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

ABSTRACT

Organic lightemitting diodes (OLEDs) have been historically used extensively for displays,
and more recently for lighting applications. However, the-tmst of materials and direct
deposition manufacturing processes involved in organic semiconductiafaisr means that
OLEDs are uniquely placed for lewost integrated optical interconnects. This thesis presents
novel highspeed analysis and optimisation of OLEDs for communications purposes. DC and
smaltsignal measurement results for snmathlecule OLIBs fabricated by Dr. Kou Yoshida at

the University of St. Andrews are presented and are used to inform a dethrilen ®LED
simulation model. Correlation is drawn between the experimental small signal impedance
measurements and the experimental lumieisoutput, from which a novel electrical model

is built to predict bandwidth. Extension of the OLED physical simulation shows for the first
time that by wusing a constant fraction of
resi st aRGbasédmodekcanibe 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 theenstant. This simulation is then ugedorecast
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 worldecord equalisaticfree OLED communications data rate of 130
Mbps.
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Chapterl: Introduction

1INTRODUCTI ON

1.1Moti vati on
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Fig. 1.1: (a) Forecast increase in global data trafficredrawn based upondata from Ericsson Mobility
Report, June 20181], (b) Forecast electricity consumption due to communications technologiegdrawn

based upondata from Andrae and Edler [2].

As the global rate of data elxange continues to increase at a staggering pace, the energy
required to communicate information is also showing exponential growth trends, asfgen in

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 net@fk§his growth in communications is set

PriyankaEkkanathde Souza SeptembeR018 39



Analysis and Optimisation of an Orgar®ptical Link

to continue as we see the confluence of Internet of Things, UlgtaB#finition Television

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

Consequentlyit is imperative that work to reduce the enepgprbit of data flow is concurrent

with ongoing efforts to increase capacity and speed of-t@edd communications
infrastructure links. For technologies to be adopted by industry, this expansiaredlto

occur in a cosefficient 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 furtt@thancircuit board in order

to achieve a reasonable energy per bit mgdiic

Current optical interconnect research explaifferentmethods of interfacing electronics with
optical technologiesVhile there is a large volume of research tacklingctindlenge osuch
bottlenecks in datacentres and hggrformancecomputers, theris space within the market
for low-cost optoelectronic interconnect technologies. In these instaviverecost not speed,

is thedriving factor,high-volume, lowcost organic semiconductor technologies may prove to
bethe ideal tradeff technology fo applications such as in campbile phonestablets, VR
systemsbackplanes of UHETVs and other consumer technologi@$ the moment, it is a
challenge to directly compare the cost and speed of organic semiconductor technologies to
inorganic semiconduors, largelybecause OLEDSs represergignificantlyless mature market
than traditional LEDs, and becausestimprovements largely depend on volumasd
equipmentIndeed, OLED lightingpanels are estimated bavea costof around $525//in
2018, withthis forecast to drop t§100m? by around 2025 as volumes of sales incrééle
Furthermore,n the case obrganic interconnects, cesavingsmay be seen at a systeand
integrationlevel, due to the direct deposition procegsincapabilities of organic

semiconductorgather than through comparisontbé price of individual components

The discovery of electroluminescence in polymer films by Partridge in [BJ83%ened the
doors for the development of organic light emitting @®dOLEDs) by Tang and VanSlyke in
1987 [6]. Notably, their discovery of efficientlow-voltage electroluminescent diodes
facilitated a new era of OLED devicélese wereevices that demonstrated improved quantum
efficiency and that did not require a high voltage (>100V) to observe electroluminesoence,
contrast to the devices that hadeviously been reported in the literatyr@gi[10]. The
development of OLEDs thdoranchednto two typesthe evaporated smatholecule OLEDs
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(SM-OLEDSs), asoriginally developed by Tang and VanShji&, and the subsequent invention
of solutionprocessegolymer LEDs (PLEDs) by Burroughesal [11].

Sincethese 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 ybsgtzne are
estimated to be 20 billion dollar markein 2017[12, p. 7} this can be attributed to the high
uptake of such displays imobile devicedue to the vivid colour rendegnand improved
energy efficiency associated with ODE While research into OLED devices haistorically
focussed on display technologiesd more recentlgn lighting, this thesis presen@LEDs as

an enablingechnology that is ideally suited kmw-cast optical interconnects, duettteir easy
manufacturability and integration potentiAk opposed to the historic focus that OLEDs have
received on improvin@rightness and quantum efficiency, we now look at optimising OLEDs

for speed.

This thesispresents asystematic study of smatholecule OLEDs for communications
applicationsChapter 2orovides background andotivation for the study of loveost optical
interconnects and discusses some of the existing interconnect techndioglgs chapter,
OLEDs for communications are propodeduseas a lowcostintegrated optical interconnect
that has application in consumer electronasdata consumption and generation continues to
grow at & astonishingpace Chapter 3ooks at thecurrent understanding of thghysics of
organic semiconductors and OLEDs, as well as presestimg of the existing modelling and
simulation that has been done in the literatlirs. noted that the majority of published results
have analysed OLED smailignal impedance, without necessarily lookatgow this electrical
impedance affectthe optical small signal responsthe work presented hengroposes an
electrical model that demonstratéss for the first timeChapter 4 presents DC measurements
of the SMOLEDs under study, and introduces the physical simulation usedbti®l the
OLEDst he DC measurements of OLEDs that are m
st ais kp@esented and found to fit well to simulatioviariation in identical dvices
manufactured on different substrates is ascribed tehsaling effects, ancheasurements to
confirm this effect are presente@hapter 5 presents the higheed smalsignaland large
signal measurements of these OLEDS$ was observed that underooling, the optical
bandwidths of the OLEDwere significantly reduced, suggesting that thermallyvarying

mobility of the organic semiconductors is an important parameter in small signal optical
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bandwidth.Thelarge-signal measurements indicate a sty@Glimited electrical response for
the OLEDs at all dimension# Chapter 6, electrical modelling of the small signgdedance

is presentedand a methodology for correlating this small signal impedance to the optical
bandwidth response is presenf€de measurements presented in Chapter 5 are found to fit well
to the suggested RC modahd a physical meaning for the resistaotéhis RC modehs a
Langevin recombination resistandqa proportion of the total resistacés proposed
Furthermore, extension of the OLEDnulation model to produce impedance parameters finds
thatby using a constant fraction dfe smulatedresistances ths aforementioned.angevin
resistancethe physical simulation parametevery nicely reproduce hie opticalbandwidth
response. The predictive ability of the simulation to model @h&D optical frequency
response lends itself to devioptimisationfor speedand forecasts afevice bandwidths with
varying layer thicknesses is undertakefinally, Chapter 7 presentworld record B0 Mbps
unequalisedOLED data transmissignand with the implementation of a very simpld¢ap
feedforward equaliser, this data rate is pushed to a weckd 200 Mbps transmission.

Finally, conclusions and future work apeesented in Chapter 8.

1.2Novel Contributions

1 A full 5-layer DC simulation othe OLED stackused ispresented for the first timand
its output is experimentally validateBor comparison and for understandidgyices
that exclude certain layers in thellfOLED stackare manufacturedand theDC
behaviour of these devices is simulated and found to fit Weil. helps provide physical
insight into the behaviour of various layarsd their function within the whole stack.

1 The ®If-heating effects of these OLEDsnmsasuredand theassociatedemperature
relatedbehaviours arebservedleading toan understanding of the importance of the
thermal behaviour of theubstrate irsysem design.

1 An electrical model is presented for the first time that relates the impedance
measurements of the OLED to thptical bandwidthmeasurementsf the devicelt is
observed that for the full stack OLEDs, their optical frequency response is well
described by an RC time constaimhe physical meaning of this time constant is
proposed for the first timehe bandwidth response is described astineentresponse

throughad Langevi n r ec o minpanalet withotheOLER capasitanaen c e 0
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which explairs this OLED behaviourFor the first timean analytical expression for this
resistance is proposed.

A novel simulation of the small signal impedance respootehis OLED stack is
presented, and is found to fit well to thleapeand final valus of the measured small
signal impedance, with deviations ascribedlifferences in contact resistances and
charge trappingn the measurements

The OLED bandwidths found to be well predicted by the simulation modelubiyng

a proportion of the simulated resistarees t he &éLangevin recomb
parallel with the simulated capacitanoghe aforementioneelectrical modelThrough

use ofa single fitting parameter,, for any given device, that describes theagavin
fraction of the total simulated resistance, the electrical model in conjunction with the
simulation model predicthe bandwidth behaviouior a single device across different
bias currentsThisis the first time thisype of bandwidtkpredictive nodel is presented

and enables bandwidth optimisatiminOLEDsto be undertaken in a systematic manner
for the first time.

World-record 130 Mbps unequalised OLED data transmission is acheweavith the
implementation of a very simple adapti«ap FFEfilter, OLED datatransmissiorat

a worldrecord 200 Mbps is shown to be possible demonstrating OLED
communications links as capable of reasonable data rates foramaept and future

consumer applications
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Chapter2: Optical Interconnects

2ZOPTI CINMERCONNECTS

This chapterintroduces the principle of the optical interconnect and some of the existing
technologiesisedin high-speed optical interconnectsidtsuggested that many of the existing
optical interconnect technologies are applicable to relatively¢nghsystems, and that organic
optical interconnects maye able to provide moderaspeed integrated interconnects atdow
cost.Stateof-the-art exsting organic devices and optical links are presented.

21l ntroducti on
Fundamentally, an optical interconnect is a method of transmitting information from one point
toanotherGi ven this relatively broad def idbnictainon

have different meanings based upontdanological context.

Historically, optical interconnects arose from the development of the laser and -@fuaility
optical fibores and amplifiers in th&980s This technological leap revolutionised global
communications, allowing fibre optic systems to replace copper lines fordistamnce
telecommunicationg 3]. From this time, the advantages of optical interconnects over electrical
interconnects have beapparent, with the adoption of photonic interconnects moving further
and further into the traditional domain of electroni€&hotonic technoldgs have been
progressively moving upstream from lehgul communications to shorter
datacommunications distancasdto optical inter-rack interconnects within datacentféd].
Research focuis now looking at methods of greatetegration of photonics with electronics:

both inter and evertually, intra-chip links. The reasoning behind this progressive adoption of
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optical interconnects is cleahey offer a coseffective method of transmitting informatian
high speegat lower energies than their electrical equivalgtt$ They ardree fran manyof
the challengesthat plagueintegrated circuit design, such atectromagnetic integfence
impedance matchingnd parasitic capacitansgand can offer reducedcross talkand power
dissipation16]. In addition,the ability to multiplex different signals along a singjgicalline
offers the advantage of compactness and reduaezh relative to complex electrical
interconnect [15].

While much research intoptical interconnecthas beerdriven bythe pressure to medhe
high-speed datacommunications requirements within datacentié®re are multiple
technologies competingith electrical interconnection tesblogies at different data rates and
length scaleseachwith their own advantages and disadvantages. Some of these dptions
optical interconnectsf different formatsnclude silicon photonicgl7]i [19], plasmonic$20]i

[22], free spaceptics[23]i [25], optical fibreg[26]i [30] and integrated polymer wavegesl

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 applicatiangthscale required speed and cost.

Given the relatively high systeprice of many ofthe aboveproposedoptical interconnect
technologies, it is suggested that a significant market exists foecdstvintegrated optical
interconnectsespecially as price is oftensignificant factor in technological adoption by
industry This work proposes organaptical systemss a goodradeoff between speed and
cost for such lowcost links. Applications in which these types of foast interconnects may
be applicable are thoseich as in cars (wheogtical interconnectbased on polymer optical
fibre are already standardisggB]), in backplanes for ultrhigh definition televisions (UHD
TV), mobile phonesaugmented/virtuateality systemsand many other consumer devices
Furthermore, theelative lowcost of organic materials and their processing, in combination
with the ability to integrate such devices in novel ways makes them advantageous when
considerinduture flexibleelectronic productsThis type oforganic opticainterconnecshows
promise forlow-power applications, such as in l@est sensordor on-board shordistance
(~cm) communicationr as low-cost opto-isolabrs However, the disadvantage of organic
devices is their r@bility, as organic materials can haktetime difficulties due to their

sensitivity to oxygen and wateNevertheless, with appropriate engineerargl in relevant
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applicationsthis may not beraimpediment to organigptical links, as evidenced by the wide

uptake of OLED displays.

Given thehistorical contextof optical interconneatesearctwithin datacormunicatiors, his
chapterpresentssome of the proposeag@chnologiedor high-speed opticainterconnec for
datacentresas they provide good insight into the status of the latest interconnect technologies.
From this the state of organic communications dsve-cost(and lowerspeedcomplemento

these systemis presented

220ptical echsef ooAP@ltiacatnitos res

As data flows increase around the world, continued use of our existing electronic interconnect
infrastructureis consuning too much energy and cang bottlenecks in data ra{84]. As a

result, research has been ongoing into various optical interconnects, with technologies
competing for different markets within this spaéefew different technologies have been
proposedto tackle this bottleneck at different length scalés. dataentre inter-rack
interconnectdhavebecome fibrebasedthe next step is the emergence of iaek optical
interconnectsWhile the majority of intrerack interconnects amurrently copperbased, one
option for replacingintra-rack high-speed copper iatconnectss the polymer waveguide
opticalbackplanewhich has advantages as it isigh-speed|ow-loss and lowcost technology

[35]. Another serious contender fashortrange communication@re silicon phobnic
waveguids [36]. However, the higher losses experiencedh@®gewaveguides would suggest

that this technology would be best suited to fairly shortafises of the order of a few
centimetreor lesserBeyond silicon photonics, plasmonics is also a poteta@inologyfor
realisation of ultra-shorton-chip very fastoptical interconnectf37]; this is once again due to

the high losses in such link¥his perhaps suggessshigh-speedecosystenwith polymer
waveguidegor alternate technologiesich adibre opticcable$ used for slightly longeintra-

rack interconnectsyith the silicon photonicsplatform well suited to the interor intrachip

scale

2.2.10ptical Backplane Technology
In contrast to many of the alternatives, polymer optical backplanediegiynoffers a lowcost
method of integration with existing electronics processing, whilst enabling the high

bandwidths, lowenergy and smabBizes of optical interconnect technologiolymer
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waveguidesare a low-cost solutionthat allows the optical inteonnectto migrate onto the

printed circuit board

Within the Centre for Photonic Systems group, an drem (BER < 10?) 4 x 10 Gbps optical
signal has been transmitted through siloxane waveguid@k and various waveguide
components (such as bends, splitters and combinec®ssaryo acheve onrboard routing
functionality and enable the implementation of different interconnection architettaves
been demonstrated regenerativeoptical busarchitecture has been designed and prototyped
[39], and uptake of this terabtpacity technology has the potential to move eleuptc

integration one step closer to chgvel [35].

IBM have also heavily invested in polymer optical interconnect technology; their first
generation polymer optical interconnect technology achieved 16 x 10[@dpsy coupling

the light into acrylate polymer waveguides using mirrors and |¢A%gsTheir next generation
polymer optical interconnect technology achieved 1% Gbps aor-free (BER < 10?), this

time with siloxane polymer waveguidp].

Alternative configurations have also been explorad2013 Schmidtket al. demonstratea

960 Glps optical interconnect system, by using bmbhymer waveguides and optical fibres in

an optical backplane systda8]. This value has since been surpassed by GHgbreporting

a 7.2 Thps optical backplane. They use ribbon fibre (polyimide) sheets to connect a high number
of optical fibres producing a high datdensity within a small area (288 x 53 R)if#4].

IBM and Dow Corning have also producdléxible polymer waveguides for optical
interconnect apptations. They manufactured layers of waveguides on flexible substrates with
propagation loss of less than 0.05 dB”chetween 760 and 860 nf45]. The flexibility
afforded by polymer waveguides allows an extra dediigrension in optoelectronic integration
technologies that is not afforded by competitors sagflee-space optic§45].

2.2.2Silicon Photonics

It is increasinglybecoming apparent that silicon photonicangmergingdominanttechnology

for high-speedshortrangeinterconnects for application within higrerformance computing

and dataentres. 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 1200-17@telecommunications ban@s]. 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 equisvalargely due to
sidewall roughness. This means that silicon waveguide manufacturing processes have strict
tolerances in order to achieve relatively low los$ésvertheless,olw-loss silicon photonic
waveguidesstill typically exhibit propagation lossed the order of 0.81B cni' [47], [48].
However, from the silicon photonics platforragdvanced waveguidalevices such as ring
resonators [49]i [52], arrayed waveguide gratings (AWG$p3]i[55], MachZehnder
interferometers (MZIs)56]i [58] and electreabsorption modulatof&9], [60] havealsobeen

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 photodgégtors

[62] (and for electreabsorption modulatof€0]), 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 csii 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 explethods of
heterogeneously integrating appropriate laser sources with the silicon photonic components
[63]. Options have includeflip-chip processing64]i [66], photonic wire bonding67], [68]
bonding II-V materials to the silicon or SOI substrates, either through fusion bof@fihg

[70] or adhesive bonding1], [72], or finally through epitaxial growth of semiconductor lasing
materials on Si or SQV3]i [76], using multiple buffelayers to reduce threading dislocations

due to lattice mismatch. However, these epitaxially grown lasers suffer from poorer
performance, yield and reliabilif36], [77], which further makes these types of heterogeneous

integrations less commercially attractive.

Furthermore, morthan 90% of CMOS manufacturing is undertaken on bulk sili¢8h rather

than on the silicon on insulator (SOI) configurations necessary for silicon photoneasippk.
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 manufacturing79], and with the strict manufacturing tolerances required for-high

quality silicon photonic devices. In the case of heterogeneous integratiofV/ghlith silicon
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photonics, this adds further manufacturing steps and expense to the oveaallgimbégrated

circuit.

Nevertheless, although there are challenges to overcome, $isea photonics will likely
have a future in higspeed optical interconnect technologies for kpghformance, higitost
applications. This leaves space within tharket for lowrcost communications ecosystems to

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

23L owWo sCr g a@pitcilcktaé r connect s

The ability to manufacture organic semiconductors using relativelyctsiymaterials and
processes means that they are ideal for use irctisivorganic optical linkssuch as in cays
industrial sensorgntertainment systemsiobile phonesnd other consumer electronid$e
high-speed polymer waveguides mentioned 20281 provide an idelaplatform for such low
cost links, although polymer optical fibre (PQ&palsocommercially available for use in lew
cost optical interconnecgtand he final configuratiorof such a linkwould likely dependupon
enduser applicationin any casgthe limiting componenof such links is frequently the active
device (OLEDor OPD),and as suclthis section looks at existing higipeed organic LEDs
and plotodiodes. Asnodulation ratés often a limiting factor in organic light emitting devices,
a brief mention is made with regards to external organic modulators, wbidld be highly
compatible with this organic ecosystem dvale the potential tgignificantly increase the

speeds of such organic optical interconnects.

2.3.10LEDs forCommunications

Fundamentally, OLEDs for communications need to be optimised for bandwualtisuch
devicesto be considereth communications application®LEDs need talemonstratat the
very least~MHz modulation rateswith the expectation thatvith advanced coding and

eqgualisation techniquesichdevices may aspire to ~Gbps data rates.

In order to manufacture fastitching OLEDsthere ardour critical parameterghat must be
taken into account: the device area, such that the capacelhB&limit of these devices is
minimised the mobility of the organic semiconductor materiaisch that there is fast carrier
transport; good energy alignment between diffetagéers, such that there is good charge

injection, and short exciton lifetime, such that ttlearge carriers rapidly recombine to emit
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light. A comparison of the state of the art OLED modulation rates may be balmdin Table
2-1.

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

OLED Type | Modulation/Data Rate | Ref.
SMOLED 100 MHz [80]
SMOLED 10 MHz [81]
SMOLED Spmn - (U |[82]
SMOLED 5 Mbps [83]
SMOLED 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 valuesf the order ofO 1 BIHz [81]i [83]. Solutionprocessed
OLEDs have lagged behind evaporated OLEDs in terms of modulation ratestatéttof the
artsolutionprocesse®LED modulation rates 33 MHz produced by Barlowet al [85]. This

IS quite significant, given that previoastemptsto fabricate solutioqprocessed OLEDkad

produceddeviceswith modulation ratesf the order of ~kH#88], [89].

However, the highest reported modulation rates for OLEDs have been achieved by small
molecule OLEDs (SMDLEDSs), withthe highest modulation rates achieved by Ohnebral

in 2002 [80]. These small molecule OLEDs (S®ILEDs) produced through vacuum
evaporation techniques were capableast 00 MHz switching ras¢90], [91].

With such limited available OLED bandwidths, it is reasonable to question the use of organic
LEDs over organic lasers. Unfortunately, while opticgllymped organic lasers have been
demonstratedsince the 1990s[92], conclusive proof of electricalpumped organic
semiconductor laselis yet to be demonstratedhis is largely de to the properties of the

organic semiconductors themselves, includiigg-absorption losses, low carrier mobilapd
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high-losses at the contad®3]; it is suggested that electrical pumping would reqoirgents

of the order okA cm, which is asignificant challenge for orgéc material§94].

In any review of OLEDs for communications, mention must be made of visible light
communications (VLC), as this is a field in whiohganic semiconductors have thrived. As
many organic LED materials have been developed from research into display teclsnologie
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 communidaiiefi¥. 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 rep@&aMbps
transmissiorfrom a 350 kHz bandwidth polymer LER factor of improvementof over 55

[87]. Furthermore, the ability teise wavelength division multiplexing in addition to such
eqgualisation techniques can result in high aggregate bandwidths: OLEDs implemented in VLC
systemswith an ANN equalisehave achieved over 54 Mbps aggregate capacity using three
OLEDs with bandwidths of only 350, 110 and 600 KBiZ].

In addition to such novel equalisation techniqudifferent modulation formats have been
propased for VLC systemd.he simplesimodulation format is, of coursen-off keying (OOK)

but other proposed formats have includedlseposition (PPM) and discrete multitone
modulation(DMT) [96]i [99]. The advantages of these formats are that theyetaively
robust to the variable channels and signal to noise ratios inherent in visible light
communicationsln particular, DMTallows sub-division of thebandwidthto optimally fit the
response of the chann#iis type obit-loadingmay beuseful to maximise the datate through
bandwidthlimited channelssuch as those limited by the modulation rates of OL&d)s the

case in the communications links propokede

It is clearly possible to use advanced modulation and equalisation techniques to produce data
rates hat 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 communicationgensgHowever,

where it is possibléor low-cost links and provided the active devices can modulate at the

required speedsimpler intensity modulation/direct detections schemag bepreferable.
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2.3.20PDs forCommunications

Similarly to OLEDs, OPDs for comuomications applicationmust exhibit high bandwidths.
However, reported OPD bandwidths have historically been much higher than OLED
bandwidths, with state of the art OPDs demonstratibgndwidth of around 40@Hz [100].
These devicesvere manufactured blpeumanset al from alternating thin layers afopper
phthalocyanine QuP9 ard 3,4,9,10perylenetetracarboxylic bisbenzimidazdETCBI). The
alternating thin (0.5 nm) layers allows for efficient exciton dissociationfastdandefficient

postdissociation carrier tunnelling.

Other reported OPD responses have been significantly high, with an OPD madi& Nreis
(2,5 di-tert-butylphenyl) 3,4,9,1{perylene dicarboximidéBPPC) and CuPc demonstrating a
cutoff frequency of 70 MHz with peak responsivity between 500 ansh8Q01]. Using F8T2
and PCBM, another OPD demonstrated modulation 84188 [86] with responsivity between
400 and 500 nnil02]. These are frequencies of interestiftegrated communications links

with OLEDs emitting at these wavelengths.

2.3.30rganicModulators

An area that has been the subject of research has been-elgitronodulation usingolymers.
Such materials have the capacity to achieve modulation lagkser than that ofraditional

lithium niobate[103], and are suitable fahot links [104]. Polymer electreoptic modulatos

have demonstrated modulatiorates beyondl50 GHz [104], [105] andas OLEDs have
relatively limited modulation ratesmtegrated engineering of such modulators imaatical

interconnect may facilitate significant data rates.

In particular, he compatibility of polymer electroptic modulators with polymer waveguides
makes them an interesting prospect for integratiomva@weguideoptical interconnections.
Groumaset al. have demonstrated a 1@baud link, based upon 10GHz polymer electro
optic modulators integrated with a polymer waveguide and polymer Byagimg[106]. The
very respectable atulation rates developed by polymer eledptic modulatorsuggestshat

this is avery promising technology
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2.3.4Endto-End Organic Optical Links

POF

Polymer
waveguide
4
Cladding
A ore PO
Mirror Cladding

OLED

(a) (b)

Fig. 2.1: Different methods of OLED integration in an organicoptical link. In (a) the OLED is directly
evaporated onto a polymer waveguide, as reported by Ohmoei al.[107] and (b) the OLED is glued to a
POF, as reported by Punkeet al.[84].

Finally, in terms of the state of the art with regardsnd-te-end polymerinterconnectsthe
highest speeds so far achieved have been demonstrat@throgri et al with a 5 Mbps
integratedendto-end organiclink using a polymer waveguidédODLED 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 Mpgsthe OPD that they mafacturedvas not

as fast as those reported if. 8n terms of organic POF linksPunke et al similarly
demonstrated a 2.8 Mbps organic ludingan OLED and a®PD[84].

Different architectures have been proposed for integogtcal links Ohmori et al. evapoted

OLEDSs directly ontgpolymerwaveguideswhich are separately coupled to R@B shown in
Fig. 2.1(a)[107]. Thelight-coupling was facilitated by 46° mirrorcut into the waveguidesn

the case of #hke et al the bottorremitting OLED and bottomabsorbing OPDwere

butt-coupled to PORnd attached using glughown inFig. 2.1(b) [84].

Other reported methods of OLED integration with waveguides have involved coupling light
through use of a diffuser, and simple evanescent couplingpoassn Fig. 2.2, below[108],
[109].
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OLED OLED OPD
Waveguide Detector Waveguide
Substrate ~ Mirror Substrate
(a) (b)

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

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

24Concl usi ons

In this chapter, various approaches to optical interconnects have been intrdducsmbnt
years, it isbecomingrelatively clearthat research is convergingpon silicon photonicas an
option for chip-scalehigh-speedand highperformanceoptical interconnectfor use in data
centres and higperformance computinglthough there are still challenges to be overcome

before this technology is widely adopted

In contrast, ltere has beeresswork carried outin the areas ofow-cost and lowenergy
photonicinterconnectechnologies to feed the increasing data demand on the corsidi@ef
this relationship Therelativelow-complexityprocessing afforded by organic materiasans
that there isnarketpotentialfor low-cod organicoptical interconnectsperatingat modest data
rates While multimode polymer waveguide interconnectsare on the way to being
commercialisedthere isthepotential to integratsuch components withctive organic devices
such a©OLEDs and OPD# form compacintegratedohotonic systemaVhile these links will
not easily achieve thie Gbpsthat will shortly berequired in datacentres, th@lbps that they
can achievéwhich can be enhanced by advanced modulation formats, wavefeualgiblexing
and equalisation techniquesill likely have use iralternateshortrange, lowenergy and low
cost communications requirements, such asaard in eneuser electronicsand sensing
circuits. In addition tothis, the ability tomanufactureorganic devices on flexible substrates
enables a host of new applicatipaach as flexible interconnects within vehiclesvearables
While OLEDSs for displays are a relatively mature technology, little work has been done so far
with regards to bandwidth dermance and optimisation for speedn€eTliterature has shown
thatcurrent state of the aorganic devicesire capable anodulaing at~100MHz, although

little detailedanalysis has been done on this soTaenovelresults andinalysis presented in
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this thesigepresent®one step towardsnderstanding and optimisirmmgganic devicdehaviour

for communications.
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SPRI NCI PIFEESGANI C
SEMI CONDUCTORS

This chapter provides an overview of th@rent understanding of organic semiconductor and
OLED behaviour, with the aim of providing background understanalinige operation of the
OLEDs andin order to build up to thenodelling thatwill be introduced in later chaptersA
picture is built of thedoped organic layers that enable ohmic contacts to be formed, of the
carrier blocking and transport layers that facilitate carrier flow into the centre GfLtE®,
where carriers form coulombicallyound excitos that recombine to emit light. The mobility

is described as a thermaktivated hopping behaviour that empirically exhibits temperature

, field- and carrierdependenceavhich helps describe some of ttferacteristicef organic LED

behaviour

3.1 nt riodru ct

In order toimprove the performanagf organicLEDs for communicationsit is first necessary
to begin building an understanding dhe physics of organic semiconductof$is chapter
provides a brief introduction inteuch physics, and thaignificant differences that organic
semiconductors demonstratelative toinorganic semiconductgrsuch as their thermaly
enhanced mobilityf=or many years, thcarrier transporbehaviour of organic semiconductors
was not well understood and is still thigbject of some delmiThe purpose aothis chapters

to introduce some of the physics thalps to explain some dfie observedehavious, and
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concurrently build up a picture of the operation of organic LEEb@ma foundation of physical
understandingit is possible taonstructelectrical and physical models GLED behaviour,
andwork towards simulatioras a tool to be useabth for better understanding of complex

behaviours anébr low-cost device optimisation.

32Hy br i di Grabtiitoanl so f

% %

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

(b-1)

antibonding orbitals.

The vast majority of organic semiconductonaterialsare " -conjugated; that is to say, they
have alternating single and double bond#ile three of theoutershell electronson each
carbon atom forntovalentl-bondswith adjacentcarbonatoms the final electronforms a

d e | o c abonddue tbovérlapping porbitals. Thischargedelocalisatiorexists along the
conjugated backbone of the molecule, #metebyallows electrons and holes taairel These
“-orbitals can form as eithdondingor asantibonding orbitalsasshown inFig. 3.1. These
bonding and antibonding orbitals have different energy levels, and, in the presence of the
overlap of many forbitals,canform two energetichand®i the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). Thus, analogously to
inorganic semiconductors, organic semiconductors fodoaad gaf caused by the difference

in the energy levels of the HOMO and LUMThe electrordelocalisation associated with the

overlapping orbitals allows charges to travel along the conjugation length of a single molecule.
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However, transport betweettisorderedmolecules must be undertaken plgononassisted
guantummechanical tunelling, which results ina characteristic intrmo | ecul ar 60ho
transport mechanisii10]. This is in contrast tthe conventional bandike transportthat is
observed in inorganic seconductors(and is indeed much slowerHowever the exact
mechanism of carrier transport within orgasgeniconductors is still the subject of some debate
within the academic communitthis chapter will discuss some of the propasedbility 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 solutipmocesseg@olymer cousinsSome common organic
materials are presentéelowin Fig. 3.2; the conjugated portions of each of these molecules

(the benzene ringean clearly be observed.

Pentacene

(a) (b)
Fig. 3.2 Some common(a) small molecule and (b) polymer organisemiconductors.

The aggregateffect ofhavingmultiple atoms and moleculess in a deposited layer of material
broadens the singuldOMO and LUMO levels into a Gaussian distribution of HOMO and
LUMO levels By this mechanisnthe density of states of aaterial is best described IBg.
(o), below.
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This expression fodensity ofstatesis defined by thalensity ofsitesO , the disorder within

the material, , and theenergy level at the centre of the band

3.3DopiPnignci pl es

In a similar manneto inorganic semiconductorsrganicsemiconductorsan indeed be doped,

and improvements iconductivities andmobilities! are observed as a resfiii2], [113]

Doping of organic semiconductors has been undertaken using a variety of compounds and
moleculeg114], with p-type doping frequently undertaken by molecular dopastsheitarge
molecularsizes help to reduceproblems associated with dopant diffus{@d5]. However, A

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

due to the challenge in findingolecular compoundsith appropriate energgvels [114].

Commonly poposedheory suggests that the mechanisrmofeculardoping isvia atwo-step
process whereia dopant formsraionisedchargetransfer state with the host moleeul his
charge transfer state thérermallydissociatesuch that the charge then mobile an@ble to
hop between molecul¢$16], [117]

0O00z00 0 200 06 20 00 og;
Alternativesuggestedoping mechanisms have included orbital hybridisation between the host

and the dopartL18], although researcimvestigating the exaatopingmechanisnof organic

semiconductors is still ongoingsthis mechanism is not fully understo@ti 9].

Dopant concentrations in organic semiconductors are normally significantly higher than in

inorganic semicondiors; usually of the order of a fewt\bo of thehost magrial. Despite this,

! Doping has been measuredbimth increase and decrease mobility of organic semicondudepending on the
semiconductor and dopamileasurements ofatreased mobility imormally due to increased trap stafe$l],
However, mproved mobility for some materiaits explained by the fact thdbping can act to fill trap statesd
therebyimprove the mobility{112]. Furthermorein strongly disordeed organic materialsit high doping levels
the potential wells of dopant sites can overlap, enabtiigher mobility[113]. Thus, the effect of doping on

mobility is not easily generalised, and significantly depends upon the specific materials and concentrations used.
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doping efficiencies— — in organic semiconductors are normally measured to be fairly low
(< 10%)[115], [116], [120], [121]

While dopingcanimprove the carrier injection and mobility, it can also act to quench light
emission However,doping is necessary for efficient charge injection at contacts, Wiege
measurements have shown tbaping in chargenjection layersact tomovethe Fermi level
closer to the transport levdl15], [122], [123] At metal/organic interfaces, thisesentsband
bending that allows more efficient charge injecticand allows forthe formation ofquast
ohmic contact§l124].

34Charge Transport

The specifics of ltarge transporwithin organic semiconductors sill the subject of some
debate[125]i [130]. Different mobility nodelstake differenteffectsinto account such as
polaronic disordéy and have received varying levelsexfperimental validation and consensus
within the literature The true mobility of these semiconductors rbaysome combination of
proposed mobility modelsandthe degree to whickhesedifferent models apply may also
depend on the specifics of the organic semiconductor under $tuthys sectionsome of the
more commonly proposed mobility modefsr disorcered organic semiconductoime
introduced.

3.4.1Hopping Transport Modsl|

It is widely acknowledged thatarrier transportwithin disordered, amorphousrganic
semiconductors iwvia localised hopping between moleculgslO]. Two commonly used
hopping rates to definan overall mobility for the organic semiconductme the Miller

Abrahams hopping rate, and the Marcus hopping[i&&], [132]

2 A polaron is a quagparticle that describdsoth the local charge carrier (such as an electron), pludigtetion
associated with thathargecarrier upon théocal molecules, as the charge carrier acttigtortthe local bonds in
adisordered organic solid.
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Miller -Abrahams Hopping
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Miller-Abrahams hopping describéise hopping rat€0 in terms of ahopping attempt
frequency(’ ), an inverse localisation radiug the wave function/ , the distance between
state’Gand statéQ'Y ), the lattice constantcd , and theenergy of the statéOy, . Effectively,

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

represents thermalactivationrequired forthe electrorio hopto an energetically higher state.

Marcus Hopping

. o T _ .. 30 _ o
v 2 _TQWMI _ QY °

The Marcus hopping rate semilar to the MillerAbrahams hopping rate in that it contains both
a tunnelling contribution and a thermally activated portian j$slightly moresophisticated in
that it includes a contribution due to polaronic effécts “O represents th&ansfer integral
between the two sites.€. representshe overlap of the wavefunctiong)js the molecular
reorganisatiorenergy associated witielaxation of the moleculands-O is thedifference in

energies of the two sites.

3.4.2Extended Gaussian Disorder Model (EGDM)

Both of the hopping rates mentioned in the previous section have been used to develop mobility
models for organic semiconduct¢i25], [133] [137]. One early moddbased upon the Miller
Abrahams rate was developed by Basdtegwn as the Gaussian Disorder Mo@d€DM)

[138]. Based upom Gaussian density of statésge¢’ derm in the MillerAbrahams model is

split into a contribution from positional disordeand an energetic disorder portipnMonte-

Carlo analysis ofthis systenthenproduces the GDMxpressiorfor mobility, shown in Eq.

(o®).

. T, Aod®, Mo "Qéd  pd
A0 A@Dp — , o)
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In this model 0 is an empirical constant foundtog@& p 1 (cm/VsP?, * s the zerdield
mobility, and"Ois the electric field138].

However,this model does not take into account the eféécarrier density upon the mobility.
In order to correchor this,the Extended Gaussian Disorder Model (EGDWsdeveloped by
Pasveeet al.[139], alsosimilarly based uponumerical solution oMiller-Abrahams hopping

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

as pelEqgs. 6®-op P.

‘ "Y‘r‘]HO f "Y;f] “Q"%‘O O_ap
C¥ YA ®f§ .. O ot
Y OATD, o8a)
cl 1, , I . ML Q
17 k H k o0& oPp T
o _ "0Qw
QYO AgBdt,” ¢& p ™ — p o p

In these equationghe disorder parameter is convertedinto a dimensionless disorder

paramete, —, nis the charge carrier densityjs the lattice constant is the hopping

attemptfrequencyando ando are found empirically to b& p8p p ™ and® T& ¢
[139].

The EGDM does not take into accowatrrelation between energetic and positional disorder;
an alternative formalism taking this into account has lEsmlopedrom Miller-Abrahams
hopping ratesknown aghe Extended Correlated Disorder Model (ECOW40]. This model
is described by the following set of equatioasd may provide a bettdescriptionof mobility

in materials where polaronic effects are significant

© "YnRO ‘ Y Ho ‘ nRO oD ¢
) <8 o o
LRI
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o is empirically found to begt p 1 [140].

3.4.3PooleFrenkel Mobility Model

The growing complexity and variants of organic semiconductor mobility models repsesent
attempts to unify the behaviour of different organic semiconduatatsr diffeent conditions.
However, this presents some complication, as theraawenultiple mobility models used to

fit measurements of different materials. In the absence of consensus to a unified mobility model,
the empirical Poolé&renkel temperature and fiettbpendent mobility model of the form in

Egs. (08 po& § showsa good fit to measured mobility characteristics, althougto#s not
provide explanation for these resylt41]i [144].

C Y ¢ YA @Bmo o p
Coy Q6T W
w n ""Q"Y 0-& q

In these equations, refers to the zerfield low-temperature mobility3-is an activation
energy, Qis the Boltzmann constarityis temperaturg, is a fielddependence factor aiis

the electric field.
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The ready availability of data fit to the Podteenkel model means that it is possible to emulate
overall device behaviour foengineering purposes, without the requirement for detailed
description of the molecular dependencies upon transport, stiededsrementione@olaronic
effects. With this in mind, thempiricalPooleFrenkel mobility model offers much advantage

(and reduced complexitydr the purposes afevice desigmndoptimisation.

35Recombinati on

Thelow relative permittivity of organic senvaductors (~3jneans thabcalisedelectrons and
holes in these materials foreoulombically bound quagarticlesknown as excitonsin
organic semiconductorthese arealled Frenkel excitong145], which have relatively small
radii (existing on the same molecylén inorganic semiconductors, the excitons tend teeha
large radii and are known as Wannrbidott excitons[146]. Chargetransfer excitons also exist
in organic semiconductors, where the bound exciton exists between diffatEtent
moleculesIn organic semiconductord, is the relaxatiorof theseexcitons thaprovidesthe
luminescence seen in OLED devic®¥gherethe exciton exists acros&o moleculesin an
organic semiconductor (such as a dopant and a, hbst)excitoneffectively bonds the

moleculesand can be known as an exciplex (excited complex) or excimer (exaned)di

An important consideration in the context of recombinatiohesspin states of these excitons
Depending upon the spin state, these excitoag be either considered to be singlet excitons
(spin quantum number S = 0), or triplet excitons=(B. As electrons arspin1/2 particles,
there are three states wilr 1, and one state whef&= 0; therefore,according to standard
spin statistics, this would suggest a singlet:triplet generation ratio oAd e electrons in
singlet excitons have opping spin, @combination of singlet excitor®es not violat® a u |l i 0 s
exclusion principle, and this radiative recombination has a relatively short lifetms¥{147].
This type of recombination is termdidiorescence. However, as triplet excitons are formed
from electrons with theasne spin state, directadiative recombinationof such excitonss
theoretically forbiddenand these excitons have a much longer life{ime g[1313]. Although
theoretically impermissibletriplet statescan eventually radiatively decagiue tospin-orbit

coupling,and thisslow emission from triplet states is termed phosphorescence.

In contrast to research into OLEDs for displays, where phosphorescence is a mechanism by
which enhanceddevice efficiencies may be obtained, in the context of OLEDs fo
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communicationsfast fluorescence is preferablesiow phosphorescent degayhich can limit
devicemodulation rates.

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

semiconductor.

=IC
S,.‘ . J

Internal

Conversion Intersvste L
II(: ' l].T\.]“\} stem I(:

— Crossmg Absorption
Fluotescence Non-radiative S —_— T,
& relaxatiof
Absorption Phosphorescence

So

Fig. 3.3: Jablonski diagram to showdifferent types of radiative (solid lines) and norradiative (dashed
lines) energetictransitions within an organic semiconductor S, and Tnrefer to singlet and triplet energy

levels.

Excitons may also travel within an organic semicondutt@mughthreedifferentmechanisms:
photonemission ande-absorptionForster or Dexter transf¢t49], [150] Thefirst of these
mechanismccurs when an exciton recombines to form a photon, which is re-absorbed
elsewhere in the matetid he second mechanisiRgrstertransfer as shown irFig. 3.4(a), is

a process thabtccursthroughresonantdipole interactiondetween two moleculet® transfer

the exciton fronone molecule to anotheand can occur at distances of up to 1Jh54]. This

is mechanism is important in doped organic LEDs, as it allowsrhokcules to transfer
excitons to fasemitting fluorescent(or phosphorescentflopant moleculesThe final
mechanismDexter transfer(Fig. 3.4(b)) is very short rangeas the molecules must have
overlap of their wavefunctions. Dexter transferyolves electrons tunnelling from one

molecule toanotherue to this overlapf wavefunctiors.
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Fig. 3.4: (a) Forster resonant excitonic transfer and (b) Dexter excitonic transfer

Mathematically dGecombinatiod(the formation of excitons)ithin organic emiconductors is
oftendescribed as a Langevin recombination praosih a rate parameter given by Eq&( ¢
[152], [153]

vy O [P o8& o

This description ofecombination is derived assuming that carriers will recompiogided
their coulombic attraction energy is larger than thiearmal kinetic energyit is therefore
possible to define maximumradiusi at which these energies are equal.

Ol — QY og 1

T - -1

i

B

og v

Taking a typical organic semiconductorof 3, at 300K, this radius isl86 nm, which is an
ample distancecompared to the moleculacale confinement of excitons organic

semiconductors

Defining a recombination current density in a layer of thickness asthe product of the

recombination raté&¥ and the electronic engen], we arrive at Eq.cg& @
0 nyY o o8 @
We cantakea (hole) driftrecombinationcurrentflowing into a sphere of radiusaround a

singleelectronaskq (08 }.
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O A @ o8, X

And equivalentlyfor an electron drift currerdue to asingle hole

O £ &I og; Y
From Coul ombds | aw, we k n anweletthoraand hbldisegiveml ect r i ¢
by Eq. 0& %
. n
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The total recombination current is the sum of these currents d@=atm"O; to scale this
individual current toa volumew, O ("O must be multiplied by theolumetric number of

electrons(holes) O (0 . The toal current density due to recombination can then be given by
Eq. 0® 4.
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Equating the exprssions for Egs. ¢& ¢ and (0® ¢, we find an expression for the
recombination ratéy :
€0 NO ¢€n'r

€ n (012 90¢)

However, this expression forrecombination rate does not take into accoina thermal
generation of intrinsic carriers or the fied@pendent mobility. Taking these into account

produces théull Langevin rateesquation given b¥q. & .

3.60rgani c LEDs

Based on the information presented in the previous sections, it is now possible to build a picture
of the operation of an OLEMHolesare injectednto the HOMO from the anodendelectrons

into the LUMO from the cathode. Téecharge carriersoptowards 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 recombireeebyemiting 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 recarmabon. Highly dopedhigh-conductivity
electronor holeinjection layerg EIL/HILs) help to form ohmic contactendimprove charge
injection. Doped emissive layer&EMLs) can facilitate excitonic transfer amesult infaster
recombination timesThe inclwsion ofelectron or holélocking layerdEBL/HBL) with high
energetic barrierselp to confine our electrons and holes withi@eemissive layeand achieve
charge balanceMoving recombination away from the contact layers also helps to reduce
exciton quenchingAn idealisedpicture of the overalbperationof an OLEDunder forward

biascan then be seen ig. 3.5.

\ E\'ac

Ade > --> --> ¢ |
—\ € Y —~— LUMO ¢“_f

HBL EML EBL HIL

Cathode

AV

HOMO

<-h<-- <-- hpm

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

3.6.1Modelling andSimulationof OLEDs
Various work has been deon 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 afgaices and
materials, with RC parameters predominantly fitting one of the two mgdeds inFig. 3.6,

below.

I
| Ic, | Ic,,
(b)

Fig. 3.6: The (a) singlelayer and (b) doublelayer OLED model often used to fit impedance spectroscopic
measurementgd155]i [165].

The resistance model showrFig. 3.6(a) is often used to fit single organic layer OLEDS5]i
[162], wheread=ig. 3.6(b) is often used for more complex modiling, where multiple time
constants are seen in the impedance respdrigs, [159], [163][165]. In the moded in
Fig. 3.6, Rsrefers to the series contact resistanaad,each RC, combinatiorrefers to a layer
within the device. For singlerganic layerskig. 3.6(a) is appropriate, buthere there is bipolar
injection, Fig. 3.6(b) canbe used, where ong®, combination refers to the electron transport

layers, and another to the hole transporetay

Some variations on these electrical models are seen in the literaturasso€ig. 3.7, where
Namet al added a series contact inductance for good parameter [it66g

Ry Rp»

L, R,

[ [
| I | I,

pl

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

In one instanceZenget al.fit a differentRC model Fig. 3.8) to the pulse response of defyer

smal | m éOLED¢ and extra&d overall time constants from the pulseeasurements

[167]. Two time constants were drawn from the OLED, one related tond#esuredturrent

decat i me (the O6el ectrical r es prledadunimgscentdesay o0 n e

ti me (the 0 oTheirOE® btruatueesigmonsteatedfgster eliealrresponse than
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optical responsebut there was no correlation given between the electrieasurementand

opticalspeeds.

Ry

—DF—MW-

Fig. 3.8: Electrical model usedby Zenget al.to describe OLED responseRsis a series (electrode)

resistance, G is a parasiticcapacitance, G is the device junction capacitance and Ris the diode

resistance.Redrawn from [167].

Admittance spdcoscopicmeasurements undertakiey Martensetal. on a singldayer OLED
produced three different electrical models based upon thg1i8 Once again, arrelation

of the luminescentfrequency response ¢iiese circuit parametesgas notincluded in this

analysis.
R, R,
L-2 R'\ C3 C:;
- R4
NN YA ——AA
_ L]_ R]_ a ] L‘]_ R]_ | _ C_1 |
| | | | | |
| [oR | e 1 1Cg
AN — A n— LA
Rp Rg Ra
Low Bias Intermediate Bias High Bias
(a) (b) (c)

Fig. 3.9: Electrical modelsfit to impedance measurementsor a single layerOLED according to Martens

et al. Redrawn from [168].

One purely simulated study undertaken Nguyen and Schmeitsnvolved admittance
parameter extractioinom a 2-layer OLEDnumerical simulationThe results of this simulation
werefit to two different models, dependjron the bias of the OLE[169]. At O V bias, thg
fit a response as iRig. 3.10(a) and at 3V, the model evolvedRay. 3.10(b). Each resistance
and capacitance in this moaelrrespondgo different regionef conduction or depletiowithin
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the OLED Unfortunately,experimental validation of thi®LED modelwas not provided, nor

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

response.
R, R,
| |C_: | | | |
I ¢ I 1 c,
(a)
R, R, R; R,
| | | | | | | |
I I c, I I c, I Ic, | Ic,
(b)

Fig. 3.10: Equivalent electrical modelsfor simulated small signal response of twtayer OLED. (a) is the
modelat 0 V bias and (b) isthe modelat 3 V bias.Redrawn from [169].

Whilst admittance spectroscopy is a valuable tool for understanding the electrical properties of
organic materialst is the opticafrequencyresponse of the OLED thata$ significancen the

context of organic optical communicatioiso t he best of t thiethesisst hor 6s
providesthe firstattempt to correlatthe measured electrical admittance responseoptical

frequency responseOf course,this approach is only valid provided that the exciton
recombination time (singlet lifetime) Isssthan the electrical response of the system.

Simulation and Numerical Modelling

Simulation and numerical modelling is an esséntal in order to better understand the
behaviour of complicated organic device structures and materalgugorganicsimulation
modelshave been appliedver the yeargangng from themolecularlevel smaltscalemodels
that have facilitated bettemderstanding of carrier transpaotthe largescale driftdiffusion

modelscommonly used in the field of inorganic semiconducfbvg)].

For example, theriginal paper that first introduced the Gaussian Disorder Model (GDM) by
Basslerin 1993 developed themodel through Mont&arlo simulation of chargearrier
hoppingin a material with &aussian density of statds38]. The Extended Gaussian Disorder
Model was also developddom numericalstudies ofhopping charge carrief&39]. Indeed,
Monte-Carlo simulations have even been undertaken for edtufeD stackg171], although

the great advantage wfobility models such as the EGDM is that they haNewed models to
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scale to the device levelithout requiring simulation on the individuedrrierscale Thanks

to the development of these effective mobility modafs] theimproved understanding of the
physics behind organic devicélsere arenowmany instances in the literaturearfanic deice
drift-diffusion simulation[172]i [177]. The ability to apply simulation to device development

is an important stefpwards lowcost optimisation.

In thisthesis physicaland electricamodelling and characterisation of a mugtack OLEDis
presentedwith the aim of optimising the devices for communications purpoEas.work
presented here representsfile knowndemonstration of an experimentalmglidatedholistic
five-layer OLED simulation fitting both DC currembltage and small signal characteristics.
While there are certainly many OLED simulation models published in the literature, many of
them have focussleonsimpler single or doublelayer device$169], [178]) [180] or have not

includedsmall signal characteristi¢$81].

3.7Concl usi ons

This chapter has introduced thasicmechanisms of operation of organic LEDs, frdoped
layers that facilitateéhe charge injection, through to thg/bridisation of organic orbitalhat
allows the hopping transport of carriers, to th@&ngevn mechanism thatlescribes the
recombinationlt is seen thabrganic semiconductors exhibit HOMO and LUMO levels that
are analogous to valence and conduction bands in inorganic semiconductors, aithough
contrast tothe baneike transport observed in @nganic semiconductors, this transpt
through localised phoneassisted hoppindg=rom theEGDM, it is seen that thengirically-
observed fieldand temperaturdependent mobilitiesf the form*  * "YA @BVO area
consequence of ith localisedhopping transporaimongst disordered materials exhibiting a
Gaussian density of statehe low relative permittivity oforganic semiconductor materials
also gives rise tacoulombically bound electrofhole pairs, known as excitond. is the
recombination of singlet excitons that gives rise to fluorescence, and it is thesiigsion that

is requiredo implement fast OLEDs for communications.

Understanding of the physics behind these devices has allbigedevel modelling and
simulation b be developeth the research leading to this theditie following chapters will

introduce measurements and simulation results for different OLED devices within this context.
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4STUDI ESSM@ANM 1
MOLECUOE ED

This chapter introduces the specific samatlecule OLEDs under study along with their
manufacture, and presents the electrical, optical and thermal characteristics of these devices.
An electrical and thermal simulation a@s& 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 trerfdrecasting and analysik.is believed that this is the first time

that this OIED stack has been simulated in this manites found that deviations between
simulation and measurement may be ascribed to thermdtessihg effects, which will by

necessity be an important consideration for device reliability in future organialdptics.

41l nt roducti on

In order to bring the tools of simulation to ttlevelopment of organic devices, it is necessary
to have agoodunderstanding of theperation of the OLEDThe purpose ofhis chapters to
present a systematgtudy ofan OLED stack by analysinghe function of devices without
various layers of the stadkom which to build understanding of tldevice as a wholé&Vith

this information,a detailed OLED drifdiffusion simulation modeimay be constructed and
validated building upon theknown physics introduced in Chapt8y and leading up to
modelling the device modulation for communications purpoBesse types of dritliffusion

modelshave been successfully used to describe OLED behawidine literature although
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there has been very little work done in this angtn regards taanalysis ofthe high-speed
modulationof organic devicefl82]i [184].

In Chapter3, it was also mentioned thalhermal effects have significamhpact upon the
behaviour of disordered organic semiconductors, due to the thetatited charge hopping
behaviour[185]; therefore,measurementf the selfheating of the full OLED devices is of
interestand is undertaken in this chapter order to explain some of the variance in device
behaviour

420LED Manufacture

All of the OLEDs presented inhis thesis are topemitting smaHlmolecule OLEDs
manufactured bipr. Kou Yoshida athe University of St. Andrews using shadow mask thermal
evaporation in high vacuum (EvoVac, Angstron Engineering) at a pressure I Ambar.

The deviceswere evaporatd onto glass substrates with a thickness ofnini Organic and
contact ayer thicknesses are measured during evaporation using standard quartz crystal

monitors.

Ag (30 nm)

Al (80 nm)

(a) (b)

Fig. 4.1: (a) The layers of the smallimolecule OLED under stuly, and (b) OLEDson silicon substrates
under operation (from left to right, 1.1 mm?2, 0.12 mnf and 9 mn¥).

The OLEDIlayersas shown irfrig. 4.1 (a) weredepositedequentially without breaking vacuum
starting with 80 nm of aluminium for the bottomanode 40 nm of
2, 206t @t, 17 ® kdi-sniethylpNelylaming , -§pidobifluorene  (Spird TB) doped
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wi t h 4 wpebuodnaghthaleng,6-diylidene)dimalononitrile (FTCNNQ) as the hole
injection layer (HIL), 10 nm oN , Mlignaphthalend-yl)-N-Nél i pheny | b eNRD)i di er
as the electron btking layer (EBL),30 nm of 2-methy}t9,10-di(2-naphthyl)anthracene
(MADN) doped with 2.76m% 2,5,8,13tetratert-butylperylene (TBPe) as the emissive layer
(EML), 10 nm of bis(2-methy}t8-chinolinolato}(4-phenytphenolatojaluminium(lil) (BAIQ)

as the ble blocking layer (HBL), 40 nm of 4,d@iphenyt1,10-phenanthroline (BPhen) doped
with 2 wt% caesium as an electron injection layer (EIL), 30 nisileér was evaporated as the
cathodeand a 40n m -NBD capping layewas evaporated on the thin silver tohance the
out-coupling of emitted light to the aifhe chemical structure of these materials may be found

in Table 4-1.This final 'NPD layer is ignored irthe eletrical simulationand modelling
studies, as it isn optical diffusedayer that is not electricallponnected and thubelieved to

have no effect upon the electrical properties of the OUEDthermore thin silver is used as
thetop contact due to its easy manufacturability relative to Br@,as it forms a good contact
with theEIL. Alternate bottorremitting OLEDs thatise 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 devicewvere encapsulated im nitrogenatmosphereaising epoxy and a small strip of
dessicant attached to the 0.6 mm glass lid. The dewieeabricated with three different area
dimensions: 0.3x0.4 mh§S), 1x1.1 mrA(M) and 3x3 mra(L). As the development of these
OLEDs hadargely been through trigdnderror, in order to better understand the function of
each of the layers and layer parameterdtipie fourlayer devicesverealso fabricated to use

as control samples; these devices are missing one hfribigonallayers aboveAdditionally,
alterrate devices with a 20m EML layer doped with 1.&t% TBPe are grown on both the 1.1
mm standard glass substratesandal#® @5 e m si | i con nma 8i@drawa t e s

on each side.

For luminescent and charggection efficiency, he transport whin the fullstack OLEDs is
bipolar, with charge injection facilitated by the doped layéne 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 contacis desdbed in 8.6[114].
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Table 4-1: The chemical structure of the materials used in these OLEDs

Chemical Structure

Chemical Name

_@ﬁ? ﬁ?@_ ¢ h ¢ 3A G ABEdE-Pinethiylphénylamino)-w h- o
LW Q:Q e spirobifluorene
@ @ (Spiro-TTB)
LN ¢ h-@édifluoronaphthalene-2,6-
NG “ eN diylidene)dimal ononitrile
LI TF (Fe-TCNNQor Fs-TNAP)
& . h-di@aphtalene-1-yl)-. h -dighenylbenzidine
O

(1-NPD or NPB)

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

2,5,8,1ktetra-tert-butylperylene
(TBPe)

bis-(2-methyl-8-chinolinolato) -(4-phenyl-phenolato)-
aluminium(lIl)
(BAIq or BAlgs or BAlge)

4,7-diphenyl-1,10-phenanthroline
(BPhen)
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43Experi ment al | nvestigati on
Voltage | .
: +
?\ng <_> !ﬁ‘ D (:I (:I-_/—\k Spectrometer |
Collimating Lens + Fibre
Lenses
OLED Computer

Fig. 4.2: Experimental setup for spectral measurements

Spectral measurementgere taken for the OLEDs presented here using light coupled via a
collimating lens and optical fibre into a high resolution spectromet@cean Optics
HR2000+CGUV-NIR), as shown irfrig. 4.2.

\-"'oltége n Lighjrwa\-’e

Source { _'_\\3 D (:I Multimeter

Meter Collimat Broad Area
. ollmmatmg Detector

Lenses

Computer

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

ContinuousmodelLight-CurrentVoltage IV ) measurements fohése OLEDsveretaken in

free space with light coupled into a brema detector (HP81520A) via an aspheric optical
lens(Thorlabs)and measured by a lightwave multimgtdP8153A)set to detect at the relevant
optical peaks measured by the spectromateshown irfFig. 4.3. In both cases, a source meter
(Keithley 2400LV) was used to provide the power to the devices. For devices measured on a
heatsink, atemperaturecontroller (LX Lightwave LDT-5910B was used taegulate the

substrate temperature.

44Ex peri ment al Resul ts

4.4.1CurrentVoltage & LightVoltageCharacteriation
Unless stated otherwisthe results presented in the following sectionfarghe devices with

a 30 nm EMLon glass substrates
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As can be seen froffig. 4.4 - Fig. 4.6, below, the OLEDs have a twon voltage around 2.3

and emit lightin direct proportionaty to the current in the device. As mentioned®#6, the

light output from OLEDs is generally described by bimolecular Langevin recombifa86h

It is also interesting to note the increase in conductance and light output at the highest bias
points for the small and medium OLED devigethis is likely due to thermabr trapfilling

effects during the measurement sweep, as will be se&h4(8 this sharp increase is not seen

in the same OLEDnaterials evaporated in the same manner upon silicon substrates. TRe 9 mm
OLEDs have a higher current density at the same bias potential than the smaller devices,

indicating that heating improves the conductance of these large OLEDSs relative to the smalle

devices.
7 0.016 |, 1E+1 1E+0 |
Q o 3
6 < ooz IE 3
s 0.012 & IE-l | e— LE-1 g
=S = 2R =
. € O o0 %I IE2 3
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g 0008 5= 5 ==
£3 S o6 EEE L TIE3 EE
5, & PR T 2 1ESS 3
“ 2 @  0004= “ S =
B 1E-6 1 1E-4 B
1 0.002 3 1E-7 o 3
0 0.000 & |E-g Sommmmd IE-5 &
01234567 01234567
Voltage [V] Voltage [V]
® Current - Small Device OLight - Small Device @ Current - Small Device O Light - Small Device
(a) (b)

Fig. 4.4: (a) Current-Voltage (lid circles) and Light -Voltage (hollow circles) characteristics of the0.12

mm? OLEDs on glass (b) shows the same data on semilog scale
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Fig. 4.5: (a) Current-Voltage (black cross) and LightVoltage (grey plus) characteristics of the 1.inm?

OLEDs on glass; (b) shows the same data on a selwoyg scale.
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Fig. 4.6: (a) Current-Voltage (solid square) and LightVoltage (hollow square) characteristics of the

9 mm?2 OLEDs on glass; (b) shows the same data on a selmj scale.
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4.4.2Spectra
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Fig. 4.7: Luminescent spectra ofbottom-emitting 9 mm? devices with 20 nm EML on ITO-coated glass

substrates.

To avoid microcavity effects, spectral measuremardgakerof bottomemitting devices with

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

shown inFig. 4.1. These samples were also very kindly providedbyKou Yoshida athe

University of St. Andrews. The results of the spectral measurements are prodbapdhin.
The OLEDs emit blue light with a spectral peak of 495(RPmak 1) with secondary peaks at
465 nm(Peak 2)and at 530 nnfPeak 3) which do not change with bias currePg¢aksl and 2

closely correspond to the emissive peaks shown in photoluminescent (PL) measurements of
TBPe [187]1[189]. The 530nm longer wavelength emissidiPeak 3)a n d
indicative of an exciplex/charegeansfer state within the TBPe:MADNO90].

onger

In this instance, although blue light is within the tattenuation window of SIPOF, thee

wavelengths are chosen due to tekatively fastresponse of the emitter layer. As organic

emissive materials are continually being developed, it is hoped that asatsatesearch

progresses, appropriate emitters veelited to the specific channel can be develppadh as

in the infrared
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4.4.3ThermalEffects

Temperature has a significant effect upon diperation of the OLED devices. In order to
confirmthisfor the devices under consideratiéig. 4.8 compareshestable operatingurrents
of OLEDs (with a 20 nm EMI). on glassto the devices on silicgrmeasured without external
temperature control at room temperatuneeach case, the devices were allo88d for the

temperatureo settle before the next data point was taken.

35 60
Glass
5  =——=Silicon 30 50
—_ — 25 —_
<4 - =40
g 220 E)
=3 = 230
o 215 2
2 S 10 20
Glass
3 T 10
I > Glass —Silicon
——Silicon
0 0 0
3.50 550 7.50 3.50 5.50 7.50 3.50 4.50 5.50
Voltage [V] Voltage [V] Voltage [V]
(@) (b) (c)

Fig. 4.8: (a) 0.12 mn#, (b) 1.1 mn? and (c) 9 mn?t OLEDSs on glass compared to OLEDs on silican

Fig. 4.8 clearly shows than all cases, at high current densitiee device®n glass substrates
have a higher conductance than the dewcesilicon The glass of theubstrates hasthermal
conductivity of 0.0109 W-cm-K™1, and silicorhas a value of thermal conductivityore than
100 times larger at 1.4®/-cmt-K™1. Given that300 nm ofinsulatingSiO; is grown on the
surface of the siliconyith largely similar electrical properties to thiagg,it is expecedthat
the currentvoltagedeviationmeasured between devices on glass and on silicon shdwig. in
4.8 arises fromJoule heating of the devicesid notthrough anyelectricalinfluence As the
temperature of the devices increastse mobility increases this temperaturelependent
behaviourof organic semiconductoiis well establishedn the literaturg[191]i [194] andis
largely the behaviour obseén the devices presented here, althoughehgperature range

studied for these applications is too narrow to deterrtheeexact nature of theobility

temperature dependendee. whether itfollows the Arrheniusdependencef the form- (Eqs

o& po® ¢ orthe EGDM dependenad the form— (Egs.c®-0® p[139][185].
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The ffetime of OLEDs is believed to be strongly related to the glass transition temperature of
the material§195]. It is likely that the closer the operating temperature ggbres the glass
transition temperatures of the materials, twdr the lifetime of the deviceand sothese
aforementionecheating effectswill likely have an adversempact. This tradeoff must be

considered irany application considering OLEDs for commnications.
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— Silicon - Large e giass - Iﬂ?lge
Y, T — ass - Medium
é 40 Sﬁllcon l\{ed;]fml = 40 Glass - Medium
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=30 Silicon - Small ="
= 2
.E 'E
) D2
2 20 A 0
3 3
=10 £ 10
& &)
0 0
300 400 500 6.00 7.00 300 4.00 500 6.00 7.00
Voltage [V] Voltage [V]
() (b)

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 glaas inFig. 4.9 for the devices with a 20 nm EMIhe
current density of thdevices on silicoall fall on the sameurveirrespective of area, as shown

in Fig. 4.9(a), whereas for the devices on glass substrates|arger devices exhibitdher
current densities than their smaller equivalattshe samdias potentia] as shown irFig.

4.9(b).

Thedevices on glasserealsomeasured on a temperatta@ntrolled heasink set to 18C, and
are seen to have lower curratgnsity than when theame devicesiere measured without a
heat sink.lt is sea in Fig. 4.10(a) that thedevices cooled to € exhibit a lower current
densityand less variance than the same devicésgn4.9(b). In Fig. 4.10(b), we seg¢he JV
curves of thesmallesidevicescooled to 16C bettermatch thecurves of the devices on silicon,

indicating that the mobility enhancement is indeed thermally driven
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Fig. 4.10: (a) J-V curves for OLEDs on glass substrates on a heatsink at 46 and (b) J-V curves of

OLEDs on glass substrates at room temperature, at 2& and on silicon substrates at room temperature.

4.4.4Sel-HeatingMeasurements

In order tobetter understantthe substrate thermal effects, infid imagings used to estimate

the temperature of the devices under operation. Thermal measurearentaken in
collaboration with Dr. Guillaume Nat&éfom the Department of Materials & Metallurgy at the
University of Cambridgeusing a FLIR SC75001B thermal imaging amera, with a spectral
rangeof28% . 1 em. Devices of all t hraseemeaduredith@ si or
devices were set to a DC bias point, and allowed approximately 120 seconds to come to a

thermal equilibrium before the bias was rampeth&next operating point.

The cameraystemprovides images as Fig. 4.11, of the devices anid calibrated to provide
thetemperatures associatetth each pixel of the image. Fig. 4.11, the OLED is formed at
the centre of the crogdenoted by an arrowalthoughthe rapid thermalisation dhe metals
causeghe emitting centre of the OLED appear darkn infra-red imagesThe bright areas
show the glass/ainterfaceof the devices where there is no metal to conduct away thelmeat;
insulating nature of these areas mean thatltkely show theclosestvalueto thereal internal
temperature of the OLEDSs. It is possible to extract the average temperajued ofpixels
(illustrated by ellipses and boxesHig. 4.11), and thecorrespondingesults of this are shown

in Fig. 4.12 for the 0.12 mrAOLEDs A small piece of black tape is also placed close to the
OLED on the surface of the glaags an approximate black boutyorder to calibrate thimitial
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temperatureHowever, since the tape is placed sufficiently far from the OLED and on top of
the cover glass, is not possible to use this black bodytovide an accurate measurement for
the temperaturwithin the OLED itselfduring the operation of the device.

Anode
Black tape
OLED

Cathode

Air gap/glass substrate

Fig. 4.11: Thermal image 0f0.12 mn? OLED on glass

It can be seen frorkig. 4.12 that, as expected, the measurements show a clear increase in
temperature with operating current. Tieenperaturaneasuremestfor the LED, anode and
cathode alshow a temperatulewer thanthat 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 kmurrent operation of the device, indicating that these values
are appr@riately calibrated and show a reasonable approximation of the device operating
temperature. The thermal images are also able to show a spike at arogna48 the value

for the current was misadjusted and corrected, and a spike at arousy\d@ehe current is

briefly set to 5 mA
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Fig. 4.12. Temperature measurements for0.12 mn¥ OLED on glassover time as the current is ramped
The secondary y-axis shows the current variation with time in blackThe different coloured lines

correspond to the shapes drawn on the OLEImage inFig. 4.11.

Equivalent measurements for t®emn? 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 mriOLEDs on siliconover time as the current is ramped.
The secondary y-axis shows the current variation with time in black. The different coloured lines

correspond to different positions on the OLED image

The measurements Fig. 4.13 at different points on the devicehow less variance than the
devices on glasg-or devices of the same size and at the same current, the OLEDs on silicon
show asignificantly reducedoperatingtemperatug, as shown irFig. 4.14. The devices on

silicon typically require more than double the current to show the salaigve increase in
temperature. In addition, the devices on silicon were capable of sustaining much higher currents
before experiencing thermal instability, indicating that the kateavn of the devices imdeed

driven by sekheating.
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Fig. 4.14: Temperature measurements for 0.12mrmOLED s over time as the current is rampedThe

secondary y-axis shows the current variation withime.

Themeasurements plotted lig. 4.14 show therelative differences in temperature for the 0.12
mm? OLEDs on glass and on silicas the bias cuent is ramped from 0 tomA for the OLEDs

on glass an@ to12 mA for the OLEDSs on silicon. The temperatures plotted are theasured
atthec o r n e rgamir{f FigAill), where the metal contacts did ramtto obscure the real
temperatures of the devices.

When comparing the final O0pl at eaudigdEBmper a
below, it is clear that the glass devices heat up much faster than the silicon devices, thied that
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 tbestdss than the actual
temperatures achieved in the devices themsehresly, these measurements are taken at the
cornes, and not actually d@he 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 contactseans that it is not possible to probe the temperature of the
cente of the devices in this mann&econdly, the surface glaéSchott D 263® T eco thin
glass)that is used to encapsulate the devitas relatively low transmittance (<50%) at the
infra-red wavelengthaneasured by the camdi#06]. Finally, for the OLEDs on glass, isce
the organic layers ar¢hin (240 nm) relative tahe substrat (1.1 mn) and the tass is a good
thermal insulatorthe IR camera may have difficulty resolving the temperaititke thin film,
and may b@robing an average of the hot OLED temperature tlamtemperature of the cooler
substratelf this hypothesis holdst may be posbletou s e Fouri er 6s | aw of
(Eq.T1®) to calculate the actuadinperatures of th@LED.

, L QY

R T e
In this equatiolj is the heat flux density, which may be assumed to be proportional to the

electrical power density input to the OLEDjs thethermalconductivity of the substrate and

— is the temperature gradien

For the glass substrate, the thermal conductivity is @.8@&m*-K1[197], for silicon this is
1.49 W-cmt.K? [198] and for intrinsic, thermally grown thifilm silica, this is
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0.013W-cmt-K1[199]. Takingry @ 0 VW, wherelis the current density andi¥ the
voltage at each bias poirit,is possible to calculate-, andtherebycalculate &Y —3w

using halfof the thickness of the substratesavdue to the averaging effect of the camera
mentioned aboveThis approximation is expected to provide a reasonable engineering
approximation to tareal device temperatufer om t he pr obed @&@satheer a g e
emission efficiency of the OLEDSs 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 x 10* W-cmt-K1[200] so this assumption should not significantly impact the resthis.
calculation does naiccount forfor thelow transmittance of the encapsulating glass and the

low emissivity of he cathode.
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Fig. 4.16: Adjusted operating temperature of OLEDs

The resultsof this, as shownin Fig. 4.16, demonstrat a stark difference between the
temperature of the devices on silicon amdglass. The glass devices heat up much faster than
the silicon devices, which explaitize faster turron of the devices on glass compared to the
devices on siliconandthe rapid degradation of the devices glassat high biasAt a bias of

40 mA, the 9 mn? OLEDs on glassnay beoperating at ove62°C. Given that the glass
transition temperature af pureBPhen layers 62°C, thismayhelpexplain theonsetof thermal
instablity for all of thedevices on glassalthough the glass transition temperature of doped
BPhen will be higher than 82, as described if201].
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Table 4-2: Glass transition temperatureTq of OLED materials.

Glass Transition
Material Temperature T g
[°d

Spiro-TTB 146 [202]
1-NPD 95 [202]
MADN 120[203]
BAlq 99 [204]
BPhen 62[205]

4.4.5Experimentaimeasurementd |V & Spectra for additional devices

To further understand thebehaviour of the organic materials, additional OLEDs were
manufactured withowne of t he | ayers exi adgdevelgpmennof t he
OLEDs has predominantly been through a {aiatterror basis, with often large variati® 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 manufacturey Dr. Kou Yoshidaon 1.1 mm thickglass and
the measurements presented are for the/®6 L ar g e 6 The® spEchBasare measured at
currents of 1GnA for all devices exceptthdd e v i ¢ e s -NPD ant withdut SPird TB;
this is because these latter devices had very lownksuent power outputlative to input
currentand needed tbe driven at higher currents matigate some of the noise in the spectral
measurementsThe experimentalLIV measurementresults were very kindly taken and
provided by Dr. Nikos Bamiedakj206].

The dynamic performance of these devices is investigated in Chapter

94 PriyankaEkkanathde Souza September 2018

of



Chapterd: Studies on SmalMolecule OLEDs

Without the Spiro-TTB Layer

Ag (30 nm)

Ag (30 nm)

Al (80 nm) Al (80 nm)
(a) (b)

Fig. 4.17: Layers of (a) full stack and (b) devices without the HIL.
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Fig. 4.18: (a) Current-Voltage (solid) and LightVoltage (dashed) curves for OLEDs without an HIL (b)
shows the same data on a se#dg scale.

We can see from

Fig. 4.18, above that without the Spird TB layer the devices emit very little light (even at
high current) and function much like diodes with a higher leakage current than theadull
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devices. These-odévat e’ . Ny \ower than the folldtack devices

at28V. Even at significant current, the | ight
stackd devices. Wi thout the HIL, It 1 s |ikely
injecion, with some holes injected directly into

small lightoutput. However, without the Fermi pinning/interface states effect of the doped HIL,

this injection is not very efficient and the light output shows a sityifoor slope.
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2 465 mm 495nm | 530nm
3 0.8
2 0.6
£
Z 04
—
202
?5
£ 0
z 400 450 500 550 600
Wavelength [nm]
Full Stack No Spiro-TTB

Fig. 4.19: Output electroluminescent spectrum of full stack OLEDs and OLEDs without an HIL.

Normalising the output power for both devices for comparabiligy,can seérom Fig. 4.19
that the output electroluminescefiL) spectrum of the devices without a HIL strongly
correspondto thephotoluminescent (PL) emission of the TBPe dopBmé changén relative
strengths bthe two peak$465 nm and 495nm$ possiblydue toa change in chargeansfer

between MADN and TBPe undeonditions oflow hole injection.

The shift in spectra between the full stack devicdsign4.7 and inFig. 4.19 mayalsobe due
to microcavity effect§207], as these devices have metal contacts at both the cathode and the

anode as opposed to theansparent anode used for the measuremekig.id.7.

Organic materials haverelative permittivity of very approximatel\3, so the wavelength of

the lightwithin the cavitymay becalculated approximatels

T WU L,
— CQyY®a &
Vo

|
Sk
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We may see microcavity effects wharmreinteger number of halfavelengths can be sustained
within the cavity Aslz p T o, thid isof the same order as the thickness of the OI(EED

nm), and so microcavitghenomenanayhave some effeéh these devices.

Without the U-NPD Layer

Ag (30 nm)

Ag (30 nm)

Al (80 nm) Al (80 nm)
(a) (b)

Fig. 4.20: Layers of (a) full stack and (b) devices without the EBL
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Fig. 4.21: Current-Voltage (solid) and LightVoltage (dashed) curves for OLEDs without an EBL (b)
shows the same data on semilog scale
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Without the U-NPD, light output is low (

Fig. 4.21, above, suggesting that this layehasa significant effect upon charge injection Without this
EBL, holes are unable to transport between the HIL ad the EML, and there is a large energetic gap
between the HOMO of the SpireaTTB and the MADN, reducing the electroluminescent efficiency of the

device. It can be seen from

Fig. 4.21that in contrast to the devices without a SpireTTB layer (

Fig. 4.18), that the turn on of the device does not change; the-$piBolayer acts tin the
internal builtin bias ;i of the device; this can be explained further by looking at the simulation

results presented iM&.

1
Peak 3 Peak 1 Peak 2
465 nm 495nm | 530nm

-

=
oo

570 nm

Exciplex
\[ decay

>
o

<
[§]

(=]

Normalised Luminous Intensity
=
.

h
n
o

400 450 500 600
Wavelength [nm]
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Fig. 4.22: Output electroluminescent spectrum of full stack OLEDs and OLEDs without an EBL

The output spectrum of theevices withoti -NBD (Fig. 4.22) closely matches that of the full

stack devices, with an exterttail at the longest wavelength of emission. Thay be due to

an imbalance of charge injection within these devices causing greater exciplex formation within

the EML layer, and thus caugin gr eat er proportion of exciplex

around 570 nm.
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Without the EML Layer

Ag (30 nm)

Ag (30 nm)

Al (80 nm) Al (80 nm)
(a) (b)

Fig. 4.23: Layers of (a) full stack and (b) devices without the EI L.
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Fig. 4.24: Current-Voltage (solid) and LightVoltage (dashed) curves for OLEDs without an EML (b)
shows the same data on semilog scale.

Interestingly, without the TBPe:MADNmMissive layerthis devicestill exhibits goodight-
current characteristic@~ig. 4.24), with a similar turn-on voltage and a lower differential
resistance than the devices without the TBPe:MADN layer, potgrdiatte the device without
an EML is23% thinneranddue to the lowmobilities of MADN (4.1 x 108 cn?-V-s?, field
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enhancement fact@.2 x 103 (cm-V1)°[208]) relative toU-NPD (3.2 x 10* cn?-V-s, field
enhancement &or of 8x10%(cm-V1)°°[209]) and BAlq (9.5x 107 cm?-V-s?, field
enhancement factor of 3:810° (cm-V1)%°[209]).

[am—

fay Peak 3 Peak 1 | Peak 2
2 465 nm 495nm | 530nm
20.8

2

= 0.0

£

£0.4

—
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?5

c

~ 400 450 500 550 600

Wavelength [nm]
Full Stack No EML

Fig. 4.25; Output electroluminescent spectrum of full stack OLEDs and OLEDs without an L.

The electroluminescent spectrum oé ttlevices without an EML shoa similar (but wider)

major peak to the full stack devices, and do not exhibit thepgedks Thiswavelengtipeak is

similar to the photoluminescence peak of BAlgd the charg&aansfer peak of cevaporated

BAlg:UNPD deviceq210]; it is also possiblehat this peak appears agesultof UNPD

emission in combination witicro-cavity effectsshifting the position of thegak or some

combination of th@bove However the relatively lowbandwidth measurements of this device

(85.3.4, combined with the thin layeradicates that the may be significant chargeansfer

exciton generatignin [210], the CT exciton has a lifetime of 4@, compared t® ns for the

BAIl g and | ess -NPDahis is3despite théigherreportegmo® i | i ty of t h
NPD and BAIlg compared to MADN.
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Without the BAIgq Layer

Ag (30 nm)

Ag (30 nm)

Al (80 nm) Al (80 nm)
(a) (b)

Fig. 4.26: Layers of (a)full stack and (b) devices without the HBL

Without BAIq, Fig. 4.27 belowshows thathe turron 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 BAIq materials and reduction in device thickness causing
higher equivalent internal electric fields in the devices without BAlg. As OLED materials
exhibit fieldenhanced mobilities, these factors may explain the lowerdiifial resistance of

the OLED devices without an HBL.
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Fig. 4.27: Current -Voltage (solid) and LightVoltage (dashed) curves for OLEDs without an HBL (b)

shows the same data on semilog scale.
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Fig. 4.28: Output electroluminescent spectrum of full stack OLEDs andOLEDs without an HBL.

Fig. 4.28 shows aeduced tail for the longest wavelength peakhe devices without BAIQ;

these devices shotlie opposite effeactompared to th devices without)NPD. This fits with

the hypothesis that this tail is caused by eleetnggction causing negatively charged

exciplexes within the EMLThe BAIlq layeris designed to improve electron injection into the

EML, and so without thisye may ge fewer otheexcimerst hat cont r i lfthet e t o t
converse of the effect seenkiyg. 4.22).
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Without the BPhenLayer

Ag (30 nm)

Ag (30 nm)

Al (80 nm) Al (80 nm)
(a) (b)

Fig. 4.29: Layers of (a) full stack and (b) devices without théIL .
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Fig. 4.30: Current-Voltage (solid) and LightVoltage (dashed) curves for OLEDs without an EIL (b) shows
the same data on a sembg scale.

As shown inFig. 4.30, these devicesxhibit acurious nodinear behaviour; thg turn onat
~1.8V, and then maintain a current of 1A until a high bias of 125V is achieved. At this
point, the current through the device increases in a di@efashion, and the light output

significantlyimproves It is likely that from 1.8/ to around 12/, the device ispredominantly
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unipolardevice. However, at a high enough potenidbctronsare injected into thedevice
which causes the increase in both light and curfidrg.emission spectru(fig. 4.31) is similar

to thedevicewithout SpireTTB, and again corresponds to the PL emission of the TBPe dopant
in the EML.

[a—

Z Peak 3 Peak 1 | Peak 2
2 0.8 465 nm. 495nm | 530nm
Q .
E 0.6
8
504
—
B 02
@
= 0
Z. 400 450 500 550 600
Wavelength [nm]
Full Stack No BPhen

Fig. 4.31: Output electroluminescent spectrum of full stack OLEDs and OLEDs without an EIL.

While further measurem&npertaining to the dynamic response of the OLEDs is provided in
Chapterb, it can be concluded thttree devices provide bright DC luminescent outputfute
OLED, the OLEDs without the BAIg (HBL) layer, and the OLEDs without the MADN:TBPe
(EML) layer.

45DC Simul ati on
The OLED devices are simulated in commercial Silvaco ATLAS softj2dre. The software
i tself s o | egquation (Bogstuds 9 & )nadds the continuity (Eqe® 7 t&®) and

constitutive equation€EQs.t&-t&) in order to model semiconductor device behaviour.
- %o 7 &
Iy %o 1gs

where - is the permittivity %ois the scalar electric potential fields the charge density and

I is the electric field.
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Carrier continuity equations:

—a
m‘

ol 0o vy T8

— =
o-
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Sl Sl

ol o v 18p

o‘

where ¢ andf) are the electron or hole concentratidrand L are the electron and hole current
densities,O and"O are the electron and hole generation ra¥esand’Y are the electron and

hole recombination rates, ands the electronic charge.
The dift-diffusion constitutive equatiorfer electrons and holese

L ne Fp no ¢ T

L Ah F O 7 T8y
where* and' are electron and hole mobilities, @dandO are the diffusion coefficients

for electrons and holes, defined By. (T 89.

éFio N &0
Q¢ nan !

O o
- ,

e

n

4.5.1Simulation Setup

In order for Silvaco to accurateimulate organic semiconductor devices, device models
appropriate to organic materials have bemplémented.The different device layers are
modelled with thicknesses askig.41, al t hough the device widt
scaled to the final dewecarea The nonlinear scaling of current exhibited by the devices on
glass due to selieating effectsKig. 4.9(b)) is not modelled.

Density of States

As is common in organic semiconductors, the density of {f&lgs is assumed to be Gaussian
[138], [212], [213]

(o)
—— QW —— P p
g™, G,
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NO) Q0 O0'Q0 O Q0 TP ¢

n o MO O p MO O QO o

wherel andU0 are the electron and hole site densitiesand,, are the widths of the density

of statesO andO are the energies of the centres of the conduction and valence densities of
states an® is the Fermi energy levdtermiDirac statistics’QO provide theslectron density

in thedconduction ban@(¢ O ) and hole density in thiwalence bandl 1} ‘'O . Although charge
transport within amorphous room temperature organic semiconductors is not expected to be
0 b alnidkardds,bedter described as localised hopping of charges between molecules, this
approximation works well for simulation purpos&gherethe electron and hole site density
parameters are not found in the literature, these have been assuredetmal to the
approximatemolecular density of the semiconductas shown iTable 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 materialee O andO
parameters are equivalent to the HOMO and LUKM® lonisation Potential and Electron
Affinity) levels reported in the literature. Where the energdisorderis not found in the
literature, it has beemssumed to be OelV. The specific valueased for these parameters may

be found inTable B- 1.

Doping and Contacts

Doping is modelled as an additional Gaussian band within the doped layers:

00 O Qi O 0 Qist O O Yo & T
— 2w — w TH W
I/lc“ ” n Cn VIC“ ” r] c”

00 o 06 0 0 0 0 O YO & &

— QW — w T (1))
MC“ ” n Cn I/Ic“ ” n CH

where0 and0 providethecarri er O6guestd6 site densities

to be equal to thdopant molecular density within the host material, and the energetic disorder
has been set to 0.05 g¥s shown inTable B- 1. The addition of an uniform doping

concentratiorof chargds requiredn the HIL, EML and EILin order to model thdoped layers
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the doping concentrations used correspond to doping efficiencies3%o;-&hich arevalues

commonly observed in organic semiconducf{ads], [116], [120], [121]

Except where otherwise indicated, ttentacts are assumgxbe ohmic. It has been shown that
significant doping of organic layepovidesquastohmiccontacts for the anode, # doping
provides ashift in the Fermilevel [122], [214] andhighly-doped layers provideehaviour
similar todandbendingto allow holes to tunnel througtvhich provides thea quasiohmic
p-contact Although the description of dand structur@is not strictly accurateexperimental
measurement$iave confirmed the existence of thisocal dandbending or dipole state
generatiorat interface$215], [216] At the cathode, the Cs:BPhfmrms a quasohmic contact
with the silver deposited on top of g&ilver deposited ont€sBPhenhas a work function of
2.4 eV, as has beembservedin ultraviolet photoelectron spectroscopyRS and x-ray
photoelectron spectroscopXRS) measurementf217]. This workfunction lowering effect
compared to bulk materiategas been observed other metal/organitop contactnterfacesand
is believed to be due tbeexistenceof alayer of organic semiconducton the surface of the
contact metal, reducing its workfunction at the interf2ds].

Mobility

Many mobility models have been usedftbocharge transport within organic semiconductors,
notably the Extended Correlated Disorder Model (ECIPMI0] and the Extended Gaussian
Disorder Mode(EGDM) [139]. Baoth of these models attempt to explainfietl-, temperature
and thicknesslependence measured in a wide range of organic matét@isever, here is
still some debatamongst the scientific community as to the exact mobility mechafaischit

is possilte thatthe actual mobility mechanism is some combination of the aforementioned
models and that different semiconductoesxhibit different degrees otorrelated and
uncorrelatecbehaviouy. However,for simplicity, as organic semicomndtor mobility data is
often reportecempirically according to the Poolerenkel modelandin order to emulate the
devicebehaviourfor Engineering purposes is assumed that since tdevice layers are <50
nm thick, that thePooleFrenkel Field-dependenmobility modelwill provide a reasonable
approximation to the carrier transport within the organic layeoperating device potentials

Cor Qon e ) ¢

Cor ol s T8 X
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and’ are zerefield mobilities for electrons and holegjs the electric fieldand’ and

[ are the Poolerenkel fieldenhancemenmobility factors If the activation energy at zero
field and the temperatw@ependent fieleenhancem@ factors areknown, then these caiso

be included in the mobility, although these parameters atnoain and notmodelledfor this
device.However, when the Pooclerenkel mobility model is used, thieportedmobilities of
organic semiconductorsan varyby orders of magnitudes according to the layer thicknesses
[219]i [221]. In order to manage this effect, the mobility was chosen to a@ggrding toan

‘ * A @& drelation whereois thelayerthickness and is a fitting parameterwith the
assumption that thiselationholds 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 mobilitlgeseparameters can be found in
Table B- 1.

Transport Between Layers

Injection from one semiconductor layer to another is modelled as thermionic enwssere
the probability ofa carrier crossinfrom one organic layer to anothergiven byStaudigelet
al. [222]:

"030 Ai. QO Qi

Agb o =20 0 0 0 0

00 ‘GO Y ® TP Y
P O 30 O

w0 w0 O W TP w

3-Ois the energy difference between badfes,O is theaverage electric field across the
layer, (bis the average molecule size between the sides of the bantbjs chosersuch that

“‘Om normalises to JFrom this, the current at the interface is calculatsid [211]:
0 N &€ & 0O &
b o N N Ouwd 8 p
wherev (0 ) are electron(hole) current densities;, (i ) and¢ (f) ) refer to the carrier

densitieson different sides of thgunction, andu (0 ) refers to the electron (hole) thermal

velocity,
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o} "Yﬁ 0°"Y
no no

& ¢

where"Y is the lattice temperaturg, (0 ) refer to the carrier density of states @id(0”)
refers to the Richardson constant whihcalculated from thelectron (hole) effective mass
&° (a°)according tcEq. @& &

T, r
h 6 ——— & 0

Trapping

Trapsare modelled as exponentiatigcaying band§$'Q, "Q) characterised by a density of

acceptor (donor) trap stat€® ('O ) and a characteristic temperatlive ("Y ) [223]:

"Q 0 o Q6 O 0 h QO o Qo S
Ty gy Ty @My & T

In this simulationO}, are set to a value of 1x¥0cm?® andY  are set to 1200 kn each

layer[222].

Interface defects are also modelled as having a sutfapeconcentration ofl.4x13°, a
characteristic temperature of 5500 K aamicarrier capture crossection of 1x104 cn? or
1x10% cnm? depending orthe type of carrier and trafpe. acceptor traps havelargerhole

capture cross section than electron captuwes sectioand viceversa for donor trap$222].
Recombination and Excitons

Recombination is modelled according to the bimolecular Langevin Recombination model,

where the recombination rate is given by:
Y i oo £ ¢ & v

Wherethe Langevin recombination rate coefficiénis given by:

5= 90

In addition to theelectron and hole drift diffusion equations Eqs) and (1 &), in organic

semiconductorgt is necesaryto include singlet and tripletxcitoncontinuity equations.

’Q “M ' “Y \l"rl"\
- MY ——

05 T O "o 0 “Yahuto & X
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!Q LIAN :lv Ilv\
Qo

Ty O —Y(*frm O “Yafudd 0 "Ydho 8
Equations(t& ) and @& g are describing the rate of change sifiglet exciton density
"Yatutd and triplet exciton desity "Yafudd as afunction of the Langevin recombination rate
'Y, singlet (triplet) radiative decay lifetinte (1), singlet (triplet) exciton diffusion constant
'O (0), defined asn Eq. @& Qandthe singlet (triplet) nomadiative decay constaat

o ).

5

- 0
(@) ThO n & W

0 (0 ) is thesinglet (triplet)diffusion length.These exciton rates are used to calculate
luminescent power. The 0.25 and Oji&factors to the Langevin recombination rate are

according testandardspin statistics

These equations ignore the effeftsinglet dissociationinter-sysem crossing, tripletriplet
annihilation, and quenching rates duesioglettriplet, singletsinglet, triplettriplet, singlet
polaron, tripletpolaronand dipoledipole interactions, although these can be implemented if

these rates are known.

The finalsimulation parameters and input file may be found in Appendices B & C.

4.5.2Simulation Results

Based upon theodel inputs angiarameter valuesitroduced in the previous section, the DC
behaviourfor the full stack OLEDs is modelled From this,the simulation is developed to
reproduce the behaviour of the OLEDs manufactured without certain,layerder to improve
understanding of the OLED behaviour and simulation validafibe.energy level alignments

of the full stack OLED can be sebgelowin Fig. 4.32.
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HOMO-LUMO Energies for the Full Stack OLED

0 V Bias
3 |
7 |
— 1 -
z ]
w —
.% 0
g ]
[5 _]
@ -1
3 N
= _]
2
5'% — Aluminum
7 TTB
3 NPA
- MADN
- BAlq2
N BPhen
4 ] Silver
_ T T T | T T T | T T T |
0.04 0.08 0.12 0.16 0.2 0.24

Microns

Fig. 4.32: The relative HOMO (red) and LUMO (blue) levels exported from the simulation modeat a 0V
bias.

Simulation is a powerful tool that allows the systematic physased methodology of

traditional semiconductor engineering to be used in complement with thartdakror of

experimental device development. Further, it allows insights into behavidinwhie OLED

devices, which can be difficult to extract from device measurement.
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Fig. 4.33: Current -Voltage for the (a) 0.12 mm, (b) the 1.1 mn% and (c) the 9 mn¥ OLEDs on silicon
(points) and simulation (lines)

We can see iRig. 4.33that the simulation model offeasvery goodit for the measured OLEDs
of all different dimensionsrosilicon substrates. Of course, asfigr 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.
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Without the Spiro-TTB Layer
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Fig. 4.34: (a) Current-Voltage ard (b) Light-Voltage measurement and simulation comparison for the 9

mm? OLEDs on glass substratewvith and without the HIL .

It can be seen frorAig. 4.34 that the simulation shows good trermdgnpared to measurement
with the exception of the thermally enhanced mobility at higher curr@his.simulation
predicts that the turon voltage of the deviceithout SpireTTB is lower than the turon of

the full stack devicealthoughthe simulation shows slightly higherturn-on voltagethan seen

in measurements; this may be ascribed to the uncertaimgbility levelsand HOMO/LUMO
levelsdescribed in the literata. The simulatiorshows thathedevices without Spird TB are
electrononly, with very little light outpty even at high current densities. The discrepancy seen
between the simulation and measurement currents magubdo an overlypessimistic

modelling of the electromobility in theseelectroronly devices.

PriyankaEkkanathde Souza SeptembeR018 113



Analysis and Optimisation of an Organic Optical Link

Without the U-NPD Layer
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Fig. 4.35: (a) Current-Voltage and (b) Light-Voltage measurement and simulation comparison for the 9

mm? OLEDs on glass substrates with and without the HBL.

The currenvoltage curves iffrig. 4.35(a) showa reasonably good fit betweexperiment and
simulation, except tahigh-current, which is likelyto be due to thethermal mobility
enhancement previously mentiongdorder to account for the leluminescence behaviour of
t he OLEDs wWPD layerhe HOMOdevdlof the SpHTB layer had to be reduced
by 0.3eV relative to published values, to 4.9 eV, and thenagintiveexcitonrecombination
rate was increased within the Spif@B layer. Both of these changes amesasonable, as the
HOMO level for SpireTTB has also been reported as é\9[224] (this may alsobe due to
interface states at the Spifd B/MADN boundary)andhigh doping is commonly accepted as
causing quenching of luminescent excit¢p®5]. The effect of this changa HOMO, is to
reduce the hole injection from ti8piro-TTB layer and movenost of therecombination from
within the EML to the SpireTTB layer, where excitons recombine in a +radiative manner.
However, the energy difference between the MADN and SPIB layersmeansthat some
holesdo have enough energy to bgected into the MADN layer, where they radiatively
recanbing and produce the relatively low amount of luminescent oufgoin this, it can be
under st ooNPDtlapeadcts lesk @ arlElectron Blocking L{EBL), but more as
Hole Transport LayefHTL), providing an intermediate energy level fordminjected into the
SpiroTTB layer to jump to, before jumping intthe EML. This also makes sense, as the
reported L UMPDrelativeeolMADN andrSpitd TB mean that it does not really
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act to block electron transport from the MADN to the 8{iTB, as this interface is already

| arge and only made s-MRDI I er with the inclus

Without the EML Layer
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Fig. 4.36: (a) Current-Voltage and (b) Light-Voltage measurement and simulation comparison for the 9

mm? OLEDSs on glass substrates with and without the EML.

The simulation for thelevices without an emissive layer shows a highgrent and higher

light output than the full stack devicahe mobility n thesimulation islikely overestimated
compared to theeal values. This effect may be dughet h i n B ANPD layers Havirg

lower moblity than the mobility valuesneasuredising thick films, and is therelsygnificantly
overestimated in these devic&sy. 4.37 shows the results for the same simulation model re

run with the preactor mobility' val ues reduced by a fa\Dor o
layers.Theturn-on voltage forboththesesimulatiors is the same potentiahs itis setby the

pinning of the Fermi level of thearrier injection layers
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Fig. 4.37: Alternate low-mobility (a) Current-Voltage and (b) Light-Voltage simulation comparison for the
9 mm? OLEDs on glass substrates with and without the EML.

Without the BAIq Layer
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Fig. 4.38:(a) Current-Voltage and (b) Light-Voltage measurement and simulation comparison for the 9

mm? OLEDs on glass substrates with and without the ETL.

We can see fronkig. 4.38 that themodel fits reasonablyvell between experiment and
simulation, and the trends shown are as expected; the currdm@devicewithout BAIq is
higher at thesame potentiatompared tdhe full stackdevicee. The simulatiorshows higher

luminescent output powen the devices without the ETetompared to the full stack device,
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which fits with measurement trend&/'e see a similar deviatidretween the measurement and
simulation at higher wrrents as seen previously, but this may be explained by the thermal
mobility enhancementl n ¢ o n t r-KRDtlayet ipappednrsehatlhe BAlg does not have

a critical role in the DC operation of the OLEDSs.

Without the BPhenLayer
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Fig. 4.39: (a) Current-Voltage and (b) Light-Voltage measurement and simulation comparison for the 9

mm? OLEDs on glass substrates with and without the EIL.

The devices withouthe BPhenlayer exhibit a strange behaviguaind as shown irFig. 4.39,

this could be emulatl in simulationalthough for this behaviotine model requiredon-ohmic
contactso be modelledn the deviceThe workfunction of the aluminium anode msodelled
as4.2 eV,and hesilver cathode is set to a workfunction of 3.38. &nder these conddans,

the simulation showsghe device turning on to a constdrdle current of 1 mA As the bias
increases, electromman tunneinto the device, andie begin to see both an increase in current
and light output (although this is far from the leaehieved by the fulstack devices)The
configuration of this simulation suggests that these devices are no longdinbigdll, but
injection limited, due to thBAlg-Ag contact The bias at whickhisseconddt ur n ond oc
much higher in simulatiothan inexperimentalthough experimentally it was observed that
this voltage differd significantly between different devices

It is postulated that éhhighvoltageturn-ondiscrepancy between simulation and experiment is
due to a higher level of dister in the OLEDand the presence of interface statelsich may

vary betweersamplesThis would have significant impact upon the density of states within the
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deviceandupon thepoint at which we seearriertunnelling into the devicdn 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 maybieied

shape of theinexpected behaviour of these diodeboth current antight output,despitethe

highly unusuatharacteristicTo the best of my knowledge, this type of behaviour has not been
seen in the literaturenowever, through simulation it has been possibleinderstand this

characteristic for the first time.

4.5.3Self-heatingSimulation
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Fig. 4.40:(a) Temperature-Voltage and (b) Temperature-Current curves showingthe results of theself

heating simulation (lines) and of the temperature measurements (pointgliscussed ing4.4.4

A very basicself-heatingsimulation of the OLED devices glass substrateas undertgen in
Silvaco ATLAS, byimplementingthermal conductivitiesind specific heat capacities for the
organic layers antbr thesubstrate Thethermal conductivities for the organic layers were set
to a constant 0.00wW cnt! K1, which isfairly typical for organic materialf226]i [229], and

for the substri@, this was set t6.95x 10° W cn! K1 [197], as the deviceubstratethickness
was scaledo only5 ¢ m(rather than 1.1 mntp make the calculation more computationally
efficient Thespecific heat capacity of the organic layamssset to a constant 2.@4cm?® K
[230], and the substrate again proportionally scaled20) cm® K1[197]. These values are
compared against the measured temperatures for thesenthe OLEDs (as the simulation
accounts for the conductivity of the metal contacts), &edré¢sults from this calculation are

shown inFig. 4.40. These resultshow thdarge devices heating by ~15 Which isof the same
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order of magnitude as the skkatingmeasurementsbtainedin §4.4.4 The underestimation
of the temperature suggeskmt the specific heat capaciyd thermal conductivitgf these
OLED materialsmay beevenlower than input into the simulatiomith a more detaile@D
thermal simulation requiredo fully understand the thermdlehaviour of the devices.
Neverthelessthe simulated and measuréeimperature differences significant enougtio
increasehe semiconductor mobilitieét high enough currents, thsancause thermal runaway
and breakdown

46Concl usi ons

In this chapterthe DC measurements of the OLED devices showed that they havean of
around2.8 V andemit blue light at 495 nm, with secondary spectral peaks at 4653nadm.
The shortemvavelength emission is likely due to the TBPe dopant in the MADN layer, efere
the longetwavelength light is indicative of an exciplex/chatgensfer exciton within the

emissive layer.

Measurements of OLEDs on glass and OLEDs on silicon substrates show markedlytdifferen
performancewhereinchemically and structurally identicdiodes on different substrates have
exhibiteddifferentbehaviour In particularthe OLEDs onglass substratedemonstratedon

linear scaling of the curremtith device area. Thermahagingmeasurements confirm that this

is a thermal effect, with the OLEDs on silicon demonstrating both a |@perating
temperature and a more consistent behaviour with different device laisdsund that 9 m/
devices on 1.1 mm glass substrates heat 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 glassshow a thermal mobility enhancement that
means the currergeen in measurements exceeds the simulation model abiagThis is
corroborated by a selfeating simulation, that predicts similar temperature increases for a

scaled version of the 9 nfr®LEDs on glass substrates.

Measurement oOLEDs excluding cedin layersis used to better understand the function of
each layer relative to the whole staekd information from this is fed into a detailed OLED
drift-diffusion simulation model, that gives good fit with the experimental redtltsbelieved
that this is the first time that this OLED stack has been analysed in this Fvasn the
measurements and the simulatidns iunderstood that the tuom voltage of the whole stack is

determined by thenjection layers, as their doped nature causes a Hewsli pinning In
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corroboration of this, all the OLEDs that include the contact carrier injection layers but exclude
central layersexhibit the same turon voltage both in simulation and in measuremdnts

also determined that thearrier injection layes facilitate the formation of ohmic contacts
without the SpireTTB layer, the device becomes a kuwn-on electroronly diode, and
without the BPhen, the device becomes injectionited by the barriers at the contact
interfaces, initially presenting ale-only current until the voltage is high enough for ¢herier
injection barrierat the cathod& be overcome.

T h eNPD layer is determined tme essential for the function of the OLED, not as an nominal
electron blocking layer, but ashale transpd layer, providing a intermediate energy step
between the hole injection layéHIL) and the emissive laydEML), and without it, the
luminescent output is low. This is because few holes have the engrgyptover this energetic
barrier, and much of the recombination then occursradratively in the Spird TB layer, as

the highlevels of doping in this layer qoeh luminescent emissiott.is also observed from
the emission s peNPDIiayr thehisan inatsasedpoopottiontohight fiom
the longetwavelength exciplex. Conversely, this longeavelength is suppress@d OLEDs
without the BAlglayer, suggesting that is a charge imbalance caused by an exceskofrons

thatcaugs thesaegativelycharged exciplexes in tl@nission spectrum.

Interestingly, the OLEDs without the emissive layeriateedstill quite emissive, showing a
bright blue luminescent output. Thisassumed to be due to a chatgsfer exciton existing
b et we e-NPDtahdeBAlflayers; measurements thather confirm this are discussed in
Chaptes 5 and®6.

Overall, the measurements taken in this chapter suggest that all of the layers are necessary for
various reasons: the EIL andlHare critical for balanced charge injection; the EBL acts more
as a hole transport layer (HTL); the EML provides fast carrier recombinationt anltbe

shown in Chapteb that the HBL is required do improve the device bandwidth.

The driftdiffusion simulation model, although simplified, demonstrates many of the
behaviours of the OLEDs as measurikdncludes the Gaussian densities of states, exciton
generation empirical Poolé=renkel mobilitiesand thermionic emission of carriers between
organic layers. It has demonstrated a reasonably ggement with measuremefus all of

the OLEDs presented in this chapter, and forms a foundation from which fantlaéysis and

optimisation may be undertaken.
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5HI G EEMEASUREMENT

Small signal measurements are a useful twokvaluaé the potential communications
performance of a selection of the OLEDs presented in ChdpfEnis chapter presents the
small signal measurements taken for an optical link incorporating éduh ©LEDs that show
powerful enough light outputs and the efsaat varying EML thickness and electtield are
characterisedThe impact of thethermal sekheatingupon the small signal response of the
OLEDs is seen by placing them on a heat sinkb@donsequent reduction in device bandwidth

is measured. The fastest OLEDs are the 0.12 mhevices with a 3@m EML on glass
substrates, which achieve a 42 MHz 3 dB electrical bandwidth. Large signal measurements
show the capacitive nature e¥enthe small 0.12mn? OLEDs, which limits the achievable

bandwidths for communications.

51l nt roducti on

The advantage of OLEDs lies in their I@ystemcost andheir manufacturabilityHowever,
the challenge of usindisordered organic material&s in their inherent low mobilityand
reliability issues. The low mobility is particulanhroblematiovhen it comes tonanufacturing
OLEDs for communications, as this can result in high RC gorestantsWhile historically
OLEDs have been developed for displays, this means that their operatioofteadeen
optimised for luminescencand not necessarily modulation spe&tis has resulted in an
interest in increasing efficiencies by encouragamission fromtriplet states[231]i [233],

which, of couse, is detrimental to OLEDs for communications due to the longer lifetimes of
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the triplet excitons, as discussed in ChafteAs many organic materials have been
characterised with regards to thieiminescent efficiengyand not necessarily their speed, this
presents a challengedeveloping OLEDs for communications; organic compouhdswould
perhaps be promisinfpr communications purposesay have been negled due to their

moderate luminous efficiency (and lewiplet emission)

Even consideringhe more recentlevelopment ofO)LEDs for lighting and the subsequent
interest in LiFj the primaryfunction of theseLEDs is illumination, andthey are often
consequently large are@vices The resultant high capacitancauses theg@®)LEDs to have
relatively low bandwidths, and there is much work ongoingh@ area of visible light
communications to increase the availabtenmunications bandwidth &fuch device$87],
[96], [234]. Indeedas encountered visible light communications, many of thEDs used for
lighting are blueGaN LEDs with a yellow phosphaised to produce white light, arftetslow
response of the phospheoan limit the overall performance of the optical link a similar
fashion to the slowriplet phosphorescendeniting OLED speed$235], [236]

Having investigated the DC performance of the OLEDs and used that to build a simulation
modelin Chapte#d, it isnownecessary to understand the modulation performance of the OLED
and to evaluate their communications performance and limitatiithen this context This
chapter presentthe experimentabmallsignal and large signal modulatioasults forthe
aforementione®LEDSs, in order to understand some of flaetors influencing theandwidth.

It is expected that OLED bandwidths are limited either by the loviecanobilities 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 bétsmaHsignal resistances and capacitances of
the deviceswhich will be presented in Chaptér However, as excitons are electronically
neutral quasparticles,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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Fig. 5.1: Experimental schematic for the snall signal measurements.

The bandwidths of th@LEDsweremeasured using a vector network analyser (YKéysight
N9913A), as shown irrig. 5.1. TheOLEDs are biased to a DC operating paising a source
meter (Keithley 2400LV)and this DC signal is combined with thE) dBm signal from the
VNA via a biastee(Mini Circuits 15542) The output optical signatas butt couplednto a 1
mm diameter plastic optical fibore (POE)m patch cord anl ed i nt o an 800
avalanche photodiode (APD, First Sensor AD8Q) via a pair ofasphericoptical lenses
(Thorlabs) The received optal signalwas thenpassedthrough a biagee (Mini Circuits
15542)before beingmplified (Mini-Circuits ZFL-1000LN+) anded back into the VNAThe
VNA produces Sarameterswhere the & parameterelates the output power to tapplied
input power whereas the 13 parameter relates theflected poweirfrom the deviceto the
appliedinput power.The VNA was calibratedsuch that the output from it Sneasurement
directly provides therequency regonse of theéOLED, as the bandwidths of the photodiode,
amplifier andPOF areall >350 MHz.
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Fig. 5.2: Experimental schematic for the large signal measurements.

For large signal measurements,0.5Vp, square wavesignal from an arbitrary function
generato(AFG, Tektronix AFG3102¢was fed into the OLEDs via a bias t@dini Circuits
15542) as shown iffrig. 5.2. Thecurrentinto and voltagecrosshe OLED was then measured

usingtwo probes fed intan oscilloscopeTektronix DPO3014).

53Experi ment al Resul ts
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Fig. 5.3: |S1| measurements for the 0.12 mAOLEDs with a 30 nm EML on glass at different bias

currents.
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The Si1 measurements for the smallest OLEDs on glass show the highest bandidths
Fig. 5.3, it can be seen that thmndwidth increases dramatically with bias currenth the
position of the peak response also moving to higher frequeasid®e current increasess
will be discussed ir85.3.2 this effect islikely due to thermal effects, in particulahermal
mobility enhancements. However, it can be seen frogn5.3 thatat a DC bias current of 5
mA, a small signal bandwidth of mottean 42 MHz is achievedt is also notable thdhe rate
of increase of bandwidtktarts to declie after 3 mA biasThe rolloff observedat very low

frequencyis due to thdiltering of thebiastee.

A similar shape for the 1.1 nfrand 9 mmMOLED frequency responses can be sedfign5.4,

below, with the bandwidth improving with bias current in all cases. Nevertheless, the bandwidth
of the OLEDs becomesignificantly worse as the device area increases, with the 12 mm
OLEDs achieving a maximum bandwidth of 14 MHz at 20 mA and time®achieving only

3.6 MHz at 50 mA bias current. This is to be expected, as the relatively low mobility of the
organic sengonductors and large area of the devices implies that these devices have a
significant capacitance that limits the achievable small signal bandwidth.

-30

-20 1 mA . SmA ——10mA 20 mA

223 3mA -2 30 mA 40 mA 50 mA
5mA -36

-26 10 mA ﬁ
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= 35 =45
v -38 ©-48
41 =51
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Fig. 5.4: |S1| measurements for(a) the 1.1 mn¥ and (b) the 9mm? OLEDs with a 30 nm EML on glass

substratesat different bias currents.
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Fig. 5.5: 3 dB bandwidths of OLEDs with 30 nm EML on glass at different biascurrents.

We can see the significant change in OL&Bctrical 3 dBoandwidthg between the different
OLED sizesin Fig. 5.5. The 0.12 mmOLEDs have a 3 dB bandwidtimore than ten times
higher than the 9 mfrdevice While the area of the smallest devicesiisiost 100 times less
than the largest, thenductance of the 9 nfrdevices is much highé¢nan that of the 0.12 nfm
devices hencehe reduction irdevice capacitance for the smallest devices is moderatiw by

increased resistance

In addition, the power output of the smallest devise®f course, lower thafor the larger
devices andthere will be a tradeff between reducing thdevice aredor the purposes of
improving the bandwidth and worsening the available signal to noise ratio for communications.
As theseOLEDs areintended for lowcost short distance dmoard communicationsuch an
optimisation may tend towardsnaller deicesareasn order to maximise bandwidth and not

theabsolute signal power.

5.3.2Thermal Effects
As has been shown in Chaptgrheating effects can have a significant effect upon the DC

operation of OLEDs, andhé mobility enhancement seen in DC operation can also be seen in

3 Due to thesquarelaw of the detection process, the electrical 3 dB bandwidth (half the electrical power) is lower
than the optical 3dBandwidth (half the optical power). Indeed, the optical 3 dB frequency is the same as the
electrical 6 dB frequency. As the;Sneasures 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 ofQh&Ds.Two sets 05,1 measurenmts for thesame
OLEDs witha20 nm EMLdoped to 1.5 wt.% are presentedrig. 5.6.
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Fig. 5.6: |S1| measurements for0.12 mn? OLEDs placed on a heat sink at 1% and without any

temperature control applied. Bothmeasurementsare for a bias current of 5 mA.

It can be seerthat when the OLEDs are coolethe shape of the frequency response
significantly changesn many ways: the lovWirequency response climbs to its peak much
earlier, the peak is measuredaround 2 MHz when the devices are placed on a heatAsnk.
seen inthe uncooled devices measuredHFiy. 5.3, this shift of peak response to higher
frequencies is also seen as the current incredsesuld make sense for this to occur if this
effect is temperatureelated For the noremperature controlled devicéiscan be seen that the
peak 31 responses measured around 7 MHz, and thecay of theesponse is much flatter
than the cooled device§helight output is reduced faall the temperature controlled devices
of all sizesrelative to the uncontrolled devgeand the signal appears noisier in the cooled
devices These measuremerasetaken consecutively using the same deviegh the same
equipmentwith the heat sink turned on or off, therefdhe effect of optical misalignment

between measurements maydmnsidered negligibleThis behaviour is consistent with our

understanding of thermalgctivated charge hopping within the organic material®

A@D— ort © Agb- [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 18C (hollow), and measured without any tempeature 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 founBigh5.7. The smallest OLEDs experience

a halving of their electrical bandwidths, whereasdbaing has lessffectonthe 1.1mn? and

9 mn? OLEDs. This is likely because the heat sink is unable to extract the heat generated in
these larger devices as efficiently as the smaller devicebablydue tothe high thermal

impedance of thglass.
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Fig. 5.8: |S1| measurements for (a) 1.1 mMOLEDs at 20 mA and (b) 9 mnd OLEDs at 50 mA.

Fig. 5.8 shows the |S| measurements for the Inin? and 9 mm 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.
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Fig. 5.9: Measurements of the frequency of th@eak |Sa| response of theDLEDs.
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Measurements of the frequency of the peak of the respbigseb.Q) show a largeeduction
for the 0.12 mrAi OLEDs with cooling, a smaller reduction for the 1.1 frand almost no

reduction for the 9 mAOLEDS, consistent with the measured change in bandwidths.

5.3.3Substratdependence
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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
substratesHig. 5.10), despite their lowenternal operatingemperatureAlthough there is little
difference in performance for the 9 rhntevices, the silicon devices significantly outpenf

the glass devices in the Inin? and 0.12nn? configurations Further analysis to explain this

behaviour is discussed in Chapger

It can be seen frorRig. 5.11, below, that the shape of theSurves of the devices on sibic

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 devicgiass, likely due to reduced
thermal noise; there are fewer thermajnerated carriers in the cooler OLEDs on silicon than

the OLEDs on glass. In addition, the hifyaquency roHoff is slower for the devices on silicon.

This may be due to the higheC 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, aBio 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.
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Fig. 5.11: |S1| of 0.12 mn? devices on silcon and on glass substrates at a DC bias current of 5 mA.
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Fig. 5.12 || Measurements for two 0.12 mrOLEDs biased to the same potential

PriyankaEkkanathde Souza SeptembeR018 133



Analysis and Optimisation of an Organic @gtiLink

5.3.4LayerDependence
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Fig. 5.13: Electrical bandwidths of OLEDs with a 20 nm EML doped tol.5 wt% and 30 nm EML doped
to 2.76 wt%.

It can be seen ifig. 5.13 that thethicknessof the emissive layeplays a significant rolén
determining the electrical bandwidths of @& EDs. The 3 dB bandwidtbdoublesfrom 21
MHz for the 20 nm EML to 42 MHz for th@.12 mn? deviceswith the 30nm EML at 5mA.
Both sets of devices aom the same 1.1 mm glass substratéisereas both the 12 mnt and
the 1.1 mridevicesshowdoubled bandwidths for the 30 nm EML devices,ahmnt devices
have almost identical bandwidths.

Fig. 5.14 shows the relative @mge in shape of thezjfresponse of the OLEDs between the
silicon substrates, the 20 nm EML devices on glass substrates and the 30 nm EML sabstrates
bias currents of 5 mAThe response of thievices on silicon are not as noisy as the devices on
the glass substratesith 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 areinelyrgFig. 5.15,
below), so this bandwidth enhancement may be accodatdny 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
Chapter6 investigates this effect in greater detail. It is also observed that empirical Poole
Frenkel zerdfield prefactor carrier mobilities tend to increase with layer thickji€g, [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 fughcontrol samples would be required in order to confirm whether
any changes in behaviour are due to doping or thickriessges.

-34
-37
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:_ -40
%)
43 ——Silicon 20 nm EML
Glass 20 nm EML
Glass 30 nm EML
-46
0 10 20 30 40

Frequency [MHz]

Fig. 5.14: || response for 0.12 mMOLEDs 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
2.76Wt% doped EML at (a) 0.12 mn?, (b) 1.1 mnt and (c) 9mm?.

Without the BAIq Layer

The devices without thBAIq layer showsignificant light outputas shown irFig. 4.38, and

S1 measurements for these devicekative to the full stack devices presentedh Fig. 5.16
andFig.5.17.

=27
-30
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-42
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-45
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Frequency [MHz]

Fig. 5.16: || for 0.12 mn? devices at a bias current of 4 mA on glass substrates
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Fig. 5.17: Electrical 3 dB bandwidth measurements for OLEDs without the BAIq layerwith areas of (a)
0.12 mn¥, (b) 1.1 mnt and (c) 9 mnf.

It can be seen fronkrig. 5.17 that excluding the BAIlg layemakes little difference to the
bandwidth of the 9 mAOLEDSs, butsignificantlyreduces th& dB bandwidth for the 1.mn?
and the 0.12 mfndevices.As the devices withouthe BAlq layer have a greater luminous
intensity at tle same voltage thahefull stack devicegFig. 4.27), the lower bandwidth for the
OLEDs withoutthe BAIq layeris potentiallydue tothe higher electric fields withithe full
stack devices, as the DC bias voltage for the full stack OLEDs is lagties same currenit

a DC bias o#.88 V(0.5 mA), the 0.12 mrhfull stack OLEDsachieve a bandwidth of 20 MHz,
and ata comparable 4.97 {2 mA), the 0.12mn? OLEDs without BAIq also achieve 20 MHz
This may bethe effect ofthe field dependence of til.ED mobilities

Without the EML

It can be seen frorRig. 5.18 that theshape of the responsevisry different from the fulstack
deviceswith the peak response occurringraichlower frequencies, andith a faster roHoff
than the fullstack devices. This gotentiallybecausdight generation in these devicissdue

to slow chargdransfer excitonsas opposed to trenglet excitons generated time full-stack
devices Thistherebymeans that these OLEDs are limited by excitaemombination rates
rather than electrical Rimits, as shown irFig. 5.19. This is discussed further in Chapgr
where S11 measurements indicate thidme capaitance of these devices is not significantly

alteredcompared tahe full stack devices
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Fig. 5.18: || response for 0.12 mfhOLEDs without an EML compared to full stack OLEDs at 5mA.

It can be seen iRkig. 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.
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Fig. 5.19: (a) |Se:1| bandwidth measurementdor the devices without an EML, compared to full stack

devices(b) Bandwidth measurements of different size devices plotted against their current density.

138 PriyankaEkkanathde Souza September 2018



Chaptels: High-Speed Measurements

5.3.5Large Signal Measurements
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Fig. 5.20: Large signal measurements for the 0.12 mfrfOLEDs at a DC bias current of 2 mA at
(a) 100kHz and (b) 10 MHz.

The capacitive nature of the OLEDs is observed in the large sigrdllationmeasurements
presented irfFig. 5.20. A clear capacitive current spike of the foym); A @ 122—0# can be seen

as the OLEDs charge and discharge, and similarly the voltage follows a capacitor charging
curve of the forn6 6, pZA QEZ—O# . As is seen irFig. 5.21, this esponse has an inherent
filtering effect upon the response of the OLED and will limit the achievable bandwidths. Large

signal measurements for the 1.1 frand 9 mm OLEDs may be found in Appendi.

Therise-timefor thevoltagepulse measured ig. 5.20 (b) corresponds to time constant

'Y 0of approximately5.0 + 0.6 ns this is an approximation due to tly@antisation of the
oscilloscopemeasurementsThis corresponds to a 3 dB bandwidth of arol8#ti+ 4 MHz,
which corresponds well to theeasured small signal bandwidth of 28 MHz at this curteist.
also observed that these parameters fit well to the small signal modelittieddsicedin the
following chapter.
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Fig. 5.21: Current and voltage response of the 0.181m? OLEDs biased to 2 mA with an applied 40MHz

0.5Vpp squarewave.

54Concl usi ons

Small signal measurements for various OLEB® presented in thishapter A strong
bandwidthdependence oareais seen amongst all of the OLED®t includea MADN:TBPe
EML, with the 0.12 mrh OLEDs incorporating a 30 nm EML demonstrating a 42 MHz
electrical bandwidthThis areadependence indicates that these devices are RC lifaitdchot
limited by exciton recombinationyvhich is confirmed by largsignal measurements of the
current and voltageesponse across the OLEDhis is in contrast téhe OLEDs fabricated
without the EML layer, whos& dB bandwidthsdid not vary as significantly with area,
suggesting that these devices are limitedhiogh slower charge transfexcitonrecombination

times.

It has been shown that thermal effects play a significant ra@&tending small signal device
bandwidths The thermallyactivated nature of organic LEDseans that, in contrast to
traditional inorganic materials, heating improves the luminous effigiemel small signal
bandwidths of these devices. However, when lookingmdlication of these devices for
communications, there is a trad# betweertheimprovedbandwidth and luminous efficiency
due to thermaheatingand increased thermal noise and dkdown.It is also seen thahe

achievedbandwidths have a fieldependenceand so byincorporating the devices oma
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appropriatesubstrate or heatsink may be possible to avoid thigermal noise anthstability
and improve the bandwidths by drivinget devices at a higher bi#isan is possible on a
thermally insulating substrased therebyompensate for the reduced bandwidthis would

improve the signal to noise ratio anenceimprove the overalink quality.
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OHI GiSP EEMODEL L I&N G
OPTI MI SATI ON

This chapter presents a novel method of modelling the small sigtiabl responseof the
OLEDs presented itChaptergt and5, and correlates these parameters to measured impedance
parameters calculated through measurements. It is found that|@sg asthe OLED does not
appear to bemnited by exciton recombination timehis model fits welbll OLED device areas

and operating bias currentSsurthermore, extension of the physical modelling introduced in
Chapte# corroborates theseeasurements and validatessiraulation, allowing for extension

of the simulationnto the realms of device optimisatiohks far as is understood, this is the first
time this type of corroborated small sigsahulation analysis has been preseritecbrganic

devices

6.1l ntroducti on

Thus far, characterisation of the OLEDs with regards to their DC pararhatelbgen presented
and fed into a physiesased simulation modellhe application of these OLEDs is in
communications linksand sathe smalsignaloptical frequency response has been measured
This, in conjunction withlarge signal measurements, has suggested abhaR€d optical
responseHowever, here has beerelativelylittle progress madw® datein the literatureto tie

the optical frequency response of OLEDss measured by the:Sesponse in the previous

chapter)to the measuredlectrical and physical behaviouiBhis type of characterisation is
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fundamentally valuable toptimisation of OLEDs for @ammunications applicationsnd for
the first time,this chapter attempts to bridge this dgprelatingmeasurements of thaptical
frequency response tan electrical modetorroborated by the impedance response of the

OLEDs and further link this electrical model to the physical simulation of the OLEDs

The structure of this analysis will be to use theasureccomplex 3: response talefine a
simple RC model for the S:1 responseAs previously discussedhe device capacitance is
observedo limit the full-stack OLED bandwidthsvhich corroborates theapacitive spikes
seen in théarge signal measurememsChaptel5. From this basis, it is found thapeoportion
of the measured total small signal resistasagsedo fit a model to theneasured outputz§

whichis assumed to benaequivalentuminescenfractionof the total device resistance.

Limitations of this small signaknalysisare seen in the devices without an EMLhe S1
parametershow similar behaviour to tHell stack devices, but th&i behaviour is shown to

be poorly modelled by the RC modeledio excitonic effects.

Nevertheless, it is found thatxteaction of the small signal resistance and capacitance
parameters from the simulation introduced in Chagtaffordsa similaranalysis of thes:
responsewith the advantage of being abledalculate equivalent circuit parameters without
experimental noise. A good fit is found for the modelling of the OLEDs on silicon substrates

across all bias currents

Thisleadsto trendforecasting for the purposes of device optimisatiwrsmall signal response
with the assumption thatalidation will need tobe undertaken on thermally apprae
substrates This model carbe built upon in the futurdor improved simulations as our
knowledge of the library of organic materisd®id understanding of the relevant models

improves

6.2E| e ¢c Mo dleian ¢

6.2.1S;1 ParameteExtraction
Simultaneous measements of thecomplex ™Y parameterswere taken with the™Y
measurements presenteddhapterb. Taking the'Y to be equal to theeflection coefficient of

the trarsmission line, theséY parameters may be converted idio parameters using Eq

(0P).
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W oop ~ ((39)]

With a characteristic impedanée v mm, Eq. (¢®) returns complexmpedance parameters
for the OLED.

Assuming asmall signaimodel of the formn Fig. 6.1, it follows that® can be equated to the
parameters of the modéY,,"Y and0 , whereY is equivalent tahe contact resistance of the
device,Y is the current path through the OLED amdis the intrinsic device capacitance
Similarimpedance spectroscopic techniques have been usediterideireto analyse OLEDs

in terms of theielectrical respongd 55], [238] [241].

. . Y
© Y SO ke

—— M——

Fig. 6.1: Small signal equivalent circuit modelfor the OLED.

Equivalently,c0 may be expressed by the equation

. . Yp Q8
() Y 5 1 8V (S9)
Y 'O Y Y
P18 o
— 167
aw 0o 1 6V 0V

The separating ab into real and imaginary parts provides two equations for three unknowns.

However, noting that as © H,'Y' Qo © 'Y, an approximation t& may be found from
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the value ofY Q0 at high frequenciesand this value may be subtracted frofifXo to
form’Y' @ , as peEq. ().
Y

Thus, a analytic solution for 'Y and0 may be foundfrom Eqgs. (p&-¢&).
‘0aw Y

a0 K
The results of this analysis &f and6 for the 0.12 mrA OLEDs on silicon substrateme
shownin Fig. 6.2, with a value forY of 17q. Interestingly,the values fod collapse to a
single valueat all bias currents, indicating a single value of small signal capacitent®e
device At low frequency, the capacitandg seen to besignificantly higher than at high
frequencywhichmay be due to chargeapping effect$242]. At high enough frequency, these
traps cannot react in time to the changing field andis®ee only the constant capacitance
whereas at low frequency thafluence theY measurementdhe value for the small signal

'Y is seen to vary with both biasirrent and frequegcAs bias currenincreasesY decreases
T this is consistent with thaestantaneousalue for— decreasin@s the current is increased on

the currenvoltage curveY is also seen to significantly decrease with frequealtlypugh the

extent of the change reducasbias currentncreases, suggesting that this effect may also be
due to charge trapping increasing the equivalent resistance of the @isBEbe bias current

increases raps are filled and their effect uptire OLED is reduced
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Fig. 6.2: (a) Ry and (b) G as a function of frequency and bias current for 0.12 mMOLEDSs on silicon

substrates

Splitting"Y into a constant terilY and a frequencyarying trapping terny , i.e.’Y ]

Y Y ]

illustrated schematicalllgelowin Fig. 6.3.
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Fig. 6.3: Schematic illustration of proposed R split between a constant term and a frequency varying

term.
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Assuming that the photodiode and POF do not limit the response of the CGlEieir
bandwidth response is >5@ MHz), and that the current through thé¥ component is

proportional to the lightesponsethe™ response may bmodelled asq. @&).

o
v o 8C p

However, using the higfrequency values ofY significantly underestimates thedB
bandwidth of the OLEDThrough knowledge a andof the 3 dB bandwidth of the OLED, it

is possible to us® to work outY , theequivalentuminesent portion of théotal

resistancéy .

The physical meaning t¥ is proposed as an equivalent resistance to the luminescent portion
of the Langevin recombinationStarting with Eq. (o0& ¢, where’Y is the Langevin
recombination rate is the electronic chargg,is the thickness of the luminescent layer of the

device, and) is the recombination current:
b AYD o8 ¢
Neglecting the effect of diffusion, and considering dhbdrift-currentb y O h mthiscan a w

be equated to

0 . O @80
where, is a radiative conductance parameter @nslthe electric field
Effectively,
nY o
” !_ T[
0 ¢p
Expressing the conductance as a resistdmoeigh a layer with are@:
v 0 (0] O - o
L0 6 B8R O ' O £n ¢ P

Of course, not all of thexcitons that are generated by Langevin recombination will recombine
radiatively but this provides a physical basis and contextfoas an equivalent luminescent

resistance related to the Langevin recombination rate.
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Fig. 6.4: Schematic illustration of proposed R split between a constant term Rand a frequency varying

term Rz( ¥and C, split between a constant term Cand a frequency varyingterm G( ¥ ) .

Thissuggestanalternate equivalent @uit, in Fig. 6.5, whichis consistent with both the fitting
of the results from th&Y and theY and0 parameters from th&Y measurement3heeffect
of splitting out ofY and® into the termsY M K 7 and’Y 1 s to separate out the

luminescent and neluminescent portions of the measured parameters.

Fig. 6.5: Equivalent small signal model for the OLED based uponS;1 measurements.
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At high frequenciesthe capacitancelue to trapsd , becomes short circuited, and orthe
device capacitancdue to accumulation of chargés, remains, which is consistent with the
results inFig. 6.2(b), indicating that represents the combination@fando .'Y represents
both the frequeneinvarant portion and a frequenasarying portion of the notuminescent
small signal resistanad the OLED suchtha¥ Y Y 1 ,i.e.'Y represents the sum of
a resistance due to traps (the frequevaryant portion), and a resistance due to the trathspo
properties of the neluminescent organic layer¥ represents the resistanagsociated with

Langevin recombination in the emissive lay¥r.and’Y both vary withbias Thisis consistent
with the change innstantaneous- of the OLEDasbias increasesonsistentvith the results

in Fig. 6.2(a) and consistentwith Eq. @® §. The'Y,0 and’Y terms do notesult inlight
output, so théY responsefthe OLED isconsistently reproducday Eq. @&). Thehigh-pass
response of the bidee may be included into the systbgnincluding the responggven in Eq.
(e ¢, with'Y 6 chosen to provide a 100 kHz enfff, corresponding to the higbass response
of biastee.The combined response of the OLEHD). (p&)] with the lowpass filte{Eq. (P {]
may be found irFig. 6.6.

Ol — P ¢

-
- —mm -
B TES .
- T
- -

1 mA 3mA 5mA
----- lmA ====--3mA ==-=-=--5mA

0 10 20 30 40
Frequency [MHz]

Fig. 6.6: Fitting between the small signal mode(dashed linesyand S1 measurementgsolid lines)for the
0.12 mn? OLED at different bias currents.
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It can be seerirom Fig. 6.6 that at high currentsthe modelshows good fittingto the
measurementacross all frequenciethe values of the parameters used for this fitting may be
found inTable6-1. For low bias currents, the fit i&ery good at low frequencies, but deviates
at higher frequencies. The shape of the deviation suggests that the vafuediduces at higher
frequencies perhaps suggesting takesthe alternateform given inFig. 6.7. However,as the
effective valueY provides a sufficiensmall signal response, the exact equivalent parameters

for'Y ,'Y andd have not been calculated.

Fig. 6.7: Small signal equivalent circuit model forRo to account for high-frequency behaviourat low bias

currents.
Fig. 6.8 shows the variation oY andd with bias and frequency for the 1.1 m@LEDs. For
these calculationsy i s set t o 6 thgtthesk paraineterschow the samedhape

response as the 0.12 rh@LEDs, with similar trapping characteristics. Notably, a variation in

0 at1 mA is measured relative to the other bias currents, which may help explain the relatively

poor fitting of theY in Fig. 6.10(a) compared to the other devi@sl other bias currents.
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Fig. 6.8: Variation in (a) Ry and (b) G with frequency and bias current for the 1.1 mn3 OLEDs on silicon.
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Fig. 6.9: Variation in (a) Ry and (b) G with frequency and bias current for the 9mm? OLEDSs on silicon.

Similar calculations are undertaken for the 9 "®h.EDs and are presented fiig. 6.9, and

show

S i

mi |

ar

calculateY ando .

shape

response

t o

t he

sYnma |

The high frequency measurementsdommay be used to model thé response of the OLEDs

These results angresented irFig. 6.10 for the 1.1 mm and 9mm? OLEDs with the fitting

values forY ando found inTable6-1.

152

PriyankaEkkanathde Souza September 2018

e

r

a l



Chapter6: High-Speed Modelling & Optimisation
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Frequency [MHz] Frequency [MHz]
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Fig. 6.10: |S:1| measurements (solid lines) and model (dashed lines) for (a) the 1.1 fand (b) the 9mm?

OLEDSs on silicon substratesat different bias currents.

The fittingbetween the model and the measurements is good at all @rk&equencies, with
the exception of the measurements for the 1.ZatthmA, and at high frequencies, where the
response is slightly undestimatedin asimilar fashionto the 0.12 mmOLED at 1 mA
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Table 6-1: Small signal parametersused to model the OLED|S:1| response

0.12 mm2 OLED

L [mA] | 0.5 1 2 3 4 5

4. ¢ m¥y|201 131 102 87 77 70

F [oF] | 767 76.4 76.0 75.8 75.7 75.7
1.1 mm2 OLED

L ImA] |1 3 5 8 10 |15 |20 |25 |30

=|u f mY|100 |49 40 33 30 25 22 19 17

F[nF] |065 |065 |064 |064 |064 |064 |065 |0.65 |0.66

9 mm2 OLED

L ImA] |1 (3 |5 |10 |15 |20 |25 |30 (35 |40 |45 |50

4.f mY|[68 |43 |34 |23 |18 |15 (13 |12 |11 [9.9 |9.1 |87

F[nF] |63 |65 |65 |62 |60 (59 |59 59 58 59 |59 |59

For each of the deviseon siliconthe value oD extracted from the measurements appears to
scale very nicely. Equating to a geometric capacitaneg and assuming\eery approximate

constantoverall relative permttivity of 3, as is stanard for organic devices, it is possible to

calculatean estimated/alue forQas per Eq.¢® .

8

Q —
(0]
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Table 6-2: Capacitance calculations for the devices on silicon

0.12mm2 | 1.1 mm2 |9 mm?2
6 [nF] 0.076 0.65 5.9
Silicon | — [NF mm2] | 0.63 0.59 0.66
Q —[nm] |42 45 40

The calclations presented ifiable6-2 suggest an equivalent parallel plate capacitor with plate
separation of 40 nrim these devicés As this device has @2xm EML and 10 nm EBL and
HBL layers, this suggesthatthere may beharge accumulatioat theSpiro-TTB/ MPD and

BPherBAIq interfacescreating this capacitance.

6.2.2Comparison oDevices with a 20 nm EML

Similar calculations for the0 nm EMLdevices orglassshowunexpected resultflots ofo
and’Y against frequencipr the 0.12 mrhare shown irfFig. 6.11. Surprisingly,the capacitance
of the room temperature devices on gleassnuch higher than the equivalecapacitance
measuremerfor devices on siliconWhen theseleviceson glassare cookd, the capacitance is

less than that ahe devices osilicon.

4 Of course, the total capacitance for capacitors in series are limited by the smallest capaoitdnigeloes not
preclude a higher capacitance existing in the OLED

at multiple interfaces, so this calculation is not necessarily so straightforward, especially for semiconductors,
whered6 @ —— , where®] is the admittance. However, these results are corroborated by simulation in

86.3. Moreover, for fitting to the &, this would imply a higér R than is calculated to exist in the device from the

S11 measurements.
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Fig. 6.11: Variation of (a) /& and (b) & with frequency and bias current for the 0.12 mm OLEDs on

silicon compared to glass an@n a heat sink set td.6°C.

The equivalent’Y model for these OLEDs suggests thae 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 equivaleiit andd parameter®f these measurementnd

Fig. 6.12 shows the fittingof these parameters to the measg¥dsvalues The capacitance
of 156 r- corresponds to ® — 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 theMBMh increases

the devie capacitance accordingly. Furthermore, the reductidimeo$mall signal on glass

relative to the devices on silicavould also be consistent with a thermally enhanced mability
However, despitthehigher mobility of thedevices on glassheoveral small signal bandwidth

of these devices i®duced due tthe high device capacitance.
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Table 6-3: Ro and G parameters for the 0.12 mm OLEDs with a 20 nm EML.

0.12 mm2 OLED
- F[mA] 05 |1 2 3 4 5
_
c E =| f m}201 | 131 |102 (87 |77 |70
2 g
» Q F [pF] | 76.7 | 76.4 | 76.0 | 75.8 | 75.7 | 75.7
-
0 = |4.f m]100 |81 |67 |60 |51 |47
£t £
O c
8 F [pF] | 158 | 159 | 163 | 159 | 160 | 157
O =
© = |4.f m]543 | 332|270 | 298 | 307 | 257
g E
o g F [pF] | 41.7|60.2 | 59.9 | 53.7 | 49.0 | 48.4
| s — 0 T
[} - prb o - - | i, -
-3 S S pad sy LT -3 | \u_h..“‘-
| s ""-:" ! S -""-..""'-...
-6 | \\'-.. il -0 | S s“‘-._-‘
| ST _ 0 | S o . -
P '9 | il o] e | 2 -~
/M 2] 0
=12 | % -12 | T~
ZIRE CARE
-18 -18
0.5mA = = =05mA 0.5mA - --05mA
-21 3mA =-==3mA -21 3mA ---3mA
24 SmA =-=-=-5mA 24 SmA = -=-=-5mA
0 9 18 27 0 9 18 27
Frequency [MHz] Frequency [MHz]
(a) (b)

Fig. 6.12: |S1| measurementgsolid lines) and|S:| modelling fit (dashed lines) for the0.12 mn¥ OLEDs on

(a) glass substrates and (b) glass substratesoled to 16C.

In contrast to the relatively consistent values found dorfor the room temperature

measurements, it is seéom Table6-3 that the devicemall sgnal capacitanceshows much
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higher variancavhen the devices on glass are cooled %16 is observed that they and

Y measurements for the cooled devices are much noisier than the uncooled dieisces.
possiblethat thebalance between heatteaction from the heat sink and generation from the
device sehheatingis causinghis erratic behavioun the systemUnder the assumption that

these capacitance measurements acdyregélect thedevicebehaviour under coolinghese
capacitance valgecorrespond twalues ofQ — between 536 nm. A potential reason for

these larger values @2 may be thathere isadditional charge accumulation in between different
layers, as the carriers cantioérmallyhop between layers as easily, creating a more complex
net capacitancat cooler temperaturek may also be thatarrierscannot be thermally injected
from one ofthe contacts as easiénd the assmption oftwo quastohmic contacts no longer
holds.If, for example, the anode (as it is closer to the heat @rik)ecting fewer holesand

the currentis not chargebalanced, there would be a greater proportion of elestham hols
andthere would béess luminescent power outp@imilar to the devicewithout SpireTTB).

With a lesser proportion of the curragding to luminescent recombination, this would present
as a higher value oY (in addition to the lower mobilityand lower luminescent power output
even at high bias currenfBhisis consistént with observations, where there veagductionin

|<1]| power betweenincooledandcooleddevicesat the same current bias

600 20

''''''' 1 mA, 16°C Glass e 1mAL 16°C Glass

3
500 1 mA. Glass 1.8 —— I mA. Glass
’ : 1 mA, Silicon 1.6 1 mA. Silicon
20 mA. 16°C Glass ., , 4 e 20 mA. 16°C Glass
400 T " > 1.4 20 mA, Glass
20 mA, Glass ]
=) I 1. — 12 20 mA. Silicon
c ., 20 mA. Silicon T
'_'L 300 = 1.0
200 ~ 08 .
0.6 ThesLIIITL AL
100 04
02
0 0.0
0 5 10 15 20 : } }
0 5 10 15 20
Frequency [MHz] Frequency [MHz]
(a) (b)

Fig. 6.13; Variation of (a) Ry and (b) G with frequency and bias current for the 1.1 mn3 OLEDs on silicon

compared to glass and oglass withheat sink set to 18C.
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Fig. 6.13 shows theY and® measurements for tHel mnf OLEDs.Very little difference is
seen between th¥ measurementat 16C anduncooled although therés a slight reduction
in 0 between the uncooled and TEdevicesRelative to the devices on silicatie uncooled
devices on glass show a higléerand a lowefY . This maybe related to higher thermally

generated mobilities in the devices on glass.

Table 6-4: R, and C. parameters for the 1.1 mni OLEDs with a 20 nm EML.

1.1 mm2OLED

E
TF

4.f m1100 |49 |40 (33 |30 |25 |22 |19

Silicon

F [nF] | 0.65|0.65|0.64 | 064|064 |0.64 | 0.65|0.65

1116 |66 |52 |44 |40 |32 |28

Glass

F [nF] | 0.73]0.7410.74 | 0.75| 0.75| 0.75 | 0.75

=|DF m1171 | 122 | 120 | 109 | 178 |45 |52

F [nF] | 0.65|0.62 | 0.61|0.53|0.29 | 0.83 | 0.62

20nmEML | 20 nm EML | 20nm EML g
|
3

Glass 16C
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Fig. 6.14: |S1| measurementgsolid lines) and|S:1| modelling fit (dashed lines) for the 1.1 mOLEDSs on

(a) glass substrates and (b) glass substrates cooled t6Q.6

We can sefrom Table6-4 that thed fitting parametes for the OLEDs cooled to 1€ have a
muchhigher variancgéhanthose uncooledrhe cooled devicealsoshow ahighersmall signal
Y, related to the lower mobility of the cooled devic€sntrary to expectatiofly for the
OLEDSs on dicon is lower thanon glass An explanation for thiss that'Y represents onlthe
fraction of the measured vall¢ that contributes to light emissiosince’Y is higheron
silicon than on glasghis perhaps suggests that fireportionof Y that contributes to light

emission is higher in the devices on glass than the devices on sllieswould infer that the
devices on glass have better luminescent efficiency thadetfiees on silicon, which would
be consistent with the improved carrier trans@ord Langevin recombinatioim the hotter
deviceslt is also noted agaitinatthe relatively poorer bandwidth performance of the OLEDs

on glass compared to silicon is likelye to their higher small signal capacitance values.

Fig. 6.15, below, presents thér and® measurements of the devices with an arearofrf.

It can be seen that does not significantly change between devices on glass and on silicon,
and cooling only has a significant effect upon the valu¥ adt low biaseso 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 itando ) than the uncooled devices. It is also

of note that the capacitance for theleal devices is lower than for the uncooled devices, despite

the large variance in measurement values, perhaps because fewer charges can hop the energetic
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barriers between layers at lower temperatures and therefore have a greater separation distance

Q
300 1 mA. 16°C Glass
—— 1 mA. Glass
250 1 mA., Silicon
“““““ S0 mA. 16°C Glass
_‘200 — 50 mA. Glass
%150 50 mA., Silicon
~
100
i“ "'.-A...-«.-\...............I . ML“‘J
o 1 2 3 4 5
Frequency [MHz]
(a)

,,,,,,,,, 1 mA. 16°C Glass
—— 1 mA. Glass

1 mA. Silicon
““““““ 50 mA., 16°C Glass
—— 50 mA, Glass

50 mA. Silicon

Frequency [MHz]
(b)

Fig. 6.15 Variation of (a) R, and (b) G with frequency and bias current for the9 mm? OLEDs on silicon

compared to glass and on a heat sink set to 1®.
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Table 6-5: R, and C. parameters for the 9 mn? OLEDs with a 20 nm EML.

9 mm2 OLED

=|u¥ mY|(68 |34 |23 |18 |15 |13 |12 |11 |99 |9.1 |8.7

Silicon

F[nF] |63 |65 (62 |60 59 |59 |59 |58 |59 |59 |59

=|uF myY(70 |30 (20 (15 |13 |11 |10 |87 |76 |7.4 |6.2

Glass

F[nFl |71 |71 (70|70 70|72 |72 |74 |76 |77 |79

=|uF mY|130 (50 |37 |30 |32 |24 |22 |21 |18 |14 |15

Glass 168C
20 nmEML | 20 nm EML | 20nm EML g

F[NF] |46 |46 |49 |41 |35 (38 |35 |35 |39 |42 |38

Extraction of the small signal circuit fitting model parameters presenteabie6-5 show that

there is relatively small difference between tevalues for thelevices on silicon or on glass.
However, under cooling, the values Pér increase significantly, again likely due to a reduction

in thermally assisted mobility. The fitting of this model to i smeasurements 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.
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0 2 4 6
Frequency [MHz] Frequency [MHz]
(a) (b)

Fig. 6.16: |S1| measurementgsolid lines) and|S:1| modelling fit (dashed lines) for the 9 mmM OLEDs on

(a) glass substrates and (b) glass substrates cooled t6CL6

It may be noted that for all devices of all areas with a 20 nm EML, that the valuesafier
highest in the devices on glass, followed by the devices on silicon, and finally ke devices

on glass.

6.2.3Comparison oDeviceswith Varying Thickness

The same modelling techniques have been used to extract gmeld values for theDLEDs
with 30 nm EMLs. The following subsection presents the results of this analysispanghres
the full stack devices with a 30 nm EML to the devices manufatwitbout aBAlq layer and
manufactured without aBML. The results for theevices with a 20 nm EML on glass are
included for completeness aatepresented ifrig. 6.17. All of these devices are on the same

glass substrates.
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Fig. 6.17: Variation of (a) Ry and (b) G, with frequency and bias current for 0.12 mn? OLEDs.

Themeasuredy values forthe devices with the 30 nm EML are higher thandtier devices
measurepthis would be expected, as this device is thicker than the others measured. It is also
seen that thé values forthe devices with no EML, without BAIq andtv a 30 nm EML are

all similar, whereas thé for the OLEDs with a 20 nm EML are significdpthigher. As
previously suggested, this is possibly due to charge accumulation either side of the EML
However in the devicesvithout a BAlg layer and withouan EML, thesesameinterfaces do

not exist andhe sameharge accumulation cannot occline cevice with the 30 nm EMbas

a lowermeasureaapacitance 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 createsitesre
for char ges t-NPDmodBAlgflayarsintot the eEMLUlayersteducing the
interfacial barrier to injection into the EMIhis wouldtherebymove the charge accumulation

layers to closer to the contdayers and further reduce the device capacitance.

Fitting of the™Y response to¥ and® parameters provides responses as sefigie.18. The

'Y and0 parameters used can be foundlable6-6. A reasonably good fit is found for the
devices with the 30 nm EML and without the BAIq layer. The RC time constants provided for
the devices with the 30 nm EML also provide good consistency with the timéactns
measured in the large signal measurements in Chéapliecan be seen that the difference in
capacitance between the OLEDs without BAIg and thestaitk OLEDSs is not significant, but

that it is the difference between the valueSrofor these devices that causes the signficant

164 PriyankaEkkanathde Souza September 2018



Chaptei6: High-Speed Modelling & Optimisation

performance difference. This is likely related to the MADN:BPhen interface affecting charge

transport relative to the full stacledces.

0 [ e 0 F,/“i 0

- 2 0.5 mA
~ ~
: N :':‘ ! l"\ - ==0.5mA
3] . ~ = ) ."‘\\ -=-=-3mA
| N . | b\ W 5 mA
=6 | . =6 | = -6 | ‘\‘\---5111A
= | N2 AR T
= | a = | — A 'a
S g | Ao | A -9 | \ \
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Fig. 6.18: |S1| measurements andnodelling fit for the 0.12 mn¥ OLEDs on glass(a) with a 30 nm EML,
(b) without the BAIq layer and (c) without an EML.

The influence of electric field also affedfse value ofY . At ~49 V, Y for the full stack
OL EDs i andiobtile O4EDs without BAIGY is1 4 8, although the bias currents for
each are 0.5 mA and 2 mA respectiveyis is likely due to tb fielddependence of the

mobility (Egs. @ & ¢® ) and the mobilitydependence dfangevinrecombination.

F ol o8 T

In comparison,hefit of the devices witbut the EMLto the modeis relatively por, with a
significant change in shape of the respori@ee’Y and0 measurements for the OLEDs
withoutan EML aresimilar to the measurements for tihevices without the BAIqg layethus

it would be reasonable txpecta similar’Y response. However, it is suggested that the slow
response of these devices without the EMlinsted by the slow excitonic responsef the
OLED, and not necessarilyy the electrical properties measuredtie™y modelling It has
been suggested in thieerature that a BAIQ:NPB chargeansfer exciton has a lifetime of 40
ns[210]. From these results, and from the resultSign5.19, it would suggest that the charge

transfer exciton in these devices may have a lifetime even higher tharhghi®lativestability
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of this exciton would mean that it is not tR&-responsehat limits the bandwidth of this
device, but theexciton lifetime.This would explain the relatively poor fit of tmeodelused
here.It is of note that thequivalentvalues ofY at bias currents of2 mA are higher than
values measured foX¥ at any frequencyfurther suggesting thaty is a nonphysical
parametem this instancend that this model is inappropridte the OLEDs without an EML
Although the fit is poor, the parameters for theide without the EML are includeid Table

6-6 for completeness.
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Table 6-6: R, and G fitting parameters for the S:1 response of thed.12 mn? OLEDs.

0.12 mm2 OLED

05 |1 2 3 4 5

=|D fF myY100 ({81 |67 |60 |51 |47

Glass

No BAlqg 30 nm EML | 20 nm EML ?;

F [pF] | 158 | 159 | 163 | 159 | 160 | 157

=|DF mY 190 | 143 | 112 |92 |82 |75

Glass

F [pF] |50.7 | 50.5|50.2 | 50.2|49.9|49.9

=|DF mY 345 | 221 | 148 | 122 (99 |84

Glass

F [PF] | 54.2|53.9|53.8|54.0|54.4 | 54.7

4.f MY 746 | 638 | 523 | 437 |388 | 356

Glass
No EML

F [pF] |59.4|59.5|59.8|60.0|60.2|60.4

It has been shown in Chaptethatthermal effect@resignificant for devices on glasasthey
cause operating behaviour not scale with area in simple fashion (unlike the devicesn
silicon). Asthe previous results pertaining to thé2 mnt arenot then directly scalable to the
largerdevicesthe same modelling techniques have beedertaken for the 1.1 nfnand for
the 9 mm OLEDs.

Measurements of the values inFig. 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 BAIq laer, 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 BAIq layer,
these devices are excluded from this comparison for the excitonic reasons previously

mentiored as it is clear that the exciton recombination time limits the overall device bandwidth
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Equivalent’Y modelling is presented iRig. 6.20 , with the model paranters presented in
Table6-7.

600 ~ = 1mA, No EML 2.0 — — 1 mA.No EML
so0 L 1 }Iﬁ ggnm Eﬁ 184 — 1 mA, 20 nm EML
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“““““ 1 mA. No BAlq 16 I mA, 30 nm EML
......... 1 InA1 No BAlq
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Fig. 6.19: Variation of (a) Ry and (b) G, with frequency and bias current for the 1.1 mn? OLEDs on glass.
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Fig. 6.20: |S1| measurements and modelling fit for the 1.1 mMOLEDSs on glass (a) with a 30 nm EML, (b)
without the BAIq layer and (c) without an EML.
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Table 6-7: Ro and C: parameters used for fitting to theSe1 model for the 1.1 mn? OLEDs.

1.1 mm2 OLED
I=rr [[MA] 1 3 5 8 10 |15 (20 |25
_
o E =| fr m]116 ({66 |52 |44 |40 |32 |28
L £
O c
Q F [nF] | 0.73]0.7410.74 | 0.75| 0.75| 0.75| 0.75
_
" E =| Fml 131 ({69 |57 |46 |41 |34 |29
(%]
& g
O c
S £ [nF] 0.39{0.39|0.39/0.39(/0.39|0.39| 0.38
n <£ET =| fr m]145 |85 |63 |47 |41 |30 |25 |20
3 o
O o
z F [nF]|052]051{051/051|051|0.51|0.51|0.51
o = 4.f m1219 | 147 | 124 | 110 | 100 |85 |77 |70
© W
® o
Z F [nF] | 0.50| 0.50 | 0.50 | 0.50| 0.49| 0.49 | 0.48 | 0.47
300 1 mA. No EML 20 1 mA. No EML
1 mA, 20 nm EML 18 ¢ 1 mA, 20 nm EML
250 — L mA, 30nm EML 16 — 1 mA, 30nm EML
""""" 1 mA. No BAlq ; - 1 mA, No BAlq
40 mA. No EML 14 : 40 mA, No EML
200 40 mA. 20 nm EML : 40 mA. 20 nm EML
= —40mA. 30mmEML - 12 R ——40mA. 30 nm EML
%150 vvvvvvvvv 40 mA. No BAlq %10 2 T 40 mA. No BAlq
100 6
50 4
2
0 - 0
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Frequency [MHz] Frequency [MHz]
(@) (b)

Fig. 6.21: Measurements of §) R, and (b) G, against frequency atdifferent bias currents for the 9 mm?

OLEDs on glass.

PriyankaEkkanathde Souza SeptembeR018

169



Analysis and Optimisation of an Organic @ptiLink

Fig.6.21 presents they andd measurements for the 9 M@LEDs. Once again, the OLEDs
with the 20 nm EML hve the highest values for.

0 2 4 6 0 2 4 6 0 2 4 6
Freqklgilcy [MHz] Frequﬁg’:y [MHz] Frequ(e&}cy [MHz]

Fig. 6.22: |S:1| measurements and modelling fit for the 9 mOLEDs on glass (a) with a 30 nm EML, (b)
without the BAIq layer and (c) without an EML.

Fig. 6.22 shows the fit between th& parameters found ifrable 6-8 and the"Y
measurements. The relative improvement of the fit of the dewahout an EML to théY
model fitting may be because thakectrical RCtime constantstartsto be of the same order of
magnitude as thexciton lifetime and thus the exciton lifetimie no longerthe only factor

limiting thebandwidth of these devices.
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Table 6-8: R, and G parameters used for fitting to theS:: model for the 9 mn? OLEDs.

9 mm2OLED
L mA] 1 |5 |10 |15 |20 |25 |30 |35 |40 |45 |50
—
2 = |4.f mY|70 |30 (20 |15 |13 |11 |10 |87 |7.6 |74 |6.2
S g
O c
o |FIFl |71 |71 |70 70|70 |72 |72 |74 |76 |77 |79
—
w = |4.fF mY|89 [42 [27 |22 |18 |16 |13 |12 |10 |93 |84
»n uw
S g
O c
o | F[nFl |50 [49 |48 |48 |48 |48 |49 |50 |51 |52 |53
o 2 4.f mY|84 |41 |28 |21 |18 |16 |14 |12 |10 |95
8 o
O o
Z | F[nF] |52 |51 |50 [50 |50 |49 |49 |49 |49 |49
o 2 4.f mY|83 |46 |35 |30 [25 |22 (20 |20 |18 |17 |16
© w
O o
Z | F[nF] |54 |54 |54 |53 |53 |53 53|53 |54 |54 |54

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. Theneasureccapacitance are relatively constant it bias, with small

signal resistances reducing as bias incred$esOLEDs with the 30 nm EML have the highest
bandwidths as they have the lowest capacitarmrekare significantly fasterthan the devices

with a 20 nm EML. Measurements of the 20 nm EMILEDs on silicon substrates show that
their capacitanceuggestshat due to the low mobility of the materials and hopping nature of
the transport and energetic barriers at interfaces, therermsnaling of charge at the Spiro

T T B-NRD and BPhen/BAlq ierfaces, such thamprovement of charge injection at these
interfacesand reduction of associated capacitamag improve overall device bandwidth.
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6.3Physi cal Model | i ng

The Silvaco simulation introduced in Chaptéris extended to produce small signal RC
parameters for the OLEDs at different bias poiitse simulation applies a DC bias to the
OLED, and then performs sinu®idal steady statanalysisby | i neari sati on
equation and the carrier continuity equations araimedDC operating poinbased upon the
works of Laux[243]. The output of this ishe admitance matrix of th@verall device, from

which the small signal resistance and capacitance values nfayrae This simulation method

is directlyanalogous to the small signal measurements taken by the VNA presented in Chapter
5, and so may be used to analyse the internal workings of tieDOEoOr computational

efficacy, theeffect of temperature has not been included.

6.3.1Simulation Results
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Fig. 6.23: Output (a) resistance and (b) capacitance values against frequency for the simulation of the 9
mm? OLEDs with a 20 nm EML.

Fig. 6.23 shows the output resistance and capacitance values for the simulatiommoféa 9
OLED with a 20 nm EMLBroadlysimilar trendsto thedirectR and C valuesbtainedfrom
the admittance ofthe Si1 measurementsare shown as can & seen fromFig. 6.24
(measurements do nasubtract the series resistancé’ parameter for measurement
equivalency) The reduction in R with frequency is due to the influenceYoin both the

simulation and the measuremer@® note is that théow frequencysmall signal resistanas
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much higher for theneasurements than teenulation Thissuggesta higher concentrain of

trap states in the measured devices than implemented in the simulation.

250 20
1 mA 3mA 1 mA 3mA
5mA 10 mA 18 5mA 10 mA
200 ——15mA 20 mA 16 ——15mA 20 mA
- 25mA ——30mA 25mA ——30mA
——35mA ——40mA 14 —35mA ——40mA
'_|150 —45mA ——350mA 12 — 45 mA — 50 mA
S, =10
" 100 SR
6
50 4
e — 2
0 0
0 1 2 3 4 5 0 1 b) 3 4
Frequency [MHz] Frequency [MHz]
(a) (b)

Fig. 6.24: (a) Resistance and (b) capacitance values obtained througieasurement of theSi: parameters
of the 20 nm EML 9 mm? OLEDs on silicon

Similar trends are observed filve 0.12 mr with a reduction in Rvith frequency due to the
effect of the contact resistande. The capacitance sirtation does not show the same low
frequency response as measurements, likely due to the influence of theebjars100kHz)
and due to the frequency response of tragsch is not included in the simulatioithe
measured reduction in C with frequencylig to the effect 6¥ (c.f."Y i in Fig.6.15), and

has also been observed in the literaf@#et].
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Fig. 6.25: Output (a) resistance and (b) capacitance values against frequency for the simulation of the 0.12
mm? OLEDs with a 20 nm EML.
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Fig. 6.26: (a) Resistance and (b) capacitance values obtained through measurement of 8igparameters
for the 20 nm EML 0.12 mn?¥ OLEDs on silicon

The final capacitance values for the simulation and measuremeint goed agreementn
contrast to th® mn? OLEDs the measuretbw-frequencyresistance values for the 0.4

are lower than theimulated values.

Taking the small signal simulation vas for R and C, it is possible to build a fitting matel

the S1 parameters, in the same fashion @28 It is found thatakingthe constansimulation
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high-frequency capacitanced and a fixed proportion of thesimulation low-frequency

resistancd Y 1t k| 'Y acrossall bias current$or a given device sizprovides a very
good fit tothe measureds:. This proportion 'Y represents luminescent proportion of the
total resistance.

O 0

»”, 0 R
O—| .,C) p ’?‘Q.Ié | :Y m& (p

This is in contrast to thy ¢ fitting in 86.2.1 whereY is not found tohave anyconstant
correlation tolow frequency values ofY or Y (the equivalent resistance without the
subtraction ofY ). Thiswould suggest thathe seriegesistancéY , the bias tee anthe trap
statesact toobscure the true value déifie resistance values obtained B measurements

which canconverselybe predicted in simulation.
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Fig. 6.27: Measurement (solid) and dashed (simulation):]| fit for the 0.12 mm? OLEDSs.

It can be seen that for the lawrrent measurements, thedttows the same deviatia high
frequencies as is seen from the fitting methodologs6.2.1 By allowingthe simulatedy to

vary with frequency, this lovbiasfitting can beimproved as inFig. 6.28.
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Fig. 6.28: Low bias fitting of the |S1|to 0.12 mn? OLEDs with a 20 nm EML on silicon substrates.

The fit of the3 dB frequency calculated from the constamersion of thes;1 against measured
3 dBvaluesmay be seen ifig. 6.29, below The| used is constant for each bias current but

varies between OLED sizes.
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Fig. 6.29: 3 dB bandwidth calculations from simulation and by measurement at different bias currentsor

the 20 nm EML OLEDs at (a) 0.12mm?, (b) 1.1 mm? and (c) 9 mnt on silicon substrates
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Furthermore, a reasonable fit is found by varytimg fitting parametér for different devices
Fig. 6.30 presents these results for 20 nm EKALEDs on glass, anBig. 6.31 presents the

same fitting for theimulation run with a 30 nm EML.
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Fig. 6.30: 3 dB bandwidth calculations from simulation andby measurement at different bias currents for
the 20 nm EML OLEDs at (a)0.12mm?, (b) 1.1 mn? and (c) 9 mn? on glass substrates.
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Fig. 6.31: 3 dB bandwidth calculations from simulation and by measurement at different bias currents for
the 30 nm EML OLEDs at (a)0.12mm?, (b) 1.1 mm? and (c) 9 mn? on glass substrates.
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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 BAIg layer at (a) 0.12mm?, (b) 1.1 mn? and (c) 9 mn? on glass
substrates.

Fig. 6.32 shows the fit betweesimulation and measurement for the devices without a BAIq
layer. In each device dimension, tieulation underestimates tbandwidth at high bias and
overestimates d&w-bias. Thissuggesthatone of the layers mayave an underestimated field
enhanced mobility factorWith better characterisation of the material mobilities at the
thicknesses used these devicest may be possible to refine tmsodel.

6.3.2Trends

An advantage o$imulationtechniquess thatmodellingmaybe used tdorecast behaviour and
trends While work remains to consistently characteaseapidlygrowing library of organic
semiconductor materiglsvith reasonablainderstanding of the significapirametes, it is
possible taanalyse device structure and behaviour in the context of optimisation. By applying
the same methodology as detailad86.3, it is pcssible toforecastdevice performance with
variation of parametersAll of the following trends are forecast using a 0.12 7@LED
simulation,andmakethe assumption that constant value ¢f can be used to plot trendghis

is a significant assumptioas| correlateghe luminescent recombinaticio the total output

resistancand may vary with different device geometries

Nevertheless,his approximationmay be considered valid to calculateugh estimates of

bandwidh performancasthe deviceconducance(and therefore resistanca$o depends upon
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these same parametersrmabbility and carrier concentratioAside from the parameter that is
varied, the OLEDs simulated have a structure as introduceBign4.1, and doping

concentrations are maintained.
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- 25 nm —— 30 nm 35 nm
— 40 nm —45nm — 50 nm
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Fig. 6.33: Predicted 3 dB bandwidths for varying thicknesses o$piro-TTB.

Fig. 6.33 shows the predicted 3 dB bandwidtdssthe thickness of the doped SpirbB layer
is changedit appears that bandwidth is likely improved with increasing thickness of the Spiro

TTB layer, possiblypecausdothcapacitance and mobilitgnproveswith layer thickness
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Fig. 6.34: Predicted 3 dB bandwidths for varying thicknesses of-NPD.
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It appears frontig. 6.34 that electrical bandwidths only slightly modified by changing the
thicknesN®Dlayér. t he U
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Fig. 6.35: Predicted 3 dB bandwidths for varying thicknesses of the EML

Simulation predicts thahe thickness of the EML can be further increased in order to improve
OLED bandwidth(Fig. 6.35); this trend is in agreement withe observed increase 1S
bandwidth between the OLEDs with the 20 nm EML and the 30 nm EMlicourse, this is
predicated upon aonstant value df, which may not be the casand further validation is
required to confirm the correlation jofto the total resistancddeally, this would involve
verifying a relationship with theypothesised.angevin resistance

O

v g
Y °Y 5 A ¢ X

180 PriyankaEkkanathde Souza September 2018



Chaptei6: High-Speed Modelling & Optimisation

(R 2 (¥ (%]
< N (] n

[u—
N

f 305 [MHZ]

5 nm 10 nm 15 nm 20 nm

0 1 2 3 4 5 6
Current [mA]

Fig. 6.36: Predicted 3 dB bandwidths for varying thicknesses oBAIq.

In contrast to the hole injecting and transporting layers, the simulation model suggests that
increasing the BAIq thickness may in faetry slightly worsen OLEDbandwidths Fig. 6.36),
although the overall changevsrysmall.Furthermore, it suggests tHat ED bandwidths may
beimproved by reducing the thickness of Behen layer below 15 nfor increasing it beyond

40 nm) as seen ifkig. 6.37.
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Fig. 6.37: Predicted 3 dB bandwidths for varying thicknesses of BPhen

Overall, the simulation modauggests that there may be an improvement in bandwidth by
reducingt he t hickness of the BPhen | ayers -and

NPD and SpireT TB layers.This analysis of courseassumes thdl i s constant f

PriyankaEkkanathde Souza SeptembeR018 181



Analysis andOptimisation of an Organic Optical Link

these deviceshat the recombination zoneemains within the EML and is not limited by
excitonic effectslt is also assumed thahy changes in luminescent output power do not limit
the overall bandwidth of the optical liskd thathese devices amanufactured on daérmally
conductivesubstrate such thahe devices are more predictable dhedmal effects are less
significant However, asneasurements ir6§.1suggest thatapacitance limgthe small signal
bandwidth othese devicest is anticipated that these adjustments mgyove the capacitance

of the OLED and hence improve thandwidthperformance of these devices. It is also expected
that with improvedknowledgeof the device mobilities, HOMELUMO levels and analytic
det er mi n andivarificatian fof itddproposed relationship between the total device
resistance and luminescentisgagncethat this holistic model can be expanded and improved

upon in the future.

64Concl usi ons

This chapter has introducednovel method of analysing tlsenall signal modelling of the
OLEDs under studyMeasurements of thaarameters have been useébton a small signal
equivalentcircuit model of the OLED, and have been further used to infarmodel that
predictsthe S1output of the optical link. It is found that thisi$esponsdits an RC response,
and that theptical frequency response of @& EDs may be modelled &C-limited according

to this model Thehigh-frequencycapacitance measured using the r8sponsas seen to be
constant at different bias currents, with the dimaquency response of the OLERtributed to
trapping effects. Thasall signal resistance value for the OLEBasndto vary with frequency
and with biaswith the highfrequency decay of the resistance attributed to trapping effects
Choosing a portion of the small sighalv-frequencyresistancen parallel with the capacitance
fits the S1 response measurementhis fraction may be considered to be analogous to a
luminescent portion of the total device resistafideese measurements are taken for a variety
of devices in different sizes and capfrationslt is believed that this type of analysis is novel
to the field of organi¢. EDs and has not previously been conducted.

It is found that the small signal capacitance and resistance vary with temperature, likely due to
the thermallyactivated molity of the carriers. Without this thermal energy, the mobility of

the OLEDs is reducedthereby increasing the small signal resistance. In addition, the
capacitance is found to decrease under cooling, likely because there is less accumulation of

carriersat interfaces when thedo not have the thermal energy to overcome energetic barriers
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at the boundaries between laydtrss found that devices on silicon display behaviour that scales
well, but the thermal response of the OLEDs means that the behamiglass is much more
unpredictableThis thermal response also means that the devices on glass exhibit different small

signal parameters to the same OLEDs on silicon.

Limitations ofthe OLED S:1 modelareseen in the devices without an EMLChefit of the
response is seen to be poor, as these devices are excitonically limited, and not electrically
limited. The S;1 parameters for these OLEDs are similar to other measured devices, &ut the
response isignificantly different, and fit of an RC model requiredn-physical values of
resistance much higher th#mat measured through thH&: parametrisationit is only for the
largest9 mn? OLEDs that the small signal model starts to fit Bagresponseand this is
because at this device area, R€ time constants of a similarscale to the excitonic charge

transfer time limitation.

The physical simulation of the OLEDSs introduced in Chagteas also been extended in this
chapter to provide equivalent small signal RC parameléesse parameters were used in the
same Rdimited S1 modelas derived from th& 1 measurementst was observed ithis model
thatuse ofa constant proportiodof thelow-frequencyR parametedemonstrated good fitting
to theS1 measurementsacross all bias currentghis is in contrast to the model derived from
the S 1 measurements, where the emissive portion of the resistaness found to have no
constant relation to th, parameter. It is hypothesised tlhis proportionalityU relatesthe
Langevin recombinain to the OLED small signal resistance adbscured in measurements
due to the biatee the effect of the contact resistariRson S11 measurementandthe carrier

trapping effects.

From this, assuming a constant valudJdér the 0.12 mrAOLEDs, some trends are forecast

for device optimisation. It is suggested that thicker Spird B sNPJand EML layers can act

to increase the device bandwidifhereas a thinner BAlg and BPhen lag@ay act to improve

the overall RGimited bandwidth As knowledge of organic semiconductor parameters
improves with time, this model can then be enhanced in order to better predict and optimise

OLED desigrfor communications applications
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/LI NODEMONSTRATI ON

This chapter presents the results of transmitting data using both OLEDs on silicon and on glass.
It is found that the selfieating of the OLEDs on glass makes it difficult to achieve a stable
operating pointand thus limits the bias current. Furthermore, the heating of the devices
introduces additional noise, which means that the OL&Dglasscan be biased to a current at
which they demonstrate only 11 MHz bandwidth and cdfiieve reliable errefree data
transmissiorof 30 Mbpsusing simpleon-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
OLEDSs on silicorwith a bandwidth of Ies than 35 MHare able to achiewecord130 Mbps
unequalisediata transmissiobelow the hard decision forward error correctamding limit

using simple OOKHowever, it is likely that much higher speeds will be achievable through
device optimisation ahthe use of advanced modulation formats and modern equalisation

techniques.

71l ntroducti on

Havingcharacterised and modelled the OLEDs in Chagtéxst has been shown thete full-
stackOLEDs demonstrate R{imited emissivebandwidths that deperatedominantlyupon
their electrical characteristics, as well as their gabestperformancelt now remains to

demonstrate the efficacy of such devices in transmittingidata optical link

Current commercially available optical links frequently use extentalipled 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 cqartsy in particular, the
low material cost of organic materials, combined withgbtential to manufacturnategrated
organic components directlypon polymer waveguides or polymer optical fietggests such
componentshave application in loveost integated optical links, such as in cars, optical
backplanes in consumer electronios systems requiring lowost electrical isolatiorMIOST
(Media Oriented Systems Transport) is the curoptical standard for data transmission within
cars with the currehgeneratiofMOST150) operating at 150 Mbps through both electrical and
POFlinks [245]. There is clearly demand for data transmission at the ~Mbps datandtthe

rise of Internet of Things is only set to increase desand

Existing endto-end organic optical links have been demonstrated usind®D&nd polymer
waveguideq107], with transmitted data rates @8 Mbps and5 Mbps respectivelyWith
regards tdigh-speed OLEDs themselves, the fastest previous pub3bE® modulation has
been at a rate of 100 MHz with an area of @61 mn¥[107]. This chaptepresents the results
of using the previoustgharacterised OLEDs in a POF optical link.

72Experi mental Setup

( o Low Pass
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Fig. 7.1: Experimental schematic for the optical link

The optical linkwasformed ofa0.12 mnt OLEDs on silicorbutt-coupled to a 1 mm diameter

plastic optical fibore (POF) patch comhich fed the optical signab an 80 m di amet er
avalanche photodiode (APD, First Sensor AD8Q0 via a pair ofasphericoptical lenses
(Thorlabs) The OLEDwasbiased td& mA using a Keithley 2400LV source meter and this DC

signal was combined witha 0.8 \fp PRBSL5 output squarepulse signal from a Anritsu
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MP2101ABERTWaveBit Error Rate Tester (BERT)sing aMini Circuits 15542 Bias Tee
The output electrical signal from the ARfaspassed throughnatherMini Circuits 15542
Bias Teeamplifiedby 20 dB by a ZFE1000LN+ lownoise amplifierand theragain amplified
by 25 dB by an SHB826 broadband ampidr, filtered by an 8LP-300+ 180MHz low pass
filter, and fed intaan Agilent Infinivision DSOX3034TDigital Storage Oscilloscopeith a
bandwidth of 350 MHz

Table 7-1: Bandwidth limitations of the equipment

Equipment Bandwidth
BERT 12.5 Gbps
BiasTee 0.1-4200 MHz
POF 200 MHzx50 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 thetestequipment has bandwidths much larger than the bandwidths of the QbkRs
factor of ~10) it may be assumed that the OLED is the limiting componerhighdata

transmission experiment.

As the BERT is not able toatively generate data rates below 125 Mhbysatlab wasused to
generate a PRBS15 signd@his datavas t h e n ¢ srépeatng eabhesyhtibolrdnnyber

of times, and uploaded into the BERT as a programmable pattern. By usiiigghisr et ¢ h e

patternand varyirg the nominal data rateffective data rates lower than 128bps were

achieved Unfortunately, as the symbolwere 0 st r et ¢c heddas not dbee toBERT

synchronise the data stream to calculate the bit error rate gligettie slow modulation of the

OLED meanithatthe t r anss$ymobof dBhud over al |lwerédetecteéd t ¢ h e

5 As quoted in the specification.
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as errorsTherefore, the output datlom the BERT and the output optical sigmadrefed into
an oscilloscope for analysis.

The samples obtained by thscilloscopeverefed into Matlah where all further analysisas
undertakenThe datasequencevas split into 2Fspaceckye patternfrom which the following

measurementsere taken.

The Qfactorwas calculated according tive following equatiori246]:

0o — X

A

Where' |, refers to the mean amplitudeoba t 0616 o  referbto the startdérd a n d

deviation of the distribution of these recei v

The Qfactor was then used to calculate the-értor rate (BER)yccording to the following

derivation.

60YNYRYSY nN°YnYsy X&
N “Yyp represents the probabilithat a 0 or a 1 was transmitteg,Y sY represents the
probability that a O was received given that a 1 was transmiésslimirg a Gaussian
distribution for the noisghenr) 'Y SY is the probability that the additive Gaussian noise has
taken thesymbol beyond its threshold. Integrating over thedtites of the Gaussian

n'yYsy P _agpPl __ g X8
g

0 is the decision threshold for the symhpl,is the noise varianandi is thereceived value

(a random variable).

Assuming an equal probabifibf 1s and Osand the same Gaussian white ndfse provides

the following expressian

i i
6 0Y — A@gb- —— Qi — AgpP — L1 g X&
%< C clg C &

Due to the symmetry between the 1s andilisevaluation of BERs equal to thaetatisticalQ-

function
. 6 !
0 @ é Azp = 06 Pai Qé‘)): X&)
N o q q G
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Qi "o % AZDPo Q06 X8p
0]

Therefore, the total BER is given by the follogiequation, where Q is as defined in &@®),
and not thestatisticalQ-function.

60 2ai Qlér &
G VI X
73Experi ment al Resul ts

Time |ns| Time |ns|

(a) (b)

Fig. 7.2: Received eye diagram at (a) 20 Mbps and (b) 30 Mbps fér12 mn? OLEDs on glass

Although the OLEDs on glass exhibitbegher small signal bandwidths than the equivalent
devices on silicon, the thermal effects of the glass meant thatlmmpellse signal was added
to the device, the DC operating point was limited tor847 (6.0 V), to maintain stability and
avoid thermadrift during operationAt this low DC biasthe luminescent power Isw andit

is not possible to modulate the devices very fasta resultthe OLEDs experienced significant
distortion and noisefurther amplified by the APDs and external amplifiéfg). 7.2(a) shows
the open eye at 20 Mbpand the effect of the noise can be seen. Bye80 Mbps Fig. 7.2(b))

the eye isalreadystarting to closeUnusually, 420 Mbps, the calculated BER is 4304,
whereasat 30 Mbps,it is 15 x 10% The relative reduction in BER {sossiblydue tothe
characteristicof the BERT, as at lowspeeds th@utput voltagemagnitudehas significant

varnancewhich gets better as the data rate increasesan be sedielowin Fig. 7.3.
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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 glassy®0 Mbps Fig. 7.4(a), below), the eye is closed, and at Bbps
(Fig. 7.4(b)) the shape of the eyedsnost completelybscured.

Amplitude | V]
Amplitude | V]

0 10 20 30 40 0 5 10 15 20
Time [ns] Time [ns]
(a) (b)

Fig. 7.4: Received eye diagram at (a) 40 Mbps and (b) 80 Mbgisr 0.12 mn? OLEDs on glass

Replacing the devices on glass with devices on sili@dlmws the DC bias of the OLED to be
set much higher, and as a result, the eye diagrams of the glass dexgjcé® & Fig. 7.4) is
significantly improved in the following plots.
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=

Amplitude | V]
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Time [ns]
Fig. 7.5: Received eye diagram at 80 Mbps fod.12 mn? OLEDs on silicon.
However,the advantage of dewas on silicon is that they are stable under DC operation, and

display less noise.fe 0.12 mrAOLEDswith a 20 nm EMLon silicon were able to transmit
datawith anopen eye at up to 120 Mbpsa DC bias current of 6 mAiQ. 7.5 andFig. 7.6).

0.2

Time [ns]

Fig. 7.6: Receivedeye diagram at 120 Mbpsfor 0.12 mn?¥ OLEDs on silicon
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=

Amplitude | V]
=

Time [ns]
Fig. 7.7: Received ge diagram at 160 Mbps for 0.12 mn? OLEDs on silicon
By 160 Mbps although the eye is closeat this data ratethis eyecan be opened with

equalisationindicatingthat these OLEDsanachieve even higher than 160 Mbfis isin

contrast to the OLEDs aglasssubstrates, where at 80 Mipe eye wasompletely obscured.

The BERof theseadevices is calculated using the methodology detailed i 8nd the results

of this are showihelow.
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Fig. 7.8: BER against data rate for the 0.12 mmOLEDSs on silicon.
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It can be seen frorRig. 7.8 that the OLEDSs on silicon can achiel40 Mbpsat a bit error rate

of less thant.6 x 10°, which corresponds to theard decision forward error correction limit at

a 6.7% overheaf247]. This would mean a record net data rate of MB@s for transmission
using OLEDsAlthough softdecision 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 linkswhere simplicity is paramount

It can be seen in the eggagramghat there is significant noise and jitfer all OLEDs which
is clearly limiting the overall data rateleasurement of themsjitter (Fig. 7.9) suggests that
is fairly consistentvith data ratebove around 40 Mbpwvhich is the point at which the output

voltage from the BERDecomes more consistefid. 7.10).

;1_ _
350 %
3 L
=z
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g 2.5
E %
—
2 L
x
1.5¢
w0 xow
%
I 1 1 1 K >i< >|< >|<
0 20 40 G &0 100 120 140 160

Data Rate [Mbps]

Fig. 7.9: Measurement of the rms jitter with different data rates.

It is suggested thahe variance of the output voltage from the BERiBy have a significant
contribution towards the noiggduction in the size of the open eyéith an improvednput

signal quality, it may be possible to getenbetter 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 gfotentiallyincreasing the data transmission liatdude pulse shaping, use of
advanced modulation formatand equalisationUse ofartificial neural networkequalisation
techniques have resulted in factors of improvementvef 55(20 Mbps from an OLED of 350
kHz bandwidth)87]. However, suctadvanced equalisation techniques come with power and
computational penalty. Simpler amdore commortypes ofequalises are thefeedforward

(Fig. 7.11) and decisionfeedback(Fig. 7.12) equalisers. As these OLEDs are significantly
limited by intersymbol interference (I1SI), such equaliseashelpto extracthe original signal

in systems such as this.
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ko

Fig. 7.11: Schematic of aT-spacedN-tap feedforward equaliser.

With feedforward equalisation (FFEas shown irFig. 7.11, the output ofthe equaliser is a

weighted sum of previousymbols. Mathematically, this is expressed as

~

we Qwe Q xap

Unfortunately, theveighted summing means that fREE acts to enhance noise

—> T

Yn

v

Fig. 7.12. Schematic of a Fspaced Mtap decision feedback equaliser.

However, the decision feedback equaliser (QFES shown inFig. 7.12, does not act to
introduce noise.lt is based upon a weighted sum of previotedtimated outputs

Mathematically, this is:
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v

wWeE awe Q X&0

Indeed, by implementing a vergimple 3-tap feedforward equalise(FFE) using post
processing in Matlab, it has been possible to open the previdoskd eye diagramas shown

in Fig. 7.13 & Fig. 7.14.

Amplitude | V]

T% 3;&‘ [ns] Ti(lg)f: [ns]

Fig. 7.13: (a) Pre-equalised eye diagram at 180 Mbps, (ostequalisation using an offline 3tap FFE
equaliser.
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Time [ns] Time [ns]

() (b)

Fig. 7.14: (a) Pre-equalised eyediagram at 200 Mbps, (b) Postequalisation using an offline 3tap FFE

equaliser.

The equaliser is an adaptivetdp T-spaced FFE implemented using the leasansquars
algorithm due to its simplicityand stabilityovera DFE. As can be seeftom Fig. 7.14, the
equaliser is able to open the ege200 Mbpssuch thatthe slicer detects no errors in the
transmitted symbolBom the 1000 symbols passed through the equalisés.likely that with
more complex equalisation techniqueslalgorithms thatt will be possible taachieve much
higher data rates with OLEDS, at the expense of system and computational confplaxity
may not be desirable in a legost link) In any case, it is clear that the rate limit of data
transmission with these OLEDs has get been reached, and many options exist to further

optimise the speed of thagtical link.

74Concl usi ons

Although the 0.12nm? OLEDswith a 30 nm EML on glass substrates areasured 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 stablesigyeal operation in the presence

of seltheating. As a result of the heatiaugd the reduced input signal power, the received signal

is very noisy, further reducing the equalisatfore data transmission rate. For application in

an integrated lovecost optical link, thermal effects will need to be carefully considered, in

particuar as any polymer waveguides will likely have poor thermal properties, although this

PriyankaEkkanathde Souza SeptembeR018 197



Analysis and Optimisation of an Organic Optical Link

may be mitigated by appropriate choice of substrates, with the polymer waveguide

advantageously providing the necessary encapsulation.

Nevertheless, the work in this chep has demonstratececord nonequalisednet data
transmission at a very reasonalb8) Mbps (and equalised transmission at 200 Mimg}the
0.12 mnt OLEDs on silicon along a shoit5 m POHRink. In context, the fastest previous
reported OLED has been chalation at a rate of 100 MHz for an OLED with an area more than
10 times smaller at 0.01 n#f107]. This is a promising result, as with further optimisation of
the OLED devices, along withmplementation of advancednodulation formats and
eqgualisation techniques, it is likely that such OLEDs may in the future be able to aphiteve
significant data rate®Reported improvements in the literatin@ve shown an improvemeny

a factor of over 5%20 Mbps from an OLED 08350 kHz bandwidthpy using such techniques
[87]. Furthermoreintegrationof these OLEDdgor on-board applications woulshvolve much
shorterdistance transmissipand, in the case adeal manufacture and encapsulation within a
polymer waveguide, woulcapturemore of the luminescent power than externally-sotipled
OLEDs In any caseif is possiblethatthe responstmesof an organic photodetector wifove

a greater limiting factor than the OLERnd such an integration will prove an interesting

challengp.
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S8CONCLUSI®OABTL OOK

81Concl usi ons

While OLEDs are a relatively mature technoldgyusein displays, theonsideration of such
devices forcommunications is anorerecentdevelopmentandas such, the has beeltittle
work done in characterising theodulation performance of OLEDThis thesigresents novel
work to address this knowledge gap, afdather, looks abptimising OLEDs for lowcost

communications links.

Experimental studies are useditiform a detded physical simulatioromodelthat reasonably
describeghe OLED behaviourof this 5layer OLED stack for the first timd-rom DC and
smaltsignal measurementholistic overview of the device performaraed a novel method

of evaluating bandwidth penfmances reported

Initial DC measurements of the OLEDs demonstrate strong blue light emissionrathA8&h
turn-on at 2.8 V. Spectral measurements indicate three spectral peaks in the OLED, two of
which correspond to the TBPe dopaantd a third longewavelength peak that is postulated to
arise from an esiplex/charge transfer excitoin order to better understand the function and
behaviour of different layers, partistack OLEDs were manufactured, where one layer was
missing relative to the compeOLED devicesExclusion of the}NPD hole transport layer
indicates a higher proportion of this exciplex emissighereas exclusion of the BAIq hole
blocking layer suppresses this exciplex emissiimese results suggest that the exciplex is

related toelectron accumulation in the emissive layer.
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Information from thes@artialstack OLEDmeasurements and from the literatwas used to

inform a 5-layer OLED simulation model, which reasonably repbsathe measurements
obtained. This detailed physical simulation is a dfift f f usi on model t hat
equation, along witlthe carrier continuity equationsrhe simulationincorporates the major
features of organic materials, such as the Gansdensity of states, Fermi level pinning of
doped contact layers, inclusion of excitons in cac@ntinuity equations, Langevin
recombination and the empirical Podleenkel mobility behavioyrand as sucpresents the

first full-stack OLEDmodelincorporatingthe materials used this device

It is further shown thahe current response of the OLED is strongly dependent upon the device
substrate. Further investigation indicated that the glass substrates cause signifibaatisejf

with 9 mn? OLEDs on glass substrates measured to have a temperature incré@<e ©fat

40 mA whereas the same OLED currel@nsity indevices on silicon showed ondy5.6°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
heatsink, where thecurrentvoltage performances lower relative to thesame devices in an
uncooled statelhis is believed to be due to the thermalbttivated hopping mobility exhibited

by organic semiconductor materiafsut simply, the mobilityis reduced as the temperature
decreases.

As these OLEDs are designed for usédoin-cost communicationgvaluation oftheir small
signal responsprovides an indication of their performanceamoptical link Accordingly, e
small signalS:1 and optical & response of the OLEDare taken using a vector network
analyserThe Siresponseallowed theelectrical3 dB bandwidth of the OLEDs to be evaluated,
and it was found that thfastest OLEDs were 0.12 ndrdevices with a 30 nm EMbn glass
substrateslemonstratingi small signabandwidth 042 MHz. This is in contrast t6.12 nm?
OLEDs with a 20 nm EMlon glass substrateshibiting a & MHz bandwidth at the same bias
current Furthermore, upon cooling the OLEDs td@6this bandwidth dropped jiast 10 MHz.
Interestingly, the OLEDs on silicon exhibit a less n@isy highetbandwidthSz1 respons¢han
OLEDs on glassor the same bias current.

In order to form a better understanding of the optical performamcelectrical model is fit to
the optical performance of the OLEDs. While many OLED studies higed admittance
spectrecopyto study the impedance of the OLEDs and thereby demluc@derstanding of the

202 PriyankaEkkanathde Souza September 2018

S

(



Chapter8: Conclusions &Outlook

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 thesigmallopical frequency
response of the OLEDX is found that, although the electrical impedance response is relatively
complex, the optical responsgewell described by a simpl@C model. For the first time in
organic LEDs, by postulating an emissikesistance existing as a proportion of the total
measured small signal resistaica 6 L a n g e v jargood fé te thesgtojgticakresg@onse
was foundthusproviding correlation between theeasuredptical bandwidth of the OLED

and themeasuredmpedanceLimitations of this approach were also demonstrated; this model
is only valid providing that the exciton lifetime of the OLED is shorter than the electrical
responsef the OLED However, this analysis was shown to provide a robust mechanism for
estimating the OLED bandwidth across different devices.

Furthermoregorroboration of this approach was found throagtension of the DC simulation

to small signal analysiShe simulationwas shown to provide similampedancecurves to
those measured iaxperiment, providing further validation of both the simulation and the
electrical modelling. Extracting RC parameters from this simulation, it was foundribat
againby using a constant proportion of the simulated total device small signal resigtance
aforementi oned ¢l pogsible iomake @ goodsptediction ef dbhe OLED
optical bandwidth response across different devices at different bias cuimdetd, it was
found for the first time thaby usinga constant proportion dhe simulated resistanctéhe

simulationwas able to predict the bandwidth performance at different bias currents.

From this, it is possible to therefoseggested textend the simulation to device forecasting
and optimisation. Based upon the simulatedlssignal 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 experimentalhformed simulatiordriven optimisation for
bandwidth responseal 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 tioogsuming 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 sigpower 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 substratea,world record BO Mbps unequalisedendto-end data
transmission using these OLEDgs demonstrated using a short 1.5m POF liWith
equalistion, transmission at 200 Mbpgas achievedising a very simpladaptive3-tap FFE

filter. These results angery promising for the future of loweost organic optical links

820ut |l ook

In the short term, there are further improvements that can be made to the analysis presented in
this thesis. With regards to the physical modellthgre ardurther measurementkat would

be useful to feed back anfilirther validate the simulation. In @hfield 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 facténmn the experimentakechniqueused to the
mobility model assumed in the experimentek parametemneasuredn similar manners by
different groupssuch as HOMO and LUMO levels can show significant variation between
reported valuest would be greatlypeneficial to the validation of the detailed simulation model
presented in this thesis to be able to directly measure such parameters asLti®Aevels

and material mobilities (at a variety of thicknesses). In particular, further measurement of
devicedfabricated on thermallgonductive 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 validatiof the device optimisation presented in Chapteould

be very useful; in particulaadditional experimentaltyalidated data points would allow
simulation tebniques to further grow as a levost prototyping methodology. Furthermore,
experimental validation of the suggested relationship between emissive resistance and
Langevin recombination would help provide further reinforcement of the methodology

presented ére.

Moreover, the world-record link tests presented in Chaptérimplemented a very simple
intensitymodulated direct detection scheniowever,it would beinteresting to investigate
more advancecthodulation formatsn order to improve the overall data ra&shemesuch as
guadrature phasshift keying (QPSK), may offeenhanced bit rate at the expenséitierror
rate However, ;cethe signal power from small OLEDs is relatively lae link as it exists
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maynotbeconducive tanorecomplexmulti-level schemethan this as this would worsethe

signal to noise ratio and thtise biterror rate.

Indeed, there is much work still tee done in the field of loweost 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

breakawn, and optimisation for stable operation and device lifetime.

In the medium term,hie ability to deposit cganic semiconductor materiatBrectly onto
different substrates means that there are still engineering challenges to overcome in the
integrationof OLEDs and OPDs in optical links. Further investigation into incorporating such
OLEDs directly into waveguides will certainly involve manufacturing challenges. Indeed,
inkjet printing of OLEDSs is one mechanism that may be further explored for suchldipts,

as the ability to directly deposit the devices onto substrates atetoperature is quite

advantageous.

Moreover, if similar higkspeed study of organic photodiodes is undertaken, with relevant
device optimisation, it may be possible to intégithese devices in an alkganic low-cost
optical link. The ability to manufacture such devices would facilitate a range of new
applications, such as in leeost sensors, and optical backplanes fooderatespeed
electronics. Indeed, future flexible elmmics may benefit from usin@rganic optical
interconnects, as opposed to electronic wiriRgrthermore, in the absence of higeed
optical sourcesthe ability to integratehigh-speed polymer modulatorswith polymer

waveguidesvill provide a speedadvantageor such applicationat relatively lowcost

In the longterm, the future is bright for lowost OLED communications linkds a technology
still in relative infancy, there is mudiill to be done tainlockits full potential. With a vast
potential library of organic materials yet to be exploesul novel organic semiconductor
materials continuously being discovered, further developnagatsrdoubtedly in store for the

future.
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