal effects are less 

significant. However, as measurements in §6.2.1 suggest that capacitance limits the small signal 

bandwidth of these devices, it is anticipated that these adjustments may improve the capacitance 

of the OLED and hence improve the bandwidth performance of these devices. It is also expected 

that with improved knowledge of the device mobilities, HOMO-LUMO levels and analytic 

determination of Ŭ and verification of its proposed relationship between the total device 

resistance and luminescent resistance that this holistic model can be expanded and improved 

upon in the future. 

6.4 Conclusions 

This chapter has introduced a novel method of analysing the small signal modelling of the 

OLEDs under study. Measurements of the S11 parameters have been used to form a small signal 

equivalent circuit model of the OLED, and have been further used to inform a model that 

predicts the S21 output of the optical link. It is found that this S21 response fits an RC response, 

and that the optical frequency response of the OLEDs may be modelled as RC-limited according 

to this model. The high-frequency capacitance measured using the S11 response is seen to be 

constant at different bias currents, with the low-frequency response of the OLED attributed to 

trapping effects. The small signal resistance value for the OLED is found to vary with frequency 

and with bias, with the high-frequency decay of the resistance attributed to trapping effects. 

Choosing a portion of the small signal low-frequency resistance in parallel with the capacitance 

fits the S21 response measurements; this fraction may be considered to be analogous to a 

luminescent portion of the total device resistance. These measurements are taken for a variety 

of devices in different sizes and configurations. It is believed that this type of analysis is novel 

to the field of organic LEDs and has not previously been conducted. 

It is found that the small signal capacitance and resistance vary with temperature, likely due to 

the thermally-activated mobility of the carriers. Without this thermal energy, the mobility of 

the OLEDs is reduced, thereby increasing the small signal resistance. In addition, the 

capacitance is found to decrease under cooling, likely because there is less accumulation of 

carriers at interfaces when they do not have the thermal energy to overcome energetic barriers 
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at the boundaries between layers. It is found that devices on silicon display behaviour that scales 

well, but the thermal response of the OLEDs means that the behaviour on glass is much more 

unpredictable. This thermal response also means that the devices on glass exhibit different small 

signal parameters to the same OLEDs on silicon. 

Limitations of the OLED S21 model are seen in the devices without an EML. The fit of the 

response is seen to be poor, as these devices are excitonically limited, and not electrically 

limited. The S11 parameters for these OLEDs are similar to other measured devices, but the S21 

response is significantly different, and fit of an RC model required non-physical values of 

resistance much higher than that measured through the S11 parametrisation. It is only for the 

largest 9 mm2 OLEDs that the small signal model starts to fit the S21 response, and this is 

because at this device area, the RC time constant is of a similar scale to the excitonic charge 

transfer time limitation.  

The physical simulation of the OLEDs introduced in Chapter 4 has also been extended in this 

chapter to provide equivalent small signal RC parameters. These parameters were used in the 

same RC-limited S21 model as derived from the S11 measurements. It was observed in this model 

that use of a constant proportion Ŭ of the low-frequency R parameter demonstrated good fitting 

to the S21 measurements across all bias currents. This is in contrast to the model derived from 

the S11 measurements, where the emissive portion of the resistance, Ro was found to have no 

constant relation to the Rp parameter. It is hypothesised that this proportionality Ŭ relates the 

Langevin recombination to the OLED small signal resistance and is obscured in measurements 

due to the bias-tee, the effect of the contact resistance Rs on S11 measurements and the carrier 

trapping effects. 

From this, assuming a constant value of Ŭ for the 0.12 mm2 OLEDs, some trends are forecast 

for device optimisation. It is suggested that thicker Spiro-TTB, Ŭ-NPD and EML layers can act 

to increase the device bandwidth, whereas a thinner BAlq and BPhen layer may act to improve 

the overall RC-limited bandwidth. As knowledge of organic semiconductor parameters 

improves with time, this model can then be enhanced in order to better predict and optimise 

OLED design for communications applications.  
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7 LINK DEMONSTRATION 

This chapter presents the results of transmitting data using both OLEDs on silicon and on glass. 

It is found that the self-heating of the OLEDs on glass makes it difficult to achieve a stable 

operating point, and thus limits the bias current. Furthermore, the heating of the devices 

introduces additional noise, which means that the OLEDs on glass can be biased to a current at 

which they demonstrate only 11 MHz bandwidth and only achieve reliable error-free data 

transmission of 30 Mbps using simple on-off keying (OOK), whereas the OLEDs on silicon 

can be biased to a much higher operating point, and show less noise in the output signal. These 

OLEDs on silicon with a bandwidth of less than 35 MHz are able to achieve record 130 Mbps 

unequalised data transmission below the hard decision forward error correction coding limit  

using simple OOK. However, it is likely that much higher speeds will be achievable through 

device optimisation and the use of advanced modulation formats and modern equalisation 

techniques.  

7.1 Introduction  

Having characterised and modelled the OLEDs in Chapters 4-6, it has been shown that the full-

stack OLEDs demonstrate RC-limited emissive bandwidths that depend predominantly upon 

their electrical characteristics, as well as their substrate performance. It now remains to 

demonstrate the efficacy of such devices in transmitting data in an optical link.  

Current commercially available optical links frequently use externally-coupled inorganic 

LEDs, lasers and photodiodes, which increases the cost of the overall optical system. However, 
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organic optical links offer many advantages over their inorganic counterparts; in particular, the 

low material cost of organic materials, combined with the potential to manufacture integrated 

organic components directly upon polymer waveguides or polymer optical fibre suggests such 

components have application in low-cost integrated optical links, such as in cars, optical 

backplanes in consumer electronics, or systems requiring low-cost electrical isolation. MOST 

(Media Oriented Systems Transport) is the current optical standard for data transmission within 

cars, with the current generation (MOST150) operating at 150 Mbps through both electrical and 

POF links [245]. There is clearly demand for data transmission at the ~Mbps data rate, and the 

rise of Internet of Things is only set to increase this demand.  

Existing end-to-end organic optical links have been demonstrated using POF [84] and polymer 

waveguides [107], with transmitted data rates of 2.8 Mbps and 5 Mbps respectively. With 

regards to high-speed OLEDs themselves, the fastest previous published OLED modulation has 

been at a rate of 100 MHz with an area of only 0.01 mm2 [107]. This chapter presents the results 

of using the previously-characterised OLEDs in a POF optical link. 

7.2 Experimental Setup 

 

Fig. 7.1: Experimental schematic for the optical link. 

The optical link was formed of a 0.12 mm2 OLEDs on silicon butt-coupled to a 1 mm diameter 

plastic optical fibre (POF) patch cord which fed the optical signal to an 800 ɛm diameter 

avalanche photodiode (APD, First Sensor AD800-11) via a pair of aspheric optical lenses 

(Thorlabs). The OLED was biased to 6 mA using a Keithley 2400LV source meter and this DC 

signal was combined with a 0.8 Vpp PRBS15 output square pulse signal from an Anritsu 
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MP2101A BERTWave Bit Error Rate Tester (BERT) using a Mini Circuits 15542 Bias Tee. 

The output electrical signal from the APD was passed through another Mini Circuits 15542 

Bias Tee, amplified by 20 dB by a ZFL-1000LN+ low-noise amplifier, and then again amplified 

by 25 dB by an SHF B826 broadband amplifier, filtered by an SBLP-300+ 180 MHz low pass 

filter, and fed into an Agilent Infiniivision DSOX3034T Digital Storage Oscilloscope with a 

bandwidth of 350 MHz.  

Table 7-1: Bandwidth limitations of the equipment 

Equipment  Bandwidth  

BERT 12.5 Gbps5 

Bias-Tee 0.1-4200 MHz 

POF 200 MHz × 50 m 

APD 350 MHz 

Amplifier  1 0.1-1000 MHz 

Amplifier 2 70 kHz - 25 GHz 

Low-Pass Filter 180 MHz 

Oscilloscope 350 MHz 

As the test equipment has bandwidths much larger than the bandwidths of the OLEDs (by a 

factor of ~10), it may be assumed that the OLED is the limiting component in this data 

transmission experiment. 

As the BERT is not able to natively generate data rates below 125 Mbps, Matlab was used to 

generate a PRBS15 signal. This data was then óstretchedô by repeating each symbol a number 

of times, and uploaded into the BERT as a programmable pattern. By using this óstretchedô 

pattern and varying the nominal data rate, effective data rates lower than 125 Mbps were 

achieved. Unfortunately, as the symbols were  óstretchedô, the BERT was not able to 

synchronise the data stream to calculate the bit error rate directly, as the slow modulation of the 

OLED meant that the transition ósub-symbolsô of the overall óstretchedô symbol were detected 

                                                 

5 As quoted in the specification. 
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as errors. Therefore, the output data from the BERT and the output optical signal were fed into 

an oscilloscope for analysis.  

The samples obtained by the oscilloscope were fed into Matlab, where all further analysis was 

undertaken. The data-sequence was split into 2T-spaced eye patterns from which the following 

measurements were taken. 

The Q-factor was calculated according to the following equation [246]: 

ὗ
‘ ‘

„ „
χȢρ    

Where ‘ȟ refers to the mean amplitude of a bit ó1ô or a bit ó0ô and „ȟ refers to the standard 

deviation of the distribution of these received ó1ôs and ó0ôs. 

The Q-factor was then used to calculate the bit-error rate (BER) according to the following 

derivation. 

ὄὉὙὴὛ ὴὙȿὛ ὴὛ ὴὙȿὛ χȢς 

 ὴὛȟ  represents the probability that a 0 or a 1 was transmitted, ὴὙȿὛ  represents the 

probability that a 0 was received given that a 1 was transmitted. Assuming a Gaussian 

distribution for the noise, then ὴὙȿὛ  is the probability that the additive Gaussian noise has 

taken the symbol beyond its threshold. Integrating over the tail-states of the Gaussian:  
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ὺ  is the decision threshold for the symbol, „ is the noise variance and ὶ is the received value 

(a random variable).  

Assuming an equal probability of 1s and 0s, and the same Gaussian white noise this provides 

the following expression:  
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Due to the symmetry between the 1s and 0s, this evaluation of BER is equal to the statistical Q-

function: 
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Therefore, the total BER is given by the following equation, where Q is as defined in Eq. (χȢρ), 

and not the statistical Q-function. 
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7.3 Experimental Results 

 

Fig. 7.2: Received eye diagram at (a) 20 Mbps and (b) 30 Mbps for 0.12 mm2 OLEDs on glass. 

Although the OLEDs on glass exhibited higher small signal bandwidths than the equivalent 

devices on silicon, the thermal effects of the glass meant that once the pulse signal was added 

to the device, the DC operating point was limited to 0.7 mA (6.0 V), to maintain stability and 

avoid thermal drift during operation. At this low DC bias, the luminescent power is low and it 

is not possible to modulate the devices very fast. As a result, the OLEDs experienced significant 

distortion and noise, further amplified by the APDs and external amplifiers. Fig. 7.2(a) shows 

the open eye at 20 Mbps, and the effect of the noise can be seen. Even by 30 Mbps (Fig. 7.2(b)) 

the eye is already starting to close. Unusually, at 20 Mbps, the calculated BER is 4.5 × 10­4, 

whereas at 30 Mbps, it is 1.5 × 10-4. The relative reduction in BER is possibly due to the 

characteristics of the BERT, as at low-speeds the output voltage magnitude has significant 

variance which gets better as the data rate increases, as can be seen below in Fig. 7.3. 

(a) (b) 
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Fig. 7.3: Eye diagram formed from BERT output data stream at (a) 20 Mbps and (b) 30 Mbps. 

For the OLEDs on glass, by 40 Mbps (Fig. 7.4(a), below), the eye is closed, and at 80 Mbps 

(Fig. 7.4(b)) the shape of the eye is almost completely obscured. 

 

Fig. 7.4: Received eye diagram at (a) 40 Mbps and (b) 80 Mbps for 0.12 mm2 OLEDs on glass. 

Replacing the devices on glass with devices on silicon allows the DC bias of the OLED to be 

set much higher, and as a result, the eye diagrams of the glass devices (Fig. 7.2 & Fig. 7.4) is 

significantly improved in the following plots. 

(a) (b) 

(a) (b) 



Chapter 7: Link Demonstration 

  Priyanka Ekkanath de Souza ï September 2018   191 

 

Fig. 7.5: Received eye diagram at 80 Mbps for 0.12 mm2 OLEDs on silicon. 

However, the advantage of devices on silicon is that they are stable under DC operation, and 

display less noise. The 0.12 mm2 OLEDs with a 20 nm EML on silicon were able to transmit 

data with an open eye at up to 120 Mbps at a DC bias current of 6 mA (Fig. 7.5 and Fig. 7.6).  

 

Fig. 7.6: Received eye diagram at 120 Mbps for  0.12 mm2 OLEDs on silicon. 
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Fig. 7.7: Received eye diagram at 160 Mbps for  0.12 mm2 OLEDs on silicon. 

By 160 Mbps, although the eye is closed at this data rate, this eye can be opened with 

equalisation indicating that these OLEDs can achieve even higher than 160 Mbps. This is in 

contrast to the OLEDs on glass substrates, where at 80 Mbps the eye was completely obscured. 

The BER of these devices is calculated using the methodology detailed in §7.2, and the results 

of this are shown below.  

 

Fig. 7.8: BER against data rate for the 0.12 mm2 OLEDs on silicon. 
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It can be seen from Fig. 7.8 that the OLEDs on silicon can achieve 140 Mbps at a bit error rate 

of less than 4.6 × 10-3, which corresponds to the hard decision forward error correction limit at 

a 6.7% overhead [247]. This would mean a record net data rate of 130 Mbps for transmission 

using OLEDs. Although soft-decision forward error correction could enable even higher data 

rates, such detection is more complicated to implement and is therefore unlikely to be used in 

low-cost data links, where simplicity is paramount. 

It can be seen in the eye-diagrams that there is significant noise and jitter for all OLEDs, which 

is clearly limiting the overall data rate. Measurement of the rms jitter (Fig. 7.9) suggests that it 

is fairly consistent with data rate above around 40 Mbps, which is the point at which the output 

voltage from the BERT becomes more consistent (Fig. 7.10).  

 

Fig. 7.9: Measurement of the rms jitter with different data rates.  

It is suggested that the variance of the output voltage from the BERT may have a significant 

contribution towards the noisy reduction in the size of the open eye. With an improved input 

signal quality, it may be possible to get even better data rates. 
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Fig. 7.10: Eye diagram formed from BERT output data stream at (a) 10 Mbps and (b) 40 Mbps and (c) 

120 Mbps. 

Other methods of potentially increasing the data transmission rate include pulse shaping, use of 

advanced modulation formats, and equalisation. Use of artificial neural network equalisation 

techniques have resulted in factors of improvement of over 55 (20 Mbps from an OLED of 350 

kHz bandwidth) [87]. However, such advanced equalisation techniques come with power and 

computational penalty. Simpler and more common types of equalisers are the feed-forward 

(Fig. 7.11) and decision-feedback (Fig. 7.12) equalisers. As these OLEDs are significantly 

limited by inter-symbol interference (ISI), such equalisers can help to extract the original signal 

in systems such as this.  

(a) (b) (c) 
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Fig. 7.11: Schematic of a T-spaced N-tap feedforward equaliser. 

With feedforward equalisation (FFE), as shown in Fig. 7.11, the output of the equaliser is a 

weighted sum of previous symbols. Mathematically, this is expressed as: 

ώὲ  Ὧὼὲ Ὥ χȢψ 

Unfortunately, the weighted summing means that the FFE acts to enhance noise.  

 

Fig. 7.12: Schematic of a T-spaced M-tap decision feedback equaliser. 

However, the decision feedback equaliser (DFE), as shown in Fig. 7.12, does not act to 

introduce noise. It is based upon a weighted sum of previously-estimated outputs. 

Mathematically, this is: 
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ώὲ ὼ ὰώὲ Ὥ χȢω 

Indeed, by implementing a very simple 3-tap feedforward equaliser (FFE) using post-

processing in Matlab, it has been possible to open the previously-closed eye diagrams, as shown 

in Fig. 7.13 & Fig. 7.14.  

 

Fig. 7.13: (a) Pre-equalised eye diagram at 180 Mbps, (b) Post-equalisation using an offline 3-tap FFE 

equaliser. 

(a) 

 

(b) 
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Fig. 7.14: (a) Pre-equalised eye-diagram at 200 Mbps, (b) Post-equalisation using an offline 3-tap FFE 

equaliser. 

The equaliser is an adaptive 3-tap T-spaced FFE implemented using the least-mean-squares 

algorithm, due to its simplicity and stability over a DFE. As can be seen from Fig. 7.14, the 

equaliser is able to open the eye at 200 Mbps such that the slicer detects no errors in the 

transmitted symbols from the 1000 symbols passed through the equaliser. It is likely that with 

more complex equalisation techniques and algorithms that it will be possible to achieve much 

higher data rates with OLEDs, at the expense of system and computational complexity (which 

may not be desirable in a low-cost link). In any case, it is clear that the rate limit of data 

transmission with these OLEDs has not yet been reached, and many options exist to further 

optimise the speed of this optical link. 

7.4 Conclusions 

Although the 0.12 mm2 OLEDs with a 30 nm EML on glass substrates are measured as having 

a higher small signal bandwidth than the OLEDs on silicon, it is found that the bias currents 

required for these high bandwidths do not allow for stable large-signal operation in the presence 

of self-heating. As a result of the heating and the reduced input signal power, the received signal 

is very noisy, further reducing the equalisation-free data transmission rate. For application in 

an integrated low-cost optical link, thermal effects will need to be carefully considered, in 

particular as any polymer waveguides will likely have poor thermal properties, although this 

(a) (b) 
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may be mitigated by appropriate choice of substrates, with the polymer waveguide 

advantageously providing the necessary encapsulation.  

Nevertheless, the work in this chapter has demonstrated record non-equalised net data 

transmission at a very reasonable 130 Mbps (and equalised transmission at 200 Mbps) by the 

0.12 mm2 OLEDs on silicon along a short 1.5 m POF link. In context, the fastest previous 

reported OLED has been modulation at a rate of 100 MHz for an OLED with an area more than 

10 times smaller at 0.01 mm2 [107]. This is a promising result, as with further optimisation of 

the OLED devices, along with implementation of advanced modulation formats and 

equalisation techniques, it is likely that such OLEDs may in the future be able to achieve quite 

significant data rates. Reported improvements in the literature have shown an improvement by 

a factor of over 55 (20 Mbps from an OLED of 350 kHz bandwidth) by using such techniques 

[87]. Furthermore, integration of these OLEDs for on-board applications would involve much 

shorter distance transmission, and, in the case of ideal manufacture and encapsulation within a 

polymer waveguide, would capture more of the luminescent power than externally butt-coupled 

OLEDs. In any case, it is possible that the response times of an organic photodetector will prove 

a greater limiting factor than the OLED, and such an integration will prove an interesting 

challenge. 
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8 CONCLUSIONS & OUTLOOK 

8.1 Conclusions 

While OLEDs are a relatively mature technology for use in displays, the consideration of such 

devices for communications is a more recent development, and as such, there has been little 

work done in characterising the modulation performance of OLEDs. This thesis presents novel 

work to address this knowledge gap, and, further, looks at optimising OLEDs for low-cost 

communications links. 

Experimental studies are used to inform a detailed physical simulation-model that reasonably 

describes the OLED behaviour of this 5-layer OLED stack for the first time. From DC and 

small-signal measurements, a holistic overview of the device performance and a novel method 

of evaluating bandwidth performance is reported. 

Initial DC measurements of the OLEDs demonstrate strong blue light emission at 495 nm, with 

turn-on at 2.8 V. Spectral measurements indicate three spectral peaks in the OLED, two of 

which correspond to the TBPe dopant, and a third longer-wavelength peak that is postulated to 

arise from an exciplex/charge transfer exciton. In order to better understand the function and 

behaviour of different layers, partial-stack OLEDs were manufactured, where one layer was 

missing relative to the complete OLED devices. Exclusion of the Ŭ-NPD hole transport layer 

indicates a higher proportion of this exciplex emission, whereas exclusion of the BAlq hole 

blocking layer suppresses this exciplex emission. These results suggest that the exciplex is 

related to electron accumulation in the emissive layer. 
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Information from these partial-stack OLED measurements and from the literature was used to 

inform a 5-layer OLED simulation model, which reasonably replicates the measurements 

obtained. This detailed physical simulation is a drift-diffusion model that solves Poissonôs 

equation, along with the carrier continuity equations. The simulation incorporates the major 

features of organic materials, such as the Gaussian density of states, Fermi level pinning of 

doped contact layers, inclusion of excitons in carrier-continuity equations, Langevin 

recombination and the empirical Poole-Frenkel mobility behaviour, and as such presents the 

first full-stack OLED model incorporating the materials used in this device.  

It is further shown that the current response of the OLED is strongly dependent upon the device 

substrate. Further investigation indicated that the glass substrates cause significant self-heating, 

with 9 mm2 OLEDs on glass substrates measured to have a temperature increase of 18.5°C at 

40 mA, whereas the same OLED current density in devices on silicon showed only a 5.6°C 

increase. This higher operating temperature results in higher mobility and better thermal 

injection of carriers, resulting in a higher current density for the OLEDs on glass relative to 

those on silicon. This is further confirmed by measurements of the OLEDs on glass using a 

heat-sink, where the current-voltage performance is lower relative to the same devices in an 

uncooled state. This is believed to be due to the thermally-activated hopping mobility exhibited 

by organic semiconductor materials: put simply, the mobility is reduced as the temperature 

decreases. 

As these OLEDs are designed for use in low-cost communications, evaluation of their small 

signal response provides an indication of their performance in an optical link. Accordingly, the 

small signal S11 and optical S21 response of the OLEDs are taken using a vector network 

analyser. The S21 response allowed the electrical 3 dB bandwidth of the OLEDs to be evaluated, 

and it was found that the fastest OLEDs were 0.12 mm2 devices with a 30 nm EML on glass 

substrates demonstrating a small signal bandwidth of 42 MHz. This is in contrast to 0.12 mm2 

OLEDs with a 20 nm EML on glass substrates exhibiting a 25 MHz bandwidth at the same bias 

current. Furthermore, upon cooling the OLEDs to 16°C, this bandwidth dropped to just 10 MHz. 

Interestingly, the OLEDs on silicon exhibit a less noisy and higher-bandwidth S21 response than 

OLEDs on glass for the same bias current. 

In order to form a better understanding of the optical performance, an electrical model is fit to 

the optical performance of the OLEDs. While many OLED studies have used admittance 

spectroscopy to study the impedance of the OLEDs and thereby deduce an understanding of the 
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internal electronic properties of the OLED, to the best of my knowledge, this is the first time 

such a model has been developed in order to understand the small-signal optical frequency 

response of the OLED. It is found that, although the electrical impedance response is relatively 

complex, the optical response is well described by a simple RC model. For the first time in 

organic LEDs, by postulating an emissive resistance existing as a proportion of the total 

measured small signal resistance (a óLangevin resistanceô), a good fit to the S21 optical response 

was found, thus providing correlation between the measured optical bandwidth of the OLED 

and the measured impedance. Limitations of this approach were also demonstrated; this model 

is only valid providing that the exciton lifetime of the OLED is shorter than the electrical 

response of the OLED. However, this analysis was shown to provide a robust mechanism for 

estimating the OLED bandwidth across different devices.  

Furthermore, corroboration of this approach was found through extension of the DC simulation 

to small signal analysis. The simulation was shown to provide similar impedance curves to 

those measured in experiment, providing further validation of both the simulation and the 

electrical modelling. Extracting RC parameters from this simulation, it was found that once 

again by using a constant proportion of the simulated total device small signal resistance (the 

aforementioned óLangevin resistanceô), it is possible to make a good prediction of the OLED 

optical bandwidth response across different devices at different bias currents. Indeed, it was 

found for the first time that by using a constant proportion of the simulated resistance, the 

simulation was able to predict the bandwidth performance at different bias currents. 

From this, it is possible to therefore suggested to extend the simulation to device forecasting 

and optimisation. Based upon the simulated small signal response, suggestions are made as to 

optimal layer thicknesses in order to improve the device bandwidth. It is believed that this is 

the first time that this type of experimentally-informed simulation-driven optimisation for 

bandwidth response has been undertaken for OLED devices. As better parametrisation of 

OLED materials is undertaken, the ability to optimise device configurations through simulation, 

rather than through expensive and time-consuming iterative manufacturing, will only become 

more powerful.  

Despite the higher small signal bandwidth measured for the devices on glass substrates, it was 

found that they cannot be biased at a high operating point and be used for data transmission 

without thermal instability; therefore, the usable signal power and achievable data rates are 

much lower than devices on a thermally conductive substrate such as silicon. However, by using 
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the OLEDs on silicon substrates, a world record 130 Mbps unequalised end-to-end data 

transmission using these OLEDs was demonstrated using a short 1.5m POF link. With 

equalisation, transmission at 200 Mbps was achieved using a very simple adaptive 3­tap FFE 

filter. These results are very promising for the future of low-cost organic optical links. 

8.2 Outlook 

In the short term, there are further improvements that can be made to the analysis presented in 

this thesis. With regards to the physical modelling, there are further measurements that would 

be useful to feed back and further validate the simulation. In the field of inorganic 

semiconductors, material parameters are relatively well studied and show good replicability. 

Unfortunately, the reporting of organic semiconductor parameters can vary significantly from 

group to group, depending upon multiple factors, from the experimental technique used, to the 

mobility model assumed in the experiment. Even parameters measured in similar manners by 

different groups, such as HOMO and LUMO levels can show significant variation between 

reported values. It would be greatly beneficial to the validation of the detailed simulation model 

presented in this thesis to be able to directly measure such parameters as HOMO-LUMO levels 

and material mobilities (at a variety of thicknesses). In particular, further measurement of 

devices fabricated on thermally-conductive substrates would help to remove thermal effects as 

an experimental variable. Such model validation would significantly improve the reliability of 

the modelling and technique used here.  

Furthermore, experimental validation of the device optimisation presented in Chapter 6 would 

be very useful; in particular, additional experimentally-validated data points would allow 

simulation techniques to further grow as a low-cost prototyping methodology. Furthermore, 

experimental validation of the suggested relationship between emissive resistance and 

Langevin recombination would help provide further reinforcement of the methodology 

presented here.  

Moreover, the world-record link tests presented in Chapter 7 implemented a very simple 

intensity-modulated direct detection scheme. However, it would be interesting to investigate 

more advanced modulation formats in order to improve the overall data rate. Schemes such as 

quadrature phase-shift keying (QPSK), may offer enhanced bit rate at the expense of bit-error 

rate. However, since the signal power from small OLEDs is relatively low, the link as it exists 
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may not be conducive to more complex multi-level schemes than this, as this would worsen the 

signal to noise ratio and thus the bit-error rate.  

Indeed, there is much work still to be done in the field of low-cost organic communications. 

One of the significant disadvantages of organic semiconductors is their relatively low lifetime 

and reliability. In this regard, there is still work to be done with regards to evaluating OLED 

breakdown, and optimisation for stable operation and device lifetime.   

In the medium term, the ability to deposit organic semiconductor materials directly onto 

different substrates means that there are still engineering challenges to overcome in the 

integration of OLEDs and OPDs in optical links. Further investigation into incorporating such 

OLEDs directly into waveguides will certainly involve manufacturing challenges. Indeed, 

inkjet printing of OLEDs is one mechanism that may be further explored for such optical links, 

as the ability to directly deposit the devices onto substrates at low-temperature is quite 

advantageous.  

Moreover, if similar high-speed study of organic photodiodes is undertaken, with relevant 

device optimisation, it may be possible to integrate these devices in an all-organic low­cost 

optical link. The ability to manufacture such devices would facilitate a range of new 

applications, such as in low-cost sensors, and optical backplanes for moderate-speed 

electronics. Indeed, future flexible electronics may benefit from using organic optical 

interconnects, as opposed to electronic wiring. Furthermore, in the absence of high-speed 

optical sources, the ability to integrate high-speed polymer modulators with polymer 

waveguides will provide a speed advantage for such applications at relatively low-cost. 

In the long-term, the future is bright for low-cost OLED communications links. As a technology 

still in relative infancy, there is much still to be done to unlock its full potential. With a vast 

potential library of organic materials yet to be explored and novel organic semiconductor 

materials continuously being discovered, further developments are undoubtedly in store for the 

future.  
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