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SUMMARY

Thin-film transistors (TFTs) are widely used in backplane circuits in consumer
electronics, especially in ¢hdisplay industry. In recent yearghe demandfor high
performance and new featuresetdctronis have continued to increase. Among these new
features, flexible displays attract the most interest, although flexible electric technology is
still in its infancy. As a member of TFTs, organic tfilmn transistors (OTFTs) have some
unique properties for flexible electronics development sincedhmlye fabricatedhrough
costeffectiveandsolutionbased processed moderate temperatures on a wide range of
flexible and deformable substratesich as plastic films and papgrbstratesin spite of
these advantages, current OTFTs still have two issues that restriatittee@pplications
and mass productiorDne issue is their lowharge mobility values, whiclimit their
operating speed; the other one is their fast degradation when operatingdinpagsent,
the chargemobility of stateof-the-art OTFTs in laboratoies is superior to that of
amorphous silicofa-Si) and approaches that of amorphmetaloxide (a-oxide) TFTsin
markets.However, the operational stability of OTFTs generally remains inferior and a
point of concern for their commercial deployméltterefore, this dissertation first focuses
on improving the stability of OTFTs and then exploties application of these high

performance OTFTs in light detection.

The first part of this thesis work reports on ttlearacterization ofolution
processedmicrocrystalline OTFTs (c-OTFTs) showing high environmental and
operational stabilityThe puc-OTFTs yield charge carrier mobility values up to 1.6 crf

Vst which is superior to that @Si TFTs. Theseuc-OTFT devices havan ultrathin

XiX



bilayer gate dielectrithat consists of aamorphous fluoropolymer CYTORyerand an
Al203: HfO2 nanolaminge. We find that bhe bilayer geometry results in two distinct aging
mechanisms that yieldery smalishifts in threshold voltagiarough a compensation effect
We nodel the aging mechanisrwith a doublestretcheeexponentialequation, which
predics athreshold voltageshift in the range of 0.Y to 0.25 V overa dc-bias stressing
time of ten yeargven at 55 °C. These results suggest thahtieshold voltage stabilityf
theuc-OTFTs in this works superior to thadf a-Si TFT technologiesTheseguc-OTFTs
exhibit excellent environmental stability even after prolonged immersion in water.
Furthermore, in contrast the TFTs thatuse singlelayer gate dielectrics, our approach
yieldsdeviceghat exhibitthreshold voltage shifts that appear less s@asd temperature
variations.This breakthrough bringsc-OTFTs on par wittsomeother commercial TFTs

technologies in terms of operational, environmental, and thermal stability.

Basedon the highly stable OTFT structures, the second wepors on a hew
phaodetector concepin which a dualgate organicthin-film transistor (DGOTFT)
integraes with an organic photodiode (OPD) devidéhe OPDoperates in a photovoltaic
mode instead of theommon photoconductive modeThis new photodetector yields
photoresposivity values above 18 W andvideoratecompatible response times with
low power consumptionTherefore, it showsignificantadvantages over OPDs (having
low photoresponsivity below 1A W) or organic phototransistors (OPTs) (having long
response tim). Moreover, the wdeling of thephotodetector that hakis novel device
architecture suggestsatthe responsivity coulthcreaseo 10*-10° A W by scaling the
channel dimension amdodifying the charge mobilitgf the transistorFurthermore, the

proposed device geometry enables the design of imaging pixel arraya sintiple read

XX



out, makingthe platform of thisnovel photodetector concept a promising candidate for

nextgeneratiorsensingsystems.
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CHAPTER 1. INTRODUCTION

1.1 Thin-Film Transistors

A thin-film transistor is a type of fieldffect transistor (FET) that is usually used
in backplanes in electronic systems, as showkigarel, to realize functions of upixel
switching, current driving, and signal processjap The TFTs are one of thessential
component liquid crystal displays (LCDs) activematrix organic lightemitting diode
(AMOLED) displaysin televisiors, smartphonesvideo game systems, personal digital
assistantsand other flat panel displaj2-4]. Besides their usan displays, TFTsare also
investicatedfor a wide range adensng applications such as chemical sensing, biochemical
sensing[5], X-ray detection[1], and radio frequency identificatiofRFID) [6], which

require more device functionalities beyond pixel switching.
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Figure 1. An illustration of a backplanestructure (TFT array) with afront plane
(sensor or display technology)7].

1.1.1 Thin-Film Transistors and Metal Oxide Semiconductor FEeftect Transistors
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Figure 2. Schematic crosssectionviewsof (a) a p-channelMOSFET and (b) an n-
channela-Sitop-gate TFT [1].

As a type of FETaTFT deviceconsists of a semiconductor layer, a gate dielectric
layer,and threeelectrodegi.e., gate, source, and drairHowever the structure oA TFT
is different from that of conventional metal oxide semiconductor fieliflect transistor
(MOSFET) Figure2 shows device structures of a conventionahpnnelMOSFET and

an n-channebl-Si TFT.

The mostapparentifferencebetwveenTFTs and MOSFETs ther substratesnd
subsequent processing steper MOSFETS, layersare grown on silicon substratesand
thus, the fabrication techniques involve thepositionand ion implementation to form
junctions aroundhe sourceand drainelectrales. The processtepsof MOSFETS are
usually complicatedrequiring manystepsinvolving etching andohotdithography The
procesgsemperaturef MOSFETSis typically higher than 600C. Also, the scalability of
aMOSFET matrixis usuallylimited by the sizeof siliconwafers, whoseliametesare kss
than 450 mm. In contrast the proces stepsof TFT devicesmainly involve thin-film
deposition, which is usually through plasmaenhanced chemical vapor deposition
(PECVD) techniqué¢hatis easily caried out on a variety of substrates at low temperature

and has high throughpwtith low coss. Thus, the primary advantage of TFT®ver



MOSFETsis thar simple processes andhrious optionsof substrates. TFTs cane
fabricatedon almost any kind of sutrates, which could bevery thin, transparentiexible,
and even stretchabl@lso, there isalmost no limitation orthe dimensiors of substrats.
For examplethe glass sheets and plastic filmswargely usedassubstrates of TFT devices
in both industy andlaboratoryresearchat presentWith advantages in substrates and
manufactory proces3FTshave been preferred as timaintechnologyin largeareaand

flexible electronicsystemsespeciallyin the displayindustry

1.1.2 Development of hin-Film Trangstor Technologies

The first widely used TFTsvere madeof CdS or CdSe, which charge carrier
mobility (i) values greater than 40 év™s[8, 9]. The mass produoch of these TFTs,
however, was never fully realized. The main issues were poor uniformifycamdevice
reliability over large areadn the 1980s commercial adoption of TFTechnobgieswas
firstly realizedby the use ohydrogenated amorphous silicéaSi: H), which is easily
processable and showsuchimprovedstability at room temperature in @mospheric
environmenf3]. Today thea-Si: H TFT is stil the most commonly uséld=T technology
Figure 3 shows that the total shipment @fSi: H TFTs displays used fosmartphones
reached®07 millionunitsin 2018, whichs the largest markehare among all technologies

[10].



2016-2018 Mobile phone display shipments and forecast by technology

1,000

(Flexible)

2 800 - a-Si TFT LCD

3

E -
g 600 - —  LTPS LCD
= —

w 400 A AMOLED

=

(]

£

g

L

(]

20186 2017 2018 (F)
a-SiTFT LCD BLTPS TFT LCD » AMOLED (Rigid) B AMOLED (Flexible)

Source |HS Markit © 2018 |HS Markit

Figure 3. Shipments of nobile phone display using different technologieq10].

However,we also observthatthe shipment o&-Si: H TFT liquid crystal displays
(LCDs) reducedrom more than D00 million units in 2016 to 807 million units in 2018
in Figure3. The shrinking market ad-Si: H TFTsis due tahe limitation ofa-Si: H TFTs
in development andtheremerging TFT technologieSince thecharge carrier mobility
value ofan a-Si: H TFT is limited in the range of 0.5 to dn? V's?, it hinders the
development of fast switching circuits. Moreouargethresholdvoltage(Vr+) instabiliies
of a-Si: H TFTsincreaséhe complexity of backplane circuit desidig, 12]. Especially,
when the trend in consumer electronics demands higher performance, in terms of a higher
display resolution and lower power consumption, as well as new features and functions,
such as better flexibility, conventionalSi: H TFTs reach botenecksin view of these
challenges. To break through these limitations, there are tremendous research and
development efforts focusing on the development of new TFT technologies using other

semiconductor materials, such as microcrystalline siligaaSi) [13], low temperature



polycrystalline silicon (LTpoly-Si) [14], amorphous metaixide semiconductors (ex.

amorphous indium gallium zinc oxida-(GZ0)) [2], and organic semiconductdis-18].

In recent yearshe availabletypes of TFTs, espcially for the displaymarket,are
a-Si: H TFTs, LT poly-Si TFTs, metatoxide TFTs,and organic TFT.sThe development
of these TFT technologies revolutionizznsumeelectronic devicesAt the same time,
the increasing demantbr consumer electronicis also a key factor driving growth in
markes for TFTs development As reported by the market research company, BBC
Research, the global thfiim transistor market is estimated to reacB3p.0 million by
2022 from $L05.0 million in 201719]. The growingmarketnot only indicategnincrease
in the marketsize but also implies changes in the market proposgtiohdifferent TFT

technologies in the future.

1.1.3 CurrentMarketfor Thin-Film Transistos

The market proportion of each TFT technology usually depengedormance
based applicationsFigure 4 shows thetargeting display applicatiors in consumer
electronicsof each TFT technology in terms of devicecharge mobilityand display
resolution. Thecharge mobilityis one of the mosatritical parameteref a TFT devicean
applicatiors since itdecides how fash TFT could drive a pixellt also determineghe
frame rateand the resolutioof a display Here,the frame rat®f a displaydescribes the
frequency at which consecutive images (anfe)are displayedanda standard value &
videodisplayis 60 Hz due to temporal sensitivity lmiman vision sensitivity, sowould

not varya lotamongdifferentdisplays. Howeverdisplayresolution describes the pixels



density ofa display circuitandis usually calculatedby pixel per inch (PPI). Aigher
resolutionprovidesmore details and betterdefinition of theimage thus, it is preferred

by highrend and neagye devicesTheclassifcationof displaysby ther resolutionis also

shownin Figure4.
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Figure 4. An illustration of TFT technologies in display market[20].

As discussed abovéjgh-resolutiondisplaysare usually requireth mobile and
wearable devices, such as cell plwaed smart glassesf whichthe high resolutions
realizedby TFTsthat usehigh charge mobilitysemiconduct@: For exampleLT poly-Si
TFTsare preferredh displays with resolutions in the range of 200 to 1G0®), sincetheir
charge mobilityvalues could be as high as 200 to 30 & s*. However, the process
temperature of LTpoly-Si TFTs isusually above 400C, which requires the substrates

having high resistance to hedhe metatoxide TFTsare used in 150 to 3@@PIdisplays



with charge mobilityvalues of around 10 th00 cnt Vs, Because metadxide TFTs

have much lower process temgkires (typically between 20 to 350°C) and better
uniformity over large area comparing to poly-Si TFTs, theyare typically useth larger
portable devices, such as laptop computers, tablets, and high definition television displays.
To drive televsion displayswith relatively low resolutiona-Si: H TFTs are good
candidats, due to theidecenperformanceglow manufacturing costs, aneell-established
processsystens for largeareadisplay productionDespite the unique properties such as
high flexibility and low process temperaturerganic TFTshave currently limited
commercial use, although they dreing considereth niche market such alectronic

paper.

1.1.4 Potentialof Organic Thin-Film Transistos

Figure5 showsa forecasffor theflexible display markein 202Q It is clearthat the
nextgeneration innovation of displays would bepaperlike display, which could be
folded or rolled.Because othe intrinsic flexibility of organic semiconductorsyganic
light-emitting diode (OLED) technologis chosen tde usedas the front panel ahe
flexibledisplaysi n t oday 6 s ma atlCES2018,tRedisplayconapany, L@, ,
exhibiteda massivecurved92-foot-long display, OLED Canyonwhich wasmade up of
more than 20 curved OLEDdisplays Also, Samsung demonstratisifirst bendable cell
phoneat CES 2013nd released a foldable phorizalaxy Fold,jn 2019.At almost the
same time, Huawei releasislfirst foldable phongMate X.Figure5 shows that bendable

andfoldable electronics will continue to gain market share and that stretchable electronics



will be launcheds well.Since the OTFTs have the advantagegaaidflexibility as well
as low process temperatures, they would ltgreatpotential forflexible electronics in the

future.
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Figure 5. Flexible display market forecast to the year 202(21].

Even though the backplane of current OLED display#ill basedon LT poly-Si
TFTs andmetatoxide TFTstechnologies, future backplanes for displays are likely to use
OTFTs, due tothe superior flexibilityof organic semiconductor materiaistheir charge
mobility canbe further increased’he high charge mobility of OTFiE especially critical
for OLED devices where the luminance of a panel requires that a certain level of current
be delivered to the OLEDSs by the control OTFHigiure6 shows some demonstrations of
current applications of OTFTs in flexible electronicangingfrom flexible papeithin
computer screeyand flexible plastic electrophoretic displays (EPDldghtweight image
scannes and flexible mechanial sensor skia In addition OTFTs have better
compatibilitywith currentOLED technologyresulting inamore naturaintegration.They

couldalsoshare the sameanufacturingechniques with OLEDs for mass productesen



thoughmost of the demonstratis are still at the laboratory research leWith the

advantage and potentialsliscussed aboyeOTFTs will dramatically revolutionize the
flexible electronic market once the technology gaimth&ar maturity At present, there are
still manyissues exigng in the OTFT technologies; theynustbe solvedbefore mass

production which requires morefforts inOTFT& research

Figure 6. Examples of OTFT applications inflexible electronics[22-24].

1.1.5 Progressand Challenge$or Organic Thin-Film Transistos

Next, we will discusshe progresof OTFTsachievedhroughresearchas well as
remainingchallengesSince the firstOTFT was demonstrateoh the 1980sthey have
attracted significant attention because of their capability to be procassedemperature
(typically below100 °C) on flexible sibstrateqe.g, metal foilsand phstic sheets)yith

various lowcost printing and coating techniguesg, roll-to-roll printing technique)25].



With plenty of research 0@ TFTsin theareas of materials synthesis and device strugtures
the OTFT technology hadeen developettom a tool for organic semiconductor charge
transport measurement &nergingtechnoloy for various application$26-28]. Now,
some prototypes using OTFTs hdeen realizednd released in thearket even though
there are still some remainimgsues. Therefore, searching for the solutiorthéseissues

is the mostimportantwork for reaizing the mass productiorin more applicatios for

OTFTs.
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Figure 7. The progressof OTFT sdcharge mobility in laboratory research[29, 30].

The firstchallenggor OTFTs isthe lowdevicecharge mobility, which i®elow 1
cm?Vislin today6s maFigkredt Althoags thisvaloevisomparable to
the charge mobilityaluesof a-Si: H TFTs it still limits the application scope of OTFTs.

Thereforepone of the mogpopularstudytopicson OTFTsis increasinghe devicecharge
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mobility, which relies on fundamental charge transport physics of organic semiconductors.
Figure 7 showsthat, over the past decades, the values of charge mobility ihaxeased

from less than 1®cn?V1s?! to over 30 criV's? in laboratory research. These high
charge mobility values of OTFTs hageeatly exceeelddthose of benchmar&Si: H TFTs
andbecome comparable to those of metaide TFTs thaare usedn mass products with
relatively high resolutiofi31-33]. Although the charge mobilityaluesof OTFTsarestill

lower thanthoseof LT poly-Si TFTs, the current achievedlues havalreadyenabled a

broad range of applications.

Besideghe charge mobility issu¢he highthreshold voltagés another limitation
for an OTFTas itinfluences power consumption during operatibnthe early stage,
operating voltages dDTFT deviceswerein the rangeof 100- 150 V [34]. Such high
operating voltages result in excessive power consumggioiit,is not practical in most
applicationsThis problemalsohasbeen studieth the past several yearsegearchersave
been workingonimproving the gate dielectric layer teduce the threshold voltagi&s].
In recent reports, byusinghigh mat eri als as gate dielectric
the threshold voltagesere significartly reduced tcaround 1 V this range of values is

comparable to or even smaller than thospab§-Si TFTs[36, 37].

Another challengefor OTFTsis their performancen terms ofstability during
operaion. Organic semiconductors, duas pentacene and polyigxylthiophene2,5-diyl)
(P3HT), degraddastwhen exposed tawvateror oxygen In addition for someapplications
such as sensing@TFTs must operate with high stability in an agueous environment.
Therefore, the stabilitpyf OTFTs has to be improved to enable reliable performance in

applicatiors. One effective method is toodify the device architecture, which must include
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some environmental barriers to protect the semiconducting layer from reagents contained

in air that can degde the material.

1.2 Objectives

The primary objective of thiglissertationis to develop a universal approach to
improving the operatnal and environmental stabilities of OTFTsing lowcost
fabrication methodsThis research employschannelOTFTs with @miconducting layers
consisting of blends opoly[bis(4-phenyl)(2,4,6trimethylphenyl)amine](PTAA) and
6,13 bis(triisopropylsilylethyny)pentacene (TIPSpentaene) or 2,8difluoro-5,11-
bis(triethylsilylethyny)anthradithiophenédiF-TES-ADT). The gate di¢ectric layer of an
OTFT compriss a thinamorphous flaropolymer (CYTOP) layer and a metatide layer
grown byatomic layer depositiorALD). This bilayer dielectric structurgreatlyreduces
threshold voltageas well asoperating voltages of OTFT46, 38]. Becausdt hasbeen
knownthat AbOs and HfG nanolaminate(NL) grown by ALD could work as passivation
layersthat aregood barriers fowaterand air[15, 39, Al>Os - HfO2 NL is used as the
metal oxide layem the bilayer gate dielectric structute improve the device stability in

high moisture and high oxygen environments

Previouswork had showrthat the aging can OTFT with a bilayer gate dielectric
structureis very different fromthat of an OTFT with a single dielectric layer [38]. For
OTFTs withbilayergate dielectris, thelong-term operationadtability of devicescouldbe
improvedby engineering the thicknesses of two dielectric layBodurther invesgate the

stability of OTFTswith bilayer gate dielectrics, we usea model to simulate the aging

12



process ofthese OTFTs under different electrical operatingconditions. The overall
objective of ousstudyis to compare the operational stability of OTFTdhat tofinorganic

TFTs, such aa-Si TFTs,metaloxide TFTsand even LTpoly-Si TFTs.

The second objective of this research is to apply the OTFTs with high stability in
the application ofight detection Two generalarchitectures obrganic photodetectoese
organicphotodiods (OPDs) ard organic phototransist®(OPTs). OPDs usually have fast
responssto light signa$, buthavesmall photoresponsivity (¥ A W) withoutadditional
amplification mechanismp40]. OPTs have high responsivity due ttheir fundamental
property ofsignal amplification However, their response time is much longer than of
OPDs. In this work weinvestigatea new type oforganic photodetectahat consistef an
OPDandadualgateorganicthin-film transistofDG-OTFT) to achievehigh reponsivity
to weak light signals In this deviceatop-gate drive DG-OTFT is usedto amplify the
light signal which is detected an OPD device The response time is determinedtbg
OPD, and itis aroundamillisecondlevelin this studyThe structuref DG-OTFT is based
onasinglegateOTFT with remarkable longermoperationabnd environmental stability
TheseDG-OTFTsalsohavesmallleakagecurrens and little noise, whicklefinesthe light

detection resolution dhewholedetectionsystem.

1.3 Organization ofthe Dissertation

According to the motivations and objectives of this study, this dissertaion
structureds follows.Chapter 1 introducebenecessarpackground off FT technologies,

including a comparisonbetween TF$ and conventional MGFETs, a comprehensive
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discussion ofnorganic and organi€FT technologies, and, especially, the potentials and
challenges of organic TFTs in future developmé@ftapter 2 introdecesa fundamental of
organic semiconductors, semiconductor device physias] aperating principles of
OTFTs Chapter 3 coverghe experimental methodolags of this work including
fabrication and characterization details of OTFTs imotodetectorsChapter 4 discugs
the stability of OTFTs, includintiheorigin of device instaility, theprevious achievements
to improvethe stability of OTFTs, and results in this wor8ystematical studieare
discussedn this chapter withdetailedanalysisusing mathematical modsl Chapter 5
demonstrates the results ofganic photodetecta with a new device structure, which
consists o DGOTFT andanOPD. The device characterist@se alssimulatedwith an
analytical modelThe impacts of device parameterstheperformance of @hotodetector
are also discussedhapter 6presentsthe conclusions of this work as well aome

directions that cabe further exploreth the future
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CHAPTER 2. ORGANIC SEMICONDUCTO RS AND DEVICE

PHYSICS

2.1 Organic Semiconductos

Organic semiconductorare carborbasedmaterials thaexhibit semiconducting
propertiesOrganic compoundsangein sizesfrom small molecules to macromolecules, or
polymers. Their optoelectronic properties are easily tunable by modifyiirgctiemical
structures, which provide aconsideral® advantageover their inorganic counterparts
Moreove, some of theserganiccompounds can be soluble in organic solvents; therefore,
they can form good films from a liquid state using {o@st conventional processing
approaches, such asms@ioating and inket printing. These advantages lead to remarkable
design possibilities using organic semiconductors as active elements ineoptoet
devices, such as thiiim transistors, photovoltaic (PV) devices, and lightitting diodes
(LEDs). This work mainly focuses c@TFTs Thus theOTFTwill be taken asn example

to explain theprinciples oforganic semiconducter

2.1.1 Atomic Orbitals inthe Carbon Atom

Carbon isa fundamentaklement inan organic moleculeBefore discussing &
molecular level, lis section introducethe atomic orbita of a single arbon atom.In
guantum mechanicsan atomic orbital iexpressed bg mathematicafunction, which is a

wavefunction( ) thatis a solution ofhe staticSchrodingeequationO O , where

15



"Ois the Hamiltonian operator an@is an energyeigenvalie of a correspondingvave
function (or eigenfunction) The wave function or atomic orbital descrilties probability
of finding an electran of an atom in any specific regiofnhe plottedshape of aratomic

orbitalusually epresergaphysical spachaving a high probabilityof finding anelectron

(a) (b) 4
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Figure 8. (a) An illustration of the atomic orbitals of an isolated carbon atom inits
ground state[41]. (b) Energy levek (eigenvalues) of correspondingtomic orbitals of
a carbon atomin its ground state Each energy level is indicated by the name of its
corresponding orbital.

Figure8 (a) showstheatomic orbitalof anisolated carbon atoin its ground state
andFigure8 (b) shows the eneygeigervaluescorresponding to these orbitaks carbon
atomhassix electronsand it hasa 1s?2s?2p? electronicconfigurationin its ground state
Two electrondhavingopposite spisocaupyasphericalls orbital, with a higher probability
density thats closest to the nucleusand a lower corresponding energigenvalue The
otherfour valence electronsccupy the outerhell orbitals two in a spherical2s orbital,

one inadumbbelishged?2px orbital, and one iradumbbelishaped®py orbital.
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2.1.2 Molecular Orbitalsin Organic Materiaé

To start the description of molecular orbitadsorganic semiconductor molecules,
let usfirst takeanethylenemolecule(C2Hs) asan exampleTo formthemolecukbr orbitals
of aCoHamolecule the 2s orbital andtwo 2p orbitalsof each carbon atom will combine
yield three 3¢ hybrid orbitals as shown ifFigure9. These thre€sp’ orbitalsareequally
distributedat 120 from eat other in a plane, anthe un-hybridized 2p, orbital is

perpendiculato thesg? orbital plane

CH2=CH2
C Atom Molecule C Atom
carbon to carbon
b, molecular orbitals p,
sp? ) o sp?
sz sz /// _*\ \\\ sz spz
//// s \\\\\
44— AT ~3
& 2py 2p, 2p, 444 2P Sy 7T 2p 44
o 2s5p? S i 7 2sp?
- hybridization fao X
2s z H g 7
8 &
antibonding t* bonding nt
molecular orbital molecular orbital

Figure 9. The energy valuesof sp? hybrid orbitals and un-hybridized p; orbitals of
carbon atomsthat form an ethylene moleculeand the energyvaluesof
corresponding” and s molecular orbitals formed between two carbon atomsn an
ethylenemolecule[42]. Each energy level is indicated by the name of its
corresponding orbital.
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In an ethylere moleculg two 2sp’ orbitals ofeachcarbon atondinearly combine
with theatomicorbitalsof two hydrogen atomand yieldmolecular orbitalshatare known
ass molecular orbitalgtheir energy levelarenotindicatedin Figure9). The remaining
2sp orbitals of two carbon ators linearly combine and form anottemolecular orbital
of which correspondingnergy levelsareindicatedin Figure9. Electrons ins molecular
orbitals are localizedbetween the ralei of bonded atom®Different froms molecular
orbitals, theorbitalsformed bythecombinatiorof un-hybridized2p; orbitalsof two carbon
atomsisk nown as  bitaloH e c @ Ir @amlecalarorbitalsare referredo as

e | e whichame naocalizedver the whole molecule

A molecular orbital carbe formedby the symmetricand antisymmetric linear
combinationsof two atomic orbitals; therefore, it has two possible wave functiatis
corresponding eneygeigenvaluesFor instancen Figure9, the” (or s) molecular orbital
has two possibleave functions witldifferentenerges whichare indicateavith = and” *

(or s ands*). The molecular orbitahat hadower energy exhibit@ highcharge density

in the region between two carbon atoms; theggftiis referredto asa bonding™ (or s)

molecular orbitalln contrastthe antisymmetric nature of tixave functiorcorresponding

to the higher energy molecular orbital results in a node in that region with zero charge
density; therefore, its referedto asan antibonding *(or s*) molecular orbitalIn an

isolated molecule at 0 Ko electrons occupy the bondimgolecularorbital and have

opposite spiadue to the Pauli exclusigorinciple In thiscaset he bondi ng °~ mo
orbital is the higlest occupied molecular orbital (HOMOandt he anti bondi n
molecularorbital is the lowest unoccupied molecular orbital (LUM{® an ethylene

molecule
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In general, organic semiconductorolecules whi ch contain ° el
carbon atoms thare onnectedhrough alternating double and single bonds, for instance,
butadienemolecule (CsHs) and octatetraenemolecule (CsH10) (see Figure 10). Such
molecules are called conjugated moleculasconjugated moleculewith structure of
extended chains (conjugated bridges) or rings (arematg r o u p s ) ,are highlg | ect r
delocalizedover the entire molecule. Also, when a conjugated moleculentas e
mol ecul ar orbitals, the bondi ngstheHOMQl ecul a
andt he anti bonding ~* a@yidtheaLdMO. The HOMO arfde | 0 we
LOMO are usuallyeferredto as frontier orbitalsasthey generally decidthe optical and
electrical properties of an isolated molecule. Taisclusionis basel onanapproximation
that neglects the effect of electrons mor bi t al s and ot her ’ or

simplifying the description of electronic properties of an isolated conjugated molecule.

Ethylene Butadiene Octatetraene
s N \/(%)5\
N —— _
/ / TU / T[*
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E>5 I/ / I;,/;/——LUMO
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& +'H\ s \ \~—H-HOMO
Pzp,\ \ W 1]
A 8 W Tt
\ “\_4; HOMO Wl
\ 4 HOMO Tt \
\ = —H —-
Figure 10. Energylevelsof ™ mo | e c u |l a ethylene,butadiane,sando f

octatetraenemolecues Each energy level is indicated by the name of its
corresponding orbital.
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2.1.3 Energy Diagram in Solil

When considering a solid thin filthatis madefrom conjugated moleculesfatite
temperature, one considers a large ensemble of molecules, tyjictile rangeof 10°*
molecules per cubic centimeter, andarespondingly ar ge number of " oel
energies of the frontier orbitals are no longer degenerate for each molecule of thin films in
solid states, due to electronic interactiofesg, van der Waals forcgsbetween the
molecules irsolid films and other effectsuch agositionalandenergeticdisorder[43].
Thereforeasolid film can no longer be approximated by a-ewel systenwith discrete
energy levels ofOMO and LUMO. Instead, the electronic structure of a fdrdescribed

in terms ofHOMO and LUMO manifolds, as shown kigurell(a).

(a) Vacuum level (b) Vacuum level
“LUMO Conduction
~~manifold ~ band
@ EA — § Ec-- -
o E gy E
& A I & [ -
Ey
o pOMa Valence
~manifold band
Organic Semiconductor Inorganic Semiconductor

Figure 11. Energy diagrams of (a) organic and (b) inorganic semiconductorsin solid
films.
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The difference in engy betweerthe vacuum level and thkighest energypf the
HOMO manifoldis calledionization energy (IE), while the difference in energy between
the vacuum level and tHewest energyf the LUMO manifold is electron affinity (EA).

Theenergies oHOMO andLUMO manifolds areseparated by aenergy gagO ), which

inducesthe semiconducting properties of these materiéle Fermi level energy@ ) of

an intrinsic organic semiconductor is at the middle of the energyThapspatial overlap

of frontier orbitalswith nearly similar energy of neighboring moleculesiiim provides
the electronic coupling t hropbetween nolecldse d
These electron transfer reactions over many molecular building bddekmacroscop

scale lead to electrical conduction.

By analogy with conventional inorganic semiconductdre, HOMO and LUMO
manifoldsof anorganic semiconductditm canbe associatedith valance and conduction
bandswith an energygap between thergseeFigure11 (b)). Thus,the IE and EAof an
organicsemiconductocorrespond to thiowest energyf the conductionband © ) and
the highest energyof the valenceband ('O ) of an inorganic semiconductorfilm,
respectivelyLike in inorganicsemiconductorsatfinite temperature, due tihe statistical
thermodynamics, the probability of occupation of states at exseirghe LUMO manifold
is finite (FermiDirac distribution function)leading to a finite density of electronsthme
LUMO manifoldandafinite density of holes ithe HOMO manifold These electrons and
holes in LUMO and HOMO manifoldsan contribute tdhe electrical conductiorof
organic semiconductorfilms. Within the free electron model and tledfective mass
approximation, electrical properties of an organic semiconductor camé¢h@escribedh

terms ofelectron and holeobilitieslike in conventonal materials. The optical properties
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canbe describedn terms oftransitions €.g, absorption and recombination) of particles
betweertheHOMO and LUMOmanifoldsor one can also account ke excitonic effects

(i.e., effects of electronole interadbn by the electrostatic Coulomb force)

2.1.4 Charge Transport

In conjugated organic semiconductor materials, chaage$ocalizedn different
molecular sites; they can move through a successitmogélingor transport by hopping
between the neareseighboring molecules through electronic couplings and eleetron
vibration interactions. The hopping process t@nunderstoody an electrofiransfer
reaction between twoeighboringmolecules€.g, 0 ando ) and is represented loy
0 ©0 0 . Also, the similar reaction in hole transpbetween two neighbouring
molecules€.9g, O andO ) is givenbyO O © O O.Figurel2(a) and (b) show

the electrortransfer and holéransfer eactions on energy level diagrams, respectively.

L~ X |
(a) LUMO T T
+ —_— +
HOMO —H— —H— —H— —H—
A7 A Aq A3
(b) LUMO
1 ~ * - ¥
4 41
HOMO | !
D4 D3 DY D,

Figure 12 lllustrations of (a) electron-transfer reaction and (b) holetransfer
reaction.
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To explain the energy changes during the charge transport process, let us take a
donoracceptorsystem as an example. The charge transfer reaction in aaoreptor O-
0) system could be represented®y 6 © ‘O 0. The nuclear geometry in a natural
state is different from that in a charged stktgure13 shows the potential energy surfaces
corresponding to the donor and acceptmieculesin the neutras t at e (denot ed

and inthe chargedstated e not ed by fA20)

A

(A2)
?\’ i

Energy

Figure 13. An illustration of the potential energy surfaces related to electron
transfer [44, 45].

The electron transfer process includes two steps. Step i is the simultaneous
oxidation ofO (i.e.O© 'O ) and the reduction af (i.e,0 © 0). Based on the Franck
Condon approximation, this step corresponds to a vertical transition from the minimum of
the Op surface to thég surface and a vertical transition from the minimufrthe 6¢

surface to th@p surface, as shown in Figure 13. Step ii corresponds to the relaxation of
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the product nuclear geometries; the change of energy in this stepresotiganization

energy Therefore, the total reorganization energw this reation is given by 44, 45]:

- - - ®

where_S* 0% 5 0% § and_* 0% 0 0O* 0 .0 & and
‘O 0 are the energies of the neutral acceptat the cation geometry and the ground
state geometry, respectively; while 'O andO 'O are the energies of the radical

cationO at the neutral geometry and the growstaite geometry, respectively.

The reorganization energy is one of tkey factors that determine the charge
transfer rate. Based dvlarcustheory, the rate'Q ) of the chargdransfer process in a

conjugated organic material is given [la#, 45]:

. (S p 30 _
Qo mayAfPh 4y @)

where o is the reduced Planck constar® is the Boltzmann constant’Yis the
temperaturew is theelectronic oupling matrix elemenand3O is the variation of the

Gibbs free energy during the reaction.

Given the chargéransfer rate, the charge mobility cha obtainedy using the

Einstein relation  —, which describes the diffusion of tisbarges in the absence of

applied electric fieldsQis theelementary chargandO s the diffusioncoefficient. In a
onedimension systenthe diffusioncoefficientis calculated a® 0 0, wherel is

the mean length of a charge travelladdv is the average velocity. Since 0 Q ,
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the diffusion coefficient is given B 0 Q [43]. Therefore, the charge mobility

due to the hopping process can be expressed as:

D ¢ P 30 _
ave ¢ Tl 2Py ©

Whena chargehopsfrom an ionized molecule to an adjacent neutral molecule and
these two molecules have identical clieahnatures, thisoppingprocessanbe described
as a selexchange electretransfer reactionn that contextz-O = 0 in Equation %) and
(3). From Equation J), we found that the value of charge miipiin organic
semiconductors is related to two parameters: the electronic couplingnd the
reorganization energy. Thus, the charge mobility in organic materials can be improved
by maximizing the electronic coupling between adjacent molearlesinimizing the

reorganization energy.

2.1.5 Charge Injection into Organic Semiconductors from Electrode Contacts

Whensolid-state deviceare fabricateffom organic semiconducting filmkesides
electrical conduction afhe films, one needs electrodesédher inject or collect charges
that transportin the films. The capabilities of electrodes to inject or collect chaeges
relevant tathe relativeenergy difference o or EA with the work function @0 ) of the
material used fothe electrode The relative energy differendeetweer’o. and EAis
known as thenergy barrier heightf electron injectior{%o. ); while thatbetweerfé and

IE is known as thenergy barrier heighdf hole njection(%. ). Sincemost ofthe organic
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semiconductors are intrinsic with tRermi level energy at the middle of the energy gap,
the typeof anorganic semiconduct deviceis generallydeterminedy the energy barrier

heightof electronsor holesat metalsemiconductor inteafces

(@ Vacuum level (b) = Vacuum level
a
Pm. . LUMO | "
LUMO work function = { m
EA manifold
manifold ‘-]
EA N
£ bon barrier Er ‘;‘; P
F T ______ % dpp height JE -—--L- J Pwp
IE ----! —% HOMO o B
HOMO manifold T~
manifold metal
metal

; semiconductor
semiconductor

Figure 14. Energy diagrams of (a) a p-channeland (b) an n-channelorganic
semiconductormetal interface.

Figure14 (a) and b) show the energy diagrams ap-channelandan n-channel
organic semiconductanetal inteface respectively The metal (or any conductive
material) that has relatively high work functiasm often usedn a pchannel organic
semiconductor device. In this ca%e, is much smaller tha%. ; thus, transport of holes
between semiconductor and electrode is much easier than that of electrons. In contrast, the
metal that has relatively low work function is chosen as the electrode fockhannel
organic seniconductor device. Sinc®. Iis much larger thaf. , electrons can be
injected to or collected from the semiconductor layer more easily than holes. These energy
diagrams also explain the charge injection from source electrodesdntizondutor
layers of OTFT deviceS heinjection barrier height will introducne injection resistance

(or contact resistance), which should be as small as possible for efficient injection.
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Therefore, many studies focus on reducing the contact resistancedasetbe field
injection currentof a transistoeffectively. The most common approach to reducing the

contact resistance is tnodify thework function ofthe electrode$46-48].

2.2 Organic Thin-Film Transistors

Since we have discussed themiconducting properties of organic materials and
the principles of charge transport between organic semiconductor films and electrodes, this

section will introducdasicdevice ysics of organic thifilm transistors.

2.2.1 Device Structures

Figurel5 (a) and (b) showwo typical OTFTs structure@he bottoragate and the
top-gate configurationghatareclassified by the position gfate electrode® the orgaic
semiconductor layer For both structure an OTFT consists of a semiconductor layer, a
gate dielectric layer, anthree electrodesgéte, source, and drainThe current flows
between the source and drain electrodes in the semiconductorlagtre areabetween
source and draiis definedasthe channel of a transistdre dimensions ahesourceand
drain electrodesletermine thehannel lengthl() and width W), as shown irFigure 15
(c). In this work, the device lengttanges from 60m to 200mm andthe width ranges
from 2000mm to 1 mm The total thickness othe OTFT is around a few hundred
nanometerdn operation, e voltage applieth the gate electrodeX ) controls the current
that flows in the channel beéen thesourceand drain electrodedJ ), while the voltage
across the drain and source electrodes)(determines the flow directions of channel

carriers (.e., electronsor holes).
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The geometries of OTFTs affeadt only the feasibility bfabricationbut also the
device performance. THeottomgateconfiguration hagsnadvantage in research because
of the commercially availableighly doped Si wafer covered with Si@ith thefair quality
for organic semiconductor depositionlowever, thepretreatment of the Si wafer is
necessary, since organic semiconductor deposition is useaktive to the roughness and
surface eneligs of substratedn addition passivationlayers areneededon top of the
semiconductolayerof an OTFT in the bevbm-gate configurationdue to the instability of
organic materials in thair. In contrast, lie top-gateconfiguration showthe advantage
overbottomgateonesinceits insulatorcanwork as passivation as well gatedielectrics

simultaneouslyo thatgreatlyimproves the stability ofthedevice.

(@) Bottom-gate OTFT (b) Top-gate OTFT

Gate dielectric

Gate dielectric

D S
Substrate Substrate
Crosssectional view Crosssectional view
|_ ~
© —> «L=200um (d) Gate (G)
_L '\VGS
Top view G IW ~ 2500 ym Drain (D) Source (S)
—>
IDS
| D_>S Drain current
DS

Figure 15. Cross-section views ofa) the bottom-gateand (b) the top-gate OTFT
geometries(c) A top view ofan OTFT geometry.(d) Symbol ofan OTFT.

2.2.2 Device Operation
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The pchannelOTFT is chosen here as an example to discuss the device operation
principles. The transporting carriers @p-channelOTFT are holesand their density
depends on the gate voltagealrealdevice, however, a large number of charge traps exist
in the fim, andtheyhave tobe filled before the gatgoltage induced charges can move.
Moreover, the mismatch between the Fermi level energy of the gate material and the IE of
the HOMO manifold will cause a band tilting in the organic semiconductor. Therefore, a
additional voltage is necessary to be applied at the gate electrode to achievebiduedflat
condition[49]. A minimum gate voltagthathas to be applied to induce free carrier density
in anOTFTis known as the threshold voltage ( ). Below this voltagethere is nanobile

charges or current flow inthehannel and a transistor is at an

(a)

| | Vps| < | Ves— Vil

Channe

Ips
¥ linear regime

:

[Ves| > | Vil
I VDSI = | Ves— VTHI
(b) Channel
Ips 4

¥ .
start of saturation
— regime at pinch-off
Vo= Vg-Fr

1 pinch-off point ——
Vos
[ Ves| > [ Vrul

(C) X | Vos|> | Vs — Vil los 4

’—F saturation
= | Vm=l’c—lVT ‘ regime

1 pinch-off point ——

;'DS
| Ves| > |Vl

Figure 16. Carrier concentration profilesof an OTFT (a) in the linear regime, (b)
when fipinch-offo occurs, and (c) inthe saturation regime[50].

29



Figurel6showshecarrier concentration profief anOTFT in differentoperation
regimesFor a pchannel OTFT, Wen a negative voltage appliedia¢ gateelectrodeand
S @ S T, positive charges will be induced at the interfaeéweenthe insulator
andtheorganic semiconductor. The totatlucedcharge density in the semicondugber

area(r] ) at a distance>from the sourcelectrodds given ly:
N © 60 ® W w 4

whered is the capacitance density of the gate dieletaryer, andw @ is the surface
potential ato[51, 52]. Figure 16 (a) shows that venw = 0 V, the charge density is

uniform across the channel.

When {o sincreases but remains bel@ @ § there is a linear gradient in
the charge concentraticst the channelas shown inFigure 16 (b). In this casethe

transistor works in the linear ggame The average value dhe induced charge density
N f )isO ®w — , which equals to the charge density at the migdiat

of the channe]51]. Based orO h m6 s thé curvent flow between the source and drain

electrodeqO ) follows the equation:
"O ™ on d) (5)

where,, is the channel conductivityandois the thickness of the charged layertlie

channel If we assume the charge mobilify) is constant, can beapproximated by
- § . Therefore, sbstituting, into Equation %), we obtain theurrentvoltage (-V)

equationof anOTFT in the linear regime:

30



G o 6 e ©)

Whenso sL 0 ® s, the term of~w in Equdion (6) is negligible. In such

conditions,Equdion (6) can be further simplified to:

o 8 W o
(o} F W W W (7)
Equation 7) shows that in this regime the channel current is linearly proportional to the

drain to source voltage whe sL b ® s

Figure16 (b) shows thatvhenw furtherincreaseso the pointwhere a potential
difference between the gate and the channel near the drain (lzem I © 9, a
depleted area appeatthedrain and tk chanel issaid to bepinched off. Only a space
chargelimited saturation current can flow across this narrow depletion zone. Beyond this
point, a further increase th pushes the pinebff point further away from the draias
shawvn in Figure16 (c). As long as the depletion region is smaller than the channel length,
the increase i  will not increase the channel current. In other words, the channel current
saturatesand ths operating regimés known aghe saturation regne Therefore, vinen
WS W sandw @ S¢W s the OTFT operatesn the saturationregime By
substituing @ @  intoEqudion (6), we obtam andthel-V characteristics of an

OTFT inthesaturation regime:

31



2.2.3 Characterizatiorof Organic ThinFilm Transistors

Figurel7 (a) and (bshow twoimportanttypes ofi-V characteristics of a-phannel
OTFT referred taasoutput and transfer characteristi€he output characteristiescribs
the'O as a function ofo at differentw values and it clarly shows the linear regime
and saturation regime of an OTFT in operatibhe transfer characteristoescribes'O
as a function ofo at aspecificvalue ofw . As discussed above, whén is below the
threshold voltage, time is no current flovin an ideal deviceetweerthe sourceand dain
electrodesreferred toas thefioff-staté® of an OTFT. However, in a real device, the
measured current is nonzero, which mainly due to the leakage curtieatyaite dielectric.
This curent refers to as the off curreif®(). Whenw is larger tharw , channel current
‘O will form, andthe OTFT will be at theflon-state. The current at ostate refers to as
on curren{"O ). Figurel7 (b) showshe transfer curvéhatcanbe obtainedby applying a
constant largeo and sweeping the from theoff-state ¢ s v 9 to theon-state
(w s ww 9 thenfrom theon-statebackto the off-state From these results, we can
observe ifthe OTFT has hysteresis, a feature that usually is not desired in the eurrent

voltage behaviour of an OTET

The charge carrier mobility is onetbiemostimportantelectrical paramets in the
evaluation of theperformanceof an OTFT If the value ofd is known the value of
saturation charge mobility can beextracted from thelope ofa linear fit of the square
root of drain current as a function tife gate voltage in the saturation regime, using
Equation 8). Another importat parametere , often relates to the smallest power

consumption to switch on a@TFT. In Figure 17 (b), the value oo can beobtained
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from the inercept of the gate voltage axis witte same linear fittingf thesquare root of
drain current as a function tife gate voltageThe channel current ewif ratio is defined

asthe ratio ofO at the omstate and the offtate and it can be calculated [y YO .
SinceO s the leakage cuent of an OTFT, a higperformance OTFT usually should

have a large current eoff ratio.
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Figure 17. (a) The output characteristic and (b) the transfer characteristic of an
OTFT.

Besides th@rimaryelectrical parameters of @iTFT, several other parameters are
also usually considered when evaluating a real OTFT device. For exathple,
subthresholdswing (Y comesfrom the sourcéo-drain leakage current whdhe gate
voltage is below but close to the threshold voltade value ofSusually reflects the trap
densities at the interface between the semiconductor and dielectric layers. lsawdlee
extractedfrom the transfer characteristiny fitting at the range close to the threshold

voltage and it follows theequation given by53]:
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Qo
Qa ¢ 9)

In addition contact resistancéy() is another parameter that might be not negligible
in a real OTFTIn an ideal case, © shouldlinearly increasewith & in the saturdion

regime. However Figurel7 (b) showsthat O is slighty curvedwhen® is close to the
threshold voltagedue to the largeontact resistanaa the OTFT As discussed previously,

the contact resistase is caused by the energy difference between the work function of the
metal contact and the corresponding IE (fahannel) or EA (for rchannel) of the organic
semiconductor, leading to energy barriers for the injection of carfieesvalue of'Y
should be as small as possible, anmbitld be reduced by modifig thework functionof
themetal electrode arthanginghe Fermi level energy of theemiconductor layahrough

doping

The value ofY canbe calculated from the output curves.Higure 17 (a), at a
given drainto-source vtiage, the slope of each curveadinear egime equals to the en

stateresistanc€Y ) of anOTFT. TherelationbetweenlY and’Y is given by[54]:

where'Y is the channel resistana@nd’Y is the sheet resistance of the chanfbls,
the valueof 'Y linearly changeswith the channellengthat a fixed channebidth. If we
plot’Y versusD, the value of'Y could be extracted from thealue of'Y whenthe

channelengthequals to zero.
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CHAPTER 3. EXPERIMENTAL METHODS

This chaptewill describe the fabrication araharacterization setups thiedevices
employed in this dissertatipmcluding OTFTs capacitorsand photodetector3.he first
part of this chapter focuses on the device fabricatibms process steps OfTFTsinclude
themetaldeposition of electrodethedeposition ofa selfassemblednonolayerto reduce
the contact resistancte solution processf organic semiconductor layeand polymer
gate dielectric layar andthedepositon of metatoxide gate dielectric lays. The process
steps of capacitors include theetal deposition of electrodeand the deposition of
dielectrics which are the same abe gate dielectric layers oDTFTs Since the
photodetector consists ah OTFT andan organic photodiodebesides th@rocess othe
OTFT, the organic photodiodis fabricatedthrough the deposition @& hole collecting
layer, a light absorption layer, anen electroncollecting layer using solution processing
and vacuum deposition techniquéd$e second part of this gbter describesgeneral
characterization methodsatused in this worko measure the characteristissich ashe
thicknesses of thirilms the work functionof electrodesthe device currentoltage
characteristics, the capacitaacef dielectric layersand theoptical characteristics of

photodetectors

3.1 DeviceFabrication

Organic semiconductor materials usually cannot survive in conventional

semiconductor processes, which are minus processes, such as solvent cleaning, etching,
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and photolithography.On the contrary organic semiconductordevices are usually
fabricatedon bare substratefirough additive proceses, such as thermal evaporation,
solution cating, and atomic layer depositidn this section, we will introduce trspecific
fabrication techrmjues of he organic devices in thdissertationfrom the preparatiorof
substrate to the deposition of electrodesgl-assembled monolaygrsemiconductor

layers, and dielectric layers.

3.1.1 Substrates Preparation

An essentiastep of device fabrication teepreparation of the substrat@scluding
substrates cuttingatterningandcleaning In this dissertationhie topgateOTFT devices
and the capacitora/ere fabricatedon glass substrates (Corning® Eagle X@hd the
organic photodetectorgerefabricatedon ITO-coated glass substrateghich hae a sheet

resistane of aroundl5q / I ( Co |l o r @odtings CL@n c e p t

For ITO substrates, preutting and patterninggereneeded based on the geornestr
of devicesTheaspur chased | T OD4andthe ronuniforsn pdrtdfdhe kTG
coated glass sheatas removedfirstly. For the fabrication of the photodetector in this
work, the ITO-coated glass sheetas cut downtd . 52 0 p.iTlen thessubstrates
werepartially masked with Kapton® tagecovering the place that would not behed
Forexamplel.50 x oflthe BT@areawascoveredvith Kapton® tapsonthe substrates
of photodetectorsn this work Next, the substratesvere immersedin an etchantthat
consisedof ahydrochloric (HCI) and nitric acidHNOs) mixturesolution in a3:1 volume

ratio for 8 minutes at a blattemperature of 60 °C. Aftehe wet etchingprocess the
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patterned slidewererinsed with distilled watermmediately followed byremovingthe
Kapton® tapse. Next, the substratewerecleaned andcrubbed with detergent (Alconox

Liguinox) to remove anyemaining tape residue.

The preparation dflass substragsstarts fromsolvent cleaimg processwithoutthe
patterning stepFor solvent cleaing, the aspurchased glass substrates or patterned ITO
substratesvent through ultrasonic bathis deionizedwater, acetone, and@opanolin
sequenceThe ultrasonicator (Branson 551@)asused to create the ultrasonic baths and
maintainthe bathtemperature at5 °C for at leas20 min for each stepAfter the last bath
stepin 2-propano) the samplesvereblown to dry by a stream of Ngasand placed in

sample cases fadhe nextprocess step

3.1.2 Deposition of Metal Electrodes and Dopants

The device electrodesand dopants for contact doping/ere deposited by a
computercontrolled physicalacuum deposition (PVD§ystem which is aSPECTROS
200 system fronkKurt J. LeskeiCompany andlesigned fothe deposition oboth organic
and inorganic material®ecause most organic materialeuld degrade with oxygen and
moisture inair, this deposition systerwasconnectedd a Ne-filled glovebox(MBRAUN)

to avoidexposng samples tair during the process

Instead of usingonventional pattern techniqyesich asphotolithography, the
organicdevicedn this workwerepatternedhrough shadow masks, which are metal sheets

with somedesired patterns for electrodd$ese shadow maskgere madeof 0.12 mm
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thick molybdenum shes{ASTM-B-386, Eagle Alloys Corp.)lhe patterns of maskeere
pre-designed througla computeraided design software (Autodeskndthen the metal
sheés were cut by an IR laser (Resonetios Corp.) which has a beam sizeof
approximately 50 micronsThe substrate®f sampleswere attached withthe desired
shadow maskmanuallybefore loading in the chambef thedeposition systerfor metal

deposition.

In the evaporator chamber, samphesefixed on a substrate holder, which rothte
during the deposition to improvehe uniformity of films. The filmswere depositedat a
high vacuum conditiorwith a base pressuteelow 10° Torr. The deposition ratevas
monitored by a standard quartz cryst@ince pchannel QFTs were studiedin this
dissertationthe metal witha high work functionwas preferredfor source and drain
electrods. In this work,Ag, with awork function around.7 eV, wasusuallychosen to &
depositedas sourceand drainelectrodesby the thermal deposition systeifio further
reduce the contact resistance between Ag electrodesrgadicsemiconductotayers, a
p-type dopant materiaimolybdenum oxidéMoOs), wasalso deposited by this sgsh for
contact dopingn specific cases, such asthesource and drain electrodefsthe p-channel

OTFTs andthe electrodes close to thele-collecting layes of the OP¥in this work

3.1.3 Deposition of PFBT Selhissembled Monolaygr

Besides usingdopat for the contact resistanceeduction depositng a self
assembled monolayer (SAMN an electrodeis another method tdecreasehe contact

resistanceby modifying the work function ofa metal electrod¢55, 56]. In addition this
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monolayer could further improve the morphology of the semicondlagteronits top. In
this work, 2,3,4,56-pentafluorothiopheno{PFBT, Sigma Aldricl) was used toform a
monolayerby chemisorptioron sourceanddrain electrodesof p-channelOTFTs which
need highwork functiors electrodegor hole injection Thechemical structuref PFBTis

illustratedin Figurel8 (a).
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Figure 18. (a) The chemical structure of PFBT. (b) The formation of a PFBT self
assembled monolayer om silver electrode (c) The energy leved of a pristine silver
electrodeand a silver electrode that ismodified by a PFBT monolayer.

For PFBT treatment, 80 mM PFBT solutionwasprepared firsby diluting with
ethanokolvent Before depositing semiconductor filmsetsubstratesith electrodesvere
immersedn the PFBT solutionfor 15 min In this way,a PFBT SM wascreatedon the
surface of electrodes, whigteremadewith Ag in this dissertationas shown ifrigure18
(b). Then, the samplesererinsed in pure ethangblventfor 1 minto remove any PFBT
residue followed bythermalanrealing at 60 °C on a hot plate for 5 miigure 18 (c)

showsthat the work function of Ag charegl from 4.7 eV to 5.35 eWvith the PFBT
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treatmentsincethe PFBT SAM creaté dipoleson the Ag surfacand thusncreasedhe
work function of Ag. Thereforethe barrier heighfior hole carriers transporting betwesn
Ag electrode andh p-channel semiconductor filnvas reduced Moreover, his PFBT
treatment process also impraovine wetting properties of substratessulting in a better
morphology of an organic semiconduoer film with highly ordered packing of organic

moleculeg55].

3.1.4 Depositionof Organic Semiconductors

3.1.4.1 Organic ThiaFilm Transistos

GHg CHa

(a (b) '\Si/—CHa
/
CH3 HdC
HSC Y _ ;—< Hy ‘ .
. SE S et
HsC CHS HiC CH3
HgCJ/Si\'
(TIPS-pentacene) Hoc” CHs
(diF-TES-ADT)
(C) CHg (d)
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o
/_ \©\
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Figure 19. The chemical structures of (a) TIPS-pentacene, (b) diFTES-ADT, (c)
PTAA, and (d) tetralin.
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This dissertation focuses oachannelOTFTs, in which the semiconductor film
were fabricated by solution process with a blend of poly[bis(4phenyl)(2,4,6
trimethylphenyl)amine] (PTAA Sigma Aldrich and 6,13bis(triisopropylsilylethyny)
pentacene (TIP$entaceneSigma Aldrich, or a blend of PTAA an@,8-difluoro-5,11-
bis(triethylsilylethyny)anthradithiophene(diF-TES-ADT, LumTec) To prepare the
solutionof organicsemiconductor laysra mixture ofPTAA with TIPS-pentacene or diF
TESADT in a 1:1 weight ratio was dissolvedin the 1,2,3,4tetrahydrmaphhalene
(tetralin anhydrous 99%Sigma Aldrich solventfor a solutionconcentration of 30 mg
mL™. The chemical structures of these organic semiconductors and the solvehbwn
in Figure19. Solutionswereplaced on a magtic girrer to stir formore tharl2 h ina Ne-
filled glovebox before depositiof.hen, heTIPS/PTAA or diFTES-ADT/PTAA solution
wasfiltered with a0.2t | polytetrafluoroethylene (PTFEjter (VWR) ard spincoated
at 500 rpm for 10 s witan accelerabn of 500 rpm & andat 2000 rpm for 20 s witlan
acceleratiorof 1000 rpms? on substrates, whichad PFBT-treatedAg source and drain
electrodesin a Ne-filled glovebox. Thenthe samplesvereimmediately moved oa hot
plate at 100 °@nd annealetbr 15 min The final thicknesssof the sentonductor filns

arearound 70 nm, whictwveremeasured bgllipsometry

3.1.4.2 Organic Photodiode

Sincethe organic photodiode is a part of tRE'FT-based organic photodetector,
we will discuss the materialeatareusedin theOPD.The OPD inhis dissertatiomasan

inverted structurewhich is shownin Figure 20 (a). Figure 20 also showghe chemical
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structures othoseorganic semiconductonaterials and solventsa wereusedto fabricate

the OPDdevices
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Figure 20. (a) The devicestructure of an OPD. The chemical structures of (b) PEIE,
(c) 22methoxyethanol (d) P3HT, (e) ICBA, and (f) 1,2dichlorobenzene

A 0.4 wt.% polyethylenimineethoxylated (PEIE, Sigma Aldrich) solutiowas
preparedn 2-methoxyethano(Sigma Aldrich) andspin-coatedon the ITO substrates at
5000 rpm withan acceleration 0828 rpm & for 60 s through a 0.2 URTFE filter,
followed by thermal annealingt 100 °C fo 10 minin air. Then, he PEIEcoated ITO
substratesvere transferredinto a Ny-filled gloveboxfor the nextprocess. Ablend of
poly(3-hexylthiophene2,5-diyl) (P3HT, Rieke Metals) and indef@o bisadduct (ICBA,
Luminescence Technology) a weight rat of 1:1wasdissolved in 1,alichlorobenzene
(Sigma Aldrich) for a total concentration of 100 mg'miThe solutionwaspreparecbn a
hot plate at 70 °@ith magnetically stiing at 500 rpm for 12 h insideNx-filled glovebox
Then, he P3HT: ICBA soluion wasspincoatedon top ofthe PEIE-coated substrates at

800 rpm withan acceleration dif0,000 rpm $ for 30 s through a 0.2 um PTFE filtdihen,
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the filmsweretransferedin Petri-dishes for solvent annealifigr 5 h, followed bythermal

annealingon a hot platat 150 °C for 10 miin a Ne-filled glovebox

3.1.5 Deposition oDielectrics

In this work, we fabricatthe OTFTs with bilayer gate dielectric structréhus
the dielectric layer deposition ésvery importanstepin devicefabrication praesgs The
first dielectric layemwasmadewith a fluoropolymer, which is solution processalbledthe
second dielectric layewas a metal oxide layer, whictvas fabricated by atomic layer
deposition. Also, different types of metal oxide lay@eseinvestigatedn this work.The
capacitor devicewerealso fabricated with these dielectric layers to test the properties of

dielectrics, such as capacitance déesédnd leakage current

3.1.5.1 Deposition ofCYTOP Layes

S CF: FzC S i

CF—CF

X
0] CF,
\C /
Fa

Figure 21. The chemical structure of CYTOP.

The amorphous fluoropolymer, CYTOP, is widely usedrgmanicdevices, because
of its high transparencyhigh chemical stability, high hydrophobicity, andood

dissolvability in fluorinated solvents that are orthogonal to neoganic semiconductor
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materials It also haggoodmechanical propertig®7]. The chemical structure of CYTOP
is shownin Figure 21. In this dissertation,hie aspurchase® wt.% CYTOP (ASAHI
GLASS, CTL-890M) was diluted with a fluorine-basedsolvent (ASAHI GLASS, CT
SOLV180) in a volume ratiof 1:3.5to have & wt.% CYTOPsolution. Thenthe CYTOP
solutionwasspin-coated on top aérganicsemiconductor laysiat 3000 rpm for 60 s with
anacceleratiorof 10000 rpm ¥, followed bythermalannealingon a ha plateat 100 °C
for 10 minin a N>-filled glovebox. e final thickness ahe CYTOP filmis 35 nmwhich

wasmeasured bgllipsometry

3.1.5.2 Atomic Layer Deposition

(a) (b) HSCHQC\N/CHS
Moo CH,  We | caon
N— Hf — N
'L}I HCHC | CH,
CH3 N
H.C CH,CH,
(TMA) (TEMAH)

Figure 22. The chemical structures of (a) TMA and (b) TEMAH precursors.

The thinfilm metal oxide layergi.e., Al2O3, HfO2, and AbOs-HfO2 nanolaminate
(NL)) in this work werefabricatedin anatomic layer deposition (ALD) systemwhich is
Savannah S200 ALD from Ultratech Inc. (Cambridge NanoTech [flé.principle of
ALD is similar tothat ofchemical vapor depositio€¥D) excepthatthereaction ofALD

breaks the CVD reaction into tweactionsteps, keeping the precursor materials sephrate
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during the reaction. Theroces®f ALD starts from a pulse of wateaporand then a psk
of a metalorganic precurson thiswork. Figure22 shows the chemical structures bét
metalorganic precursoithatareusedn this work theyaretrimethylaluminum(Al(CH3)s,
TMA) for Al>Os andtetrakisethylmethylamidghafnium ([(CHs)(CzHs)N] 4Hf, TEMAH)

for HfOo.

OH surface +

ALD +H,0 8
OH surface, cycle

repeat Al(CH;), B 9, &O CH,

() @) g0 89 g

m purge
h

2xAl(CH;)5 + 3xH,0 — Al, 05 + 6XCH,

Figure 23. An illustration of the atomic layer deposition of aluminum oxide via
TMA and water.

Figure 23 showsan example othe ALD procesdor Al,Oz depositionwhich is
deposited by cycling pulsef TMA and waterin the chamber The chemicalreaction
during the deposition follows the formula showrFigure23. The process adnelayer of
Al 203 depositions describedasfollows. First, a pulse of water vapflows in thechamber
of the ALD system, and theatervapor is absorbedn the substrate surfa@adform

hydroxyl grou. Then another pulse dfieprecursor, Al(CH)s, flows inthe chambeand
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interacts with the hydroxyl grosp-OH) forming bonding between oxygen ains of
hydroxyl grougg and aluminum atosiof Al(CHz)z molecules In the meanwhile, enethyl
group €CHg) in an Al(CHs)s molecule forms a bonding witra hydrogenatom from a
hydroxyl groupto yield a byproduct, methanéCHs) (seeFigure23 (a)). Then, theby-
producs are removedfrom the chambeby evacuating, leaving a layer 8f.03 on the
surface(seeFigure23(b)). After forminga layer of AbOs, another pulse of wateaporis
introducedin the chamberThe water moleculesare adsorled on aluminumatoms The
oxygen atomsof water moleculedbond with aluminumatomsby replaéng all methyl
groupsthat connect toaluminumatoms(seeFigure 23 (c)). Then the byproductsare
removedby evacuatinggain and the surface is ready for the next cycle of depogsies
Figure23 (d)). In this way,a metal oxidedielectriclayeris formed through theepeated
cycles as described abgwand its thickness can peecisdy controlledata level of0.1 nm

(or atomic scaleby settingthe number of cycles

3.1.6 PDMS Masks Preparation

During thefabricaton of thephotodetectoin alateralstructurethe OTFT area and
the OPD areawvere covered by masksrespectively These madss were made with
poly(dimethylsiloxang (PDMS) To fabricate the PDMS maske solutionof base and
agent (GelesOE™ 41) in a weight ratioof 1:1 was thoroughy mixed first. Next, the
mixturewasgently pouredntoaflat glass mold without any trapgeirbubblesand then
cured at 80 °C for an hour under atmospheric pres$teethickness ofhe PDMS film

wasaround0.1 cm.After cooling down, the PDM8Im wasformed andcould be peeled
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off. The peeled PDMS filmvascutinto thedesiredsizesof 1.5 x 1. 30 and

covering theDTFT area andPD area, respectivelyduring the spircoating process

3.2 Characterization

3.2.1 Ellipsometryfor Film Thickness Measurement

Ellipsometry is an optical technique for characterizing the properties ofilini f
by measuring thehanges impolarizationas light reflects or transmits from a material
structurelt is primarily used to determine the thicknessadfin film (i.e., dielectric and
semiconductor films)The ellipsometryesults usuallylepend orthe optical properties of
materialsandthethicknesses of filmdn this work, reflectance or transmittance datxe
measuredy a spectroscopic ellipsometed.A. Woollam M2000U), andthenacquired

andmodeledby the software CompleteEASE (J.A. Woollan).

To measure the thickness of a thin filthe transmittanceof the film is typically
measured firstlySince the sum of transmittance, reflectance, and absogufiais tane,
we approximatehat absorption of the film equal® one minus the transttanceof the
film, assuming that the reflectance is negliginleen measuring the transmittarafethe
film. For a material having little absorption #te rangeof the ellipsometespectruma
Cauchy modeis used tofit the measured reflectanaataand calculatethe thickness of
the film, such as metabxide layersand CYTOP films. For a material having strong

absorption at partial of the wavelength range, such R3HT semiconductor filmthe
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Cauchy model stilcan be used tfit the measured refleatae of the film at the nen

absorption wavelength range.

3.2.2 Kevin Probe

Kelvin probe is based onwabrating capacitoand is usually used to meastine
work functiors of conducting materialshe Fermi level enerigsof organic semiconductor
film s or the surface potentialof thenon-conductivefiim s between a conducting specimen
and a vibrating tipFigure 24 shows the operating principle of a Kelvin probe, which
measures the contact potential difference (CPD) between the wumntkofs of a sample

(+ ) andareference tip« ).
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Figure 24. The operating principle of a Kelvin probe [5§].

Figure24 (a) showghat thetip andthe sample are separated agistanceQwith
no electrical contactreatng a parallel plate capacitor. When the tip #imeglsample are in

electrical contact, as shown kigure 24 (b), the potential betweethesetwo surfaces is

the contact potential differencey( ——), whereQis theelementary chargdf an
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applied external biasy ) has the same magnitudedas with theopposite directin, as
shown inFigure 24 (c), the applied voltage eliminates the surface charge in the contact
area.Thus, thisw is equal to the@otentialdifference between the tip attte samplethe

work function ofthesample can be tmilatedwhen the work function ahetip is known.
Before eachmeasurement in this work, théelvin probewas calibrated witha freshly
cleaved highly ordered pyrolytic graphite (HOPSample which has a known work

function of 4.6 eV.

3.2.3 Probe Station$or Devices Measurement

Two probe stationsvere usedin the measurement setup this work For the
characterization ahost organic semiconductor de\sceveused a LucasSigretone H100
seriegprobe stationwhich consistdof a device stage with four inek of XY travel, three
micromanipulators that control the positions of probes in three axes, and a microscope
tower that provides a-@imensional image at a fixed positidrhe probe station pladen
a portable air table teeducethe vibrationin a Ne-filled glovebox (MBRAUNLabMaster
130), in which both @ and HO valueswere maintained below 0.1 ppreo thatthe
performance of organic semiconductor devieesuld not be affected by oxygen and
moisture For device environmental stability study, we dseother probe station (Rucker
and Kolls model 260 probe station), whisldesigned and built for maximum mechanical
stability and placed in aiiThis probe station alsmcorporate a device stage with X

positioning, micromanipulators, and a microscoveetio
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3.2.3.1 Current Measurement

A two-channel sourcenonitor unit systemAgilent E5272A wasconnected tone
of the probe statios and usedfor multiple types ofcurrentvoltage characterization
Different LabView programsvere designed to control the Agilesystem to implement
different tess and collect the datdn this study, thelevicecharacterizationshat were

measured bygilent E5272Aare

1 for OTFTs transfer and outpuurvesmeasuremenand debias stresgests.
9 for capacitors: leakage curremieasurement

1 for photodetectorsdark current and light curremeasurement

3.2.3.2 Capacitance Measurement

Forthecharacterizatioof capacitorsone of thegprobe statioeawasconnectedo a
precision LCR meterAgilent 4284A, which featursa widetestfrequency rangérom 20
Hz to 1 MHzwith an adjustablécbias The capacitance densities of gate dielectriese
obtainedby measuring and lineditting the capacitance values of the capacitbeg hal

six different areaganging from 0.01 cAto 0.38 cr.

Besides the leakageurrentof a capacitor another two methods/ere usedto
evaluate the quality of a capacitdihe first methodis to measurghe capacitancef a
capacitoras a function of appliedc voltages ata fixedfrequency In this case, thstability
of the capacitancevould be evaluatedt a range oflic biases.The secondnethodis to

measurehe capacitance as a function of frequieisat zero biasandthe quality of a
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capacitorwould be evaluatedy the cutoff frequencysincethe capacénce is usually

unstable at high frequency.

3.2.4 Optical Source foPhotodetector Measurements

The light source for photodetector measurenves selected based on the light
absorption range o& P3HT: ICBA organic semiconductor layer, whitiad strong
absorpion at the wavelength below 64n. In this work, a635-nm laser (fibeicoupled
FabryPerotbenchtoplaser, SIFC635)asusedas the light sourctor the measurement
of optical characteristics @fphotodetectorThe lasetransmittedhrough an optical fier
and illumineal on the devicdérom the backsideTheillumination areavasconfinedin the
active area othe photodetectorFor the light response measuremeditferent optical
powerswereneeded to study the optical responsivityagthotodetector adifferentlight
intensity. The output optical power of this lassradjustableandthe maximumvalueis
2.5 mW.For an accurate characterizatitime optical power othelaserwascalibratedby

a lasempower and energy meté®PHIR,Nova ).
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CHAPTER 4. ORGANIC THIN -FILM TRANSIS TORS WITH

IMPROVED STABILITY

As discussed in Chapter 1, tlwharge mobilityvalues of the stateof-the-art
polycrystalline (small molecule) or nearly amorphous (conjugated poly®iERTS in
academic research ndwvesurpassdthose fomd ina-Si: H TFTsanda-oxide TFTs[31,
33, 59]. However, thestahlity of OTFTsremains inferior tahat ofinorganic counterparts
The poor stability in long operating time and differeahvironmerdl conditions {.e.,
oxygen, moistureandhightemperatureis akey point of concern towards tle®mmercial
deployment bOTFTs[15, 60]. This chapter describélseimprovement of OTFT stability
through the optimization othe OTFT structure which hasan ultrathin bilayer gate
dielectricthat consists of aamoiphous fluoropolymer CYTORwyerandan Al 203: HfO>
nanolaminate (NL). This structurenableslow operating voltage as well ashigh
operational and environmental stabildf/ polycrystallineOTFTs Thisimproved device
operational stability shows th@TFTs could achieve the level of performantet is

requiredfor commercial applications.

4.1 Introduction

4.1.1 Origin of Instability ofOrganic ThirFilm Transistors

In most TFT sys®ms, including organic or inorganic TFTs, the primary mechanism
behinddevice instabilityarises from the trggedcharge carriers or molecular species (such

as oxygen or water) aither intrinsic structural defects extrinsic impurities of devices.
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Thes localized trapping sites could be jgrasting or stresgeneratedandthey might
locateat microcrystalline boundaries tie semiconductor layer, nanometzed voids
(due to porosity) athesemiconductor or dielectric layer, or at #emiconductodielectric
interfaceg 38, 61]. The total amount of charge carrier&inFT is determined by the applied
gate volage Once any of these charges are trapped, they will turrfixetd charges and
cannot contribute tthe channel current, but they are still part of the chaingéuced by
the gatevoltage.In addition the trapped charges would build an electric fiblat has to
be compensated by the gate voltage bettoeéormation of the accumulation layer #te
channel As a resultwhen more charges are trappadjigher gate voltage is needed to

maintain the sammobile charge concentration and channel current

Therefore, the instability of devicas usually describedby the changeof the
sourceto-drain currenat specific voltages or the shift of the threshold voltage as a function
of stressingtime. Theseelectrical characteristichanges woulde observedvhen the
device is stressed withcanstantic bias or an alternating voltage signal applied at the gate,
source, and drain electrodes for a prolongee. Also, these changes colid observed
when the device operates at some severe environmental corgliteuch as high
temperature and high humidityfgspecially some organic semiconductors, such as
pentacene andP3HT, exhibit fast degradation when theyre exposedto certain

atmospheric speciesd., oxygen and moisture) and light.

A common wayo studythe operational instability of TFTs with electrical bias tress
is stressing the device withconstantwoltage for a prolongegderiod In order toobserve
the changes of transistor characteristics with stitagsstress is interrupted by the quick

measurment of transfer curves at short titnéervals The shift ofw could be extracted
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from thesetransfer curves. Since the shift@of is dominated by charge trapping effect in
operation, the shifting level depends on tiuenberof trapped chages. If we assume that
the trapped charge densityls , the threshold voltage shifto(w ) is given byw w =
Q0 76 , whereQis the elementary charge aad is the capacitance densitythe gate
dielectriclayer. The charges trapping rate depends on the free carrier dengityF¢r an

exponential distribution of trap states, tf@rgetrappingrate is given by62]:

@ W .0
06 0o - °7F (1

wheret is a characteristic time constant &né a dispersion parametgd < < 1). By
solving Equation(11) with the boundary corition thatthe value ofv at infinite stress
time equals to thgatevoltage, he stretchegéxponential decay for the ttateold voltage

with time is given by63]:

: Y ) o
Yo p 0 Yoy tp A® -

12
whereYo W bz m .Thenu mb er fsubscripbfreach garameter
representthe parameter due tilve charge trapping effect, which will wifferentfrom the

other effect in thdollowing discussion. In additiorwe refer to this model as the single

stretched exponential (SSE) modelthis work.

In a conventionalOTFT with asingle gate dielectric layer, the shift@f due to
the operating voltage bias stress follows$Is=model, as described lBquation(12). For
example Figure 25 (a) showsa typical device structure of p-channelOTFT that has a

single gate dielectric layer andParAA semiconductor layeirigure 25 (b) showsthe
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devicetransfer curves measurbdfore andafter stressinghe devicewith aconstanigate
bias voltage of 20 V for different stress period3he transfer curvehifts to negative
voltages with the bias stresbhis bias stress effect fsirther quantifiedby w w as a
function of time as shown ifrigure25(c). Thevalue ofgy sincreases continuously with
the bias tress and tishifts of 30 sexceed more than 17 &ftera 106h biasstress test.
Moreover, the soliccurve shows thathe tendency ofo @ with the stress time iwell

fitted with Equation(12). Thefitting parametesareYo ; =19 V,T = 10's, and =

0.43.
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Figure 25. (a) The devicestructure of a bottom-gate pchannelOTFT with a single
gate dilectric layer. (b) Transfer curves ofOTFT as a function of stress time. (c)
The ¢ ¢ obtained from (b) presented as a function of stress time on a logarithmic
scale (scatter symbols). fie solid line shows a fit withEquation (12) [64].
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4.1.2 PreviousProgress

In recent yearamany approaches to reduce or passitvetFap sitesare developed,
including the use of pogprocessing thermal annealif@p], molecular additive$60], and
amorphous fluoropolymere (g, CYTOP)asgate dielectric layerg66]. Despite progess,
only in the absence of crystalline boundaries and porosity, such as in@iysid OTFTs
(scOTFTs) have OTFTs been shown ableeixhibit superiorw stability thana-Si: H
TFTs [17]. However, their w stability remainsinferior to that achievedby other
commercial TFT technologies such jas-Si, a-oxide TFTs ard poly-Si TFTs which

exhibitthe most stable performance of all TFT technolof@s

4.1.2.1 Bilayer GateDielectricss CYTOP/ALO3

In thepast, our previous group members have shown that an alternative approach
exists tosignificartly improve the environmental and operational stability of OTFI8
38]. This approach consists of usiagoilayer gatedielectric (e.g, CYTOP and metal
oxide) instead of the commonly ussthglelayer gatedielectric(e.g, CYTOP or metal
oxide) Figure26 (a) showsthedevice structure dinOTFT usingabilayer gate dielectric
thatconsiss of a CYTOP layer and an ADs layer deposited by ALDFigure26 (b) shows
that thechannel currenthanges of the OTFT with bilayer gate delectric are much
smaller than those dfie OTFT withasingle CYTOP layer oasingleAl.Oz layerof gate
dielectricwhen the devicés undercontinuousdc-bias stress fot h. In addition in the
bilayergatedielectricstructurethe second dietgric layer is engineergd compensatéor

the shift ofw causedby the carrierstrapping effect since it introducesa second

56



mechanismthat producesan oppositav shift (e.g, charge accumulatiorwithin the
dielectric layer byslowly oriented dipoles For examplelFigure26 (c) shows thathe drain
currentchangesluringthebias strestestfor 24 honan OTFT witha bilayer gate dielectric
that consists of 40 nm CYTOPayeranda 50 nm AbOs layer. The OTFT sbws good

operationaktability with less than 5% change&channel current after 24 h stressing.

(a)

highly stable A ORI high dielectric
amorphous Al,03(50nm) “T constant
fluoropolymer CYTOP(40nm)
TIPS-pentacene/PTAA(70 nm)
Ag PEBT | 50 nm
Glass substrate
(b) (c) Vo= Vpo=-8V
1.0 leow 1.0F
S o. S 08f
[44]
b4 Q
__L‘J e
~ |
~ 0.6r ——a0 (100nm) > 0.6
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Figure 26. (a) The structure of top-gate TIPS-pentacene/PTAAOTFTs with gate
dielectric layers of CYTOP/AI 203. (b) The temporal evdutions of the normalized
drain current s of OTFTs with different gate dielectric layersduring the bias stress
testsfor 1 h. (c) The temporal evolution of the normalized drain currentduring the
bias stress test for 24 h on an OTFT with a bilayer gate dectric that consists of a
40 nm CYTOP layer and a 50 nm AdOs layer [3§].

Specifically, the previousstudy hasshown that whethesecond gate dielectric layer

comprises a singlenetaloxide layer procgsed by ALD €.g, Al20s), n-channeland p-
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channel OTFThave good operational stability, and excellent environmental stakkign
operating at low voltages. For example, the devieeminfunctional after being subjected

to oxygen plasma for severalmites and being immersed in water for several hdifis

4.1.2.2 Bilayer GateDielectricss CYTOP/AL,O3/NL

Furthermorethe previous group member, CheiYgn, found thatwhen the second
gate dielectric layer othe CYTOP layer consistsof a first AlOz layer and a second
nanolaminatdayer comprising hanomet#nick alternating layers of ADs and HfQ by
ALD, as shown irFigure27 (a), OTFTs can evesustainbeingimmersed in water at 95
°C for tens of minuteq15]. Figure 27 (b) shows that all ofthe OTFTs having
CYTOP/AI Oz bilayer gate dielectriare completely damagedter immersingn waterat
95°C for 3 min. However50% of the OTFTs havingl20s: HfO2 NL in dielectricremain
functional after beingmmersing inwaterat 95°C for more than one hour. Therefotleg
NL is a highquality dielectric layer that effectively passivates the semiconductor layer in

an OTFT.

In this work,we used the approach of the OTFTs wiilayer gate dielectrics that
havebeen builtin our group. We demonstrated that the OTFT &ithoptimized bilayer
gate dielectric, which consisted of a first CYTOP layer and a sedod: HfO2 NL layer
by ALD, exhibitednot only improved environmentaitability but also unprecedented
operational stability. Thé shifts in these OTFTs over prolongedialas stress time are
comparable, osmallerthan the ones reported @Si anda-oxide TFTs. Furthermore, the

smallw shiftsdisplayed by these OTFTs are weakly dependent on temperature variations
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at least up to 5C above room temperature, thus highlighting the robustness of this

approaclj6§].
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Figure 27. (a) The structure of top-gate TIPS-pentacene/PTAAOTFTs with gate
dielectric layers of CYTOP/AI 203/NL. (c) Charge mobilities threshold voltages, and
the number of working OTFTs with the immersion time in water at 95°C. [15].

4.2 Device Fabrication

In this work the TIPS-pertacene/PTAAOTFTsusing two types of gate dielectric
geometriesvere fabricatedvith different NL thicknessego investigate the influence of
the NL thickness on the electrical properties and stabilitthefOTFTs The device
geometriegreshownin Figure28 (b) and (c) The samples with different dielectric layers
weredividedinto two groupswhich arereferredto asgroup A (sample A_33, A 27, and
A_22) andgroup B (sample B_44, B_22, and B_11). Gawup A, the gate dielectriayer
consists o CYTOP (35 nm)ayerandanAl20s: HfO2 NL (variedthicknesseshy ALD .

For group B, thegate dielectridayer of OTFTsconsists ofa CYTOP layer (35 nm)and
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metal oxide layers, which am@n Al2Os layer (20 nm) andan Al>Os: HfO> NL (varied
thicknessesby ALD. Here, we name he deviceswith the letteri A or i B, which
indicates a specific devicegeomety, f o | | o w ealwhichyindidates#he thicknessof

NL. Thethicknessesf dielectric layers for each sammeedescribedn Figure28 (b) and

(c).
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Figure 28. (a) Process steps of device fabricatiohe structures of topgate TIPS
pentacene/PTAAOTFTs with gate dielectric layers of(b) CYTOP/ALD Al203: HfO>
NL (for group A), and (c) CYTOP/ALD Al 203/ALD Al20s: HfO2 NL (for group B).

Figure 28 (4) shows thefabricationprocess flow othe OTFTs ingroup A and
group B. All of the OTFTs with CYTOP/metal oxide as bilayer tgadielectricsare
fabricated on glass subates After solvent cleaning stephe source and draglectrodes

were depositedon the glass substrat®y thermal evaporatg a 50-nm thick Ag layer
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througha shadow maskThen the substrate with souraeddrain electrodesvastreated
with aPFBT soldion to form a seassembled monolayer BFBT onthe Ag electrodes
After the PFBT treatmenta 70-nm thick semiconductr layer of TIPS/PTAAwas
deposited by sphaoatingon the substrajdollowed by the deposition & 35-nm thick
CYTORP film. Foreachsample in group Aafter CYTOP depositiorgn Al20s-HfO2 NL
wasdeposited irthe ALD system by alternating-bycles of AbOz and 5cycles of HIQ
for 30 times A_33), 25 times A_27), and 20 timesA 22) at 110 °C, producing films of
33 nm, 27.5 nmand 22nm, respectively. Fagachsamplein groupB, a20-nm thickAl 03
wasdeposited as a nucleation layest; thenan ALOs-HfO2> NL wasdeposited on top of
the nucleation layeat 110 °Cin ALD chamber The NLwasdeposited by alternatingt
cycles of AbOs and 5cyclesof HfO> for 40 times B_44), 20 times B_22), and10times
(B_11), generating théilms of 44nm, 22 nm, and 1@m, respectively. Finallya 100-nm
thick Ag layer was thermally evaporatedhrough a shadow maskorming the gate

electrode®nthe metal oxide layers.

4.3 Current-Voltage Characteristics

Thepristinetransfer characterissof champion OTFT$W/L = 2550 um/180 pm)
of samplesn groupA andgroupB are showrin Figure29 (a) and (b) respectivly. All
deviceswere measured iran N>-filled glovebox andexhibited hysteresiffee electrical
characteristics.Table 1 shows a summary ofhe statistical values of theelectrical
parameters measured on thstine OTFTs of all types. The charge mobility(‘ ), the

threshold voltaged§ ), and theabsolutevalue of subthresholswing(s™¢) were extracted
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from transfer curves. The maximum semicondudiefectric interfacial trap density was
estimated usinthevalues ofs™6[53]. All OTFTs in group A androupB havethesimilar
maximum interfacial trap densities around 3.2 ¥&672, which is consistent with the fact
that CYTOPIs coated on semiconductor layer as the first dielectric layer for all devices.
The electrical parameters of OTFTs in group A a@moup B are comparable to those
measured imther TIPS pentacene/PTAMAased OTFTs having CYTOP/AL:Dxide gate

dielectricg[15, 38].

(a) (b)

sl (A)

1,4l (A)
11,6l (nA)"

Figure 29. Pristine transfer characteristics of(a) group A devices and(b) group B
devices

Figure30 showsthe statisticvalues of andw . The trendshownby‘ andw
can be attributed ttihe differences in the gatdielectric geometry and thickness; since the
trap densties at the semiconductcdielectric interfaes were the same. As the gate
dielectric thicknesssi decreased, decreased from 0.8 & s to 0.2 cni V! s? for
group A, and from 0.7 cAv? s? to 0.5 cmd V! st for group B.The ticker dielectric

layers lead tahe smaller leakage currents from channel to ¢s¢eFigure31), therefore,
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thehigher channel current between source and drain will be measesattingin higher
calculated values of. By adjusting the thickness of the dielectric layer, we founad t
A 33 with 33nm NL showed relatively smadd and high* . This result also indicates

that the layeby-layer nanolaminate structure might have a denser configuration that leads

to much lower leakage than a single@d layer for the same thickness.

Table 1 Summary of thedevicepristine electrical parameters

Sample | F . IAN ols Trizt.D'\g?s(i.ty # of Devices
Name | (nFcm?) | (cm?V's?) V) (V decadel) (cm?) i
A 33 40.8 0.8+£0.1 -1.9+0.2 | 0.70+£0.04| 2.7 x102? 23
A 27 42.5 0.4+£0.1 -2.6+0.2 | 0.77+0.03| 3.2x10? 17
A 22 43.1 0.2+£0.1 -3.0+0.5 | 0.93+0.03| 3.9x 102 11
B 44 36.2 0.7+£0.1 -3.0+0.8 | 0.75+0.03| 2.6 x 102 9
B 22 40.7 0.6+£0.1 -27+04 | 0.79+0.02| 3.1x102 12
B 11 42.2 05+£0.1 -28+0.3 | 0.80+0.02| 3.3 x16? 5

To investigate this hypothesis, we measuhedeakage current density against the
electric fieldfor eachtype of dielectric layer. As shown Kigure31, thethickerdielectric
layers lead tohe smalleteakage current dsities The leakage current densities of A_33,
whichis lower than 5108 A cm2 atapplied fields up to 3 MV crh areas low as those of

B_44 and B22.
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Figure 30. Statistic values ofcharge mobility and threshold voltages of OTFTs.
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Figure 31. Current density-electric field (J-E) characteristics ofdielectric layers of
OTFTs in (a) group A and (b) group B.

4.4 Environmental Stability
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In the past, we have shown that OTFTs with CYT®RD:/NL gatedielectric
layers(i.e., B_44 OTFTskxhibitsuperior environmental stability (when immersed in near
boiling water) than those with a CYTOROz gate dielectri¢15]. Here we comparéhe
environmenthstability of A_33 and B_40OTFTs, whichshowedthe best characteristics
in group A andB, respectivelyWe evaluated the temporal changes in the setordeain
current during orstategate bias stress experiments doe hour (i.e., while OTFTswere
subjectedto constanbiasstressn the saturation regim@ =w =-10V), after exposing
all devices to the environmental conditiafiscussed belowFirst, the samplewere kept
in air atroom temperature (RTa. 27°C) with a relative hurdity (RH) of 35% for24 h,
andthentheywere transferred inta Ne-filled glovebox for bias stress testirfgecond, the
samples weranmersdin distilled water for 16 land subjected to another bias stress test
Last,the samples wenreacuum anneab at 100 °C for 16 kand subjected to a bias stress

test again

Figure 32 (b) and (c) showthe temporal evolution of normalizé® (i.e,
('O 60 F¥O0 m) measured with A_33 and B_44 OTFT devides all environmental
conditions. After air exposurtheO changes of leghan 1% were observed in both A_33
and B_440TFTs Theprolonged immersion in watét6 h) resulted in lager changes of
‘O in both B_44 and A_33 OTFT®Remarkably, after h of bias stress, devices A 33
exhibited significantly smallerchanges ofO (ca. #6) thanthose obsered on devices
B_44 (ca. 20%)The performance of bbttypes of devices recovered after the samples

wereannealedt 100°C for 16 h
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Environmental Stability Test

As-fabricated devices (pristine)

14
In air at RT and 35% relative humidity for 24 h

v

2
100 °C vacuum annealing for 16 h

(b) (c)
1.0
o
e Vps = Vg =-10V
S 09 S 0.9 By
58 Vs = Vg =-10V 5‘3
é _________________________________________ é ................................
2 og || ® pristine | < 0.l ®pristine | X
e air (RT, 35% RH) " || @ air (RT, 35% RH)
|o water | |l o water = |-
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Time (h) Time (h)

Figure 32 (a) The s2quenceof OTFTs exposureto different environmental
conditions. The environmental stability of (b) A_33 devices and (cB_44 cevices
under continuousdc-bias stress for OTFTsafter exposing todifferent ambient
conditions.

These general trends afally consistent with our previous reports on the
environmental stability of togateOTFTS and in particular, on the detrimentalesff that
prolonged immersion in water produces on'@estability. For instance, OTFTs having a
CYTOP/ALD Al20s gate dielectric exhibited "'O(10 min) > 10% after immersion in
water for 16 H16], a significantly largew 'O 0 than those iiA_33 and B_44 OTFTm
this work Hence, while it is clear that water absorbed during prolongeadsere leads to

the formation of traps and degradation of the device stability under continuous bias stress,
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thepresence asinde ALD Al.Ozlayersin the architecturef an OTFT é.g, B_44 OTFT)
also correlates with an increased sensitivity to the presence of water in the environment.
Therefore, the A_33 OTFT not only has a simpler device architecture compared with the

B_440TFT but also has superior environmental stabhility

In addition to the environmental tests above, a damp heavasstonductedo
assess the stability performance of F1e83 and B_440TFTs when exposed t high
temperature and highumidity condition, whib would accelerate the device degradation
[69]. One of the typical damp heat test conditions is known as 85/85, meaning 85 °C and
85% of relative humidity70]. TheA_33 and B_44DTFT devices thawvere usedn this
testwere fabricated8 monthsprior to the current testingind theywere storedn a No-
filled glovebox.Although the OTFTs were stored in a-Nled glovebox,over a period of
18 months, they absorb small amountadisturethat is known to changghe electrical
properties of devicesinder constant bias stress. Hence, we did the vacuum thermal
annealing on A_33 ahB_44 OTFTs before exposing the devices to the 85/85 condition.
All deviceswere subjecto the followingexperimentatonditionsfirst, the samples were
vacuum annealed 400 °C for 16 fand subjected to bias stress test; then the samples were
keptin air at 85 °Cand85-90% of relative humidity foR4 h,andthey were transferred
into a Nb-filled glovebox for bias stress testjrigen the samples wevacuum anneab at

100 °C for 16 and subjected to another bias stress test

Figure 33 (b) and (c) show the temporal evolution of normaliZéd (i.e.,
(O 07O m)measured with A 33 and B_44 OTFT deviceslheconditionsdiscussed
above After initial vacuum thermal annealingze conducted bias stress testssamples

A 33 and B_44 OTFTs and observed that'@echanged less thab.5% in A_33and
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B_44OTFTs Then, the devices were exposed taBarPC and 8®0% RHenvironment

for 24 h After exposure, we conducted bias stress tests on the devices in the glovebox.
After onehour bias stress tests, A_33 devices leixédl changes 0D of 2.5%to be
compared with th3% changeobserved on B_44 deviceShese levels of changes in

A 33 and B_44 OTFTs are similar to the changes after immersion in water, as shown in

Figure 32 (b) and (c). Also, the performea of both types of OTFTs recovered after

annealedat 100°C in vacuum for 16 h.

Damp Heat Test

(a)
[ Initial 100 °C vacuum annealing for 16 h* ]
2
[ In air at 85 °C and 85-90% relative humidity for 24 h ]
2
[ 100 °C vacuum annealing for 16 h ]
(b) A 33 (c)
]
----------------------------------- ® initial vac. anneal
=) r—) ® air(85°C, 8590% RH)
8«0 0.9 - e eu, 0.9 O vac. anneal
\Q §Q
Sm .| ® initial vac. anneal SU, ___________________________
2 ® air (85°C, 85-90% RH) 2
0.8 |...[ @ vac.anneal . 08L - oo
l = =10V |- Vie=Vee=-10V |--------
Vs = Vg =-10V DS Gs
0.7 b 0.7 b
00 02 04 06 08 1.0 00 02 04 06 08 1.0
Time (h) Time (h)

Figure 33. (a) The sequencef damp heat test on OTFTs. Thestability of (b) A_33
devices and (c) B_44 devices undeontinuousdc-bias stress forOTFTs after
exposing to different ambient conditions.

68



4.5 Operational Stability

4.5.1 OneHour OperationalSability

Figure34 shows the temporal evolution of the normaliZzéd 6 measured during
thedc-bias stress test for 1dn group A and group B device$he plotteddataarefrom
four devices foeach of théd 33, B_44, B_22, and B_1ATFTs and twadevices foreach
of theA 27 and A_220TFTs, respectivelysinceA_27 and A_2Zhowed a lower yield
than the othersA 27 and A 22also exhibied increaseddeviceto-device variation,

presumably de tothehigh leakage curremf these two types of gatkelectrics

(a) 4,04 GrourA | ‘ (b) 1.04 SrourB
WI/L = 2550 pm/ 180 pm ‘ WI/L = 2550 pm/ 180 pm
1.02 ,vns= Ves,=,'1°4 V,in ,Nz, i 1.02 ,vns = VQS = ',104\,! ",‘ Nz ,,,,,,,
e ——
- <> 3&« ; 119
=) DO I S S SSSTectR s eTedy)
= e Koo
= 2 It e |
T 096 “\’Z\@:% MR e
9 . Ry &g{ffgc
R [ S S e SC e e o
O A_33] _ ece _
] AR * B_22
092} =<0 0.92 -
O A_22 A B_11
090 i I I | 090 L I i I
00 02 04 06 08 00 02 04 06 08 1.0
Time (h) Time (h)

Figure 34. The gperational stability of OTFTs in (a) group A and (b) group B
during one-hour continuous debias stress atr =, 4= -10 Vin N2.

After one hour of continuousdc-bias stressthe normalizedO of A_33 slightly
increasdto 1.008, while thosef A_27 and A 22 droppeddown to around 0.979 and 0.941,
respectively. Ingroup B, B_44 devices dispyed normalized increases of ca. 1.002.

During the same interval, the normaliZ€d dropped to 0.994 in B_22 and 0.981 in B_11
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OTFTs. In addition, A_33 OTFTs exhibited higher operational staliiapthat of B_22
and B_11, whichhavesimilar or even thicker dielectric layershese resultdemonstrate
that the operational stabilityof an OTFT during bias stresgest can be controlled

systematically by changing the thickness of the oxide gate dielectrid &8er

4.5.2 LongTermOperationalSability

Figure 35 shows the londgerm temporal evolution of the normaliz& o for
TIPS/PTAA OTFTs irgroup A andgroup B. A_33 displayed remarkali@ stability after
40 h bias stress, within an overall changé&ofsmaller than 4%. On the contrary, A 27
and A_22 bBow poor longterm stability, presumablyug to their high and unstable gate
leakage current. On A_27 OTFTs, the normaliZ2ddropped to 0.92 before the device
failed after 8 h of continuous bistress. On A_22 OTFTs, the normaliZed dropped
below 0.8 in 4 tbeforefailing. In cantrast,Figure35 (b) shows the changes of normalized
‘O after 24 h forgroup B devices (2.2%3.6%, and-5.9% for B_44, B_22, and B_11
OTFTs, respectively), which were not foundf&d. In addition, A_33 OTFTs exhibited
higher operational stabilithhanthat of B_22 and B_11, which had similar or even thicker
dielectric layercompared to that ok _33. These results correlate to soexéentwith the
quality of the dielectric layer as determined by leakage current measuseiruetnermore,
theyprove that the operational stability thiesedevices can be engineered by controlling

the thicknesses of gate dielectric layers.
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Figure 35. The long-term operational stability of OTFTs in (a) group A and (b)
group B during dc-bias stressn N2, with the fitted curves usingthe SSEmodel and
DSE model. The fitting residuals are shownon the right to the main figures.
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Figure 36. Temporal evolution of the normalized k jduring dc-bias stress (a) athe
saturation regime for 40 h with fitted curves, and bg atthe linear regime for 100 h
with fitted curves. Theinsetsshow the fitting residuals ofthe SSEmodel (brown)
and DSE model (green).

To study the stabilitpf OTFTswhenoperaing devices at different regimes, A_33
OTFTswere stressedtthesaturatiorregime(w = =-10V) for 40 h andtthe linear
regime (0 =-2V,w =-10 V) for 100 h respectivelyFigure 36 shows the temporal
evolution of'O 0 7O m during the continuous orstate gate ibs stress tesat the
saturation regime and the linear regiieboth regimes, A_33 OTFTs sheswremarkable
operationalstabilites with the changes ofO smaller than 4% after tens of hours of

continuous operation.

4.5.3 Analytical Model of Operatical Stability

To rationalize the temporal changes'©f 0 and to extrapolate the losigrm
stability of these OTFTdjrst, it is necessary to validate a model that describes these

changes. In contrast to OTFTs with a singgg¢edielectriclayer,the OTFTswith bilayer
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gatedielectric structuresshowthe contributions of two distinGging mechanismsvith
oppositeeffects The first one, more commonly reported, causes a decredledfring
continuous déias stress due tharge trappingtar aroundhe semiconductedielectric
interface This contribution is described by assuming that 0 follows a single
stretcheeexponential (SSEnodel Equation(12)). In OTFTs with bilayer gate dielectrics

a second effectamisesO 0 to increase over time. Although the origin of this contribution
is not fully understood, we believe that it is associated aittirithe orientation of gholes

at the gatalielectricor with the injectionof carriers at thgate electwde To account for
this effect, we assume that 0 changes due to this effe@llows another single

stretcheeexponentiamodelwith the following expressiof1, 72]:

Yo p 0 Yoy tp A®

'N|O>

(13

wheret is the characteristic decay timg, is the dispersion parameter {0<1), and

Yo i Wil 0 m.

Taken theséwo opposite bias stress effeatso accountthe overall bias stress
effect ofan OTFT with a bilayer gatedielectricresults fronthe simultaneous occurrence
of the charge trappingat dielectriesemiconductor interfaces and the reorientation of
dipoles present ithe gate dielectri@yersor to the injection o€hargecarriers at the gate
dielectric Thus the bias stress effestin OTFTs in this workcould be modeledy the

following equation
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(14

This model willbe referredo as the double stretchexponential (DSE) modelrhevalues
of Yo ; andY® { cannot be unequivocally determined using this fitting procedure
due to thepractical constraintsinstead,we introduce a new fitting parameteér

Yo ; Yo |

Assuming’ and0 are constant and using the standard trandisfd&Equation(7)
andEquation(8), the'O changes othe SSE malel and DSE modedt the linear regime
and the saturation regimeould be derived fronEquation (12) and Equation(14),

respectively, using th®llowing equations:

0O 0o 300 1o 0004 0
0 1 p w W T (15)
O o 30w O e W o
P -———— h ©oo0i HHWVH Q (16)
(ON 1 W W T

Next, the experimental data showing kigure 35 and Figure 36 werefitted with
Equadion (12) and EquationX4) together with Equatiorlf) andEquation (L6), to compare
the SSE and DSE modeM/e note that for A_3&and B_44 OTFTswhich show an
increasingtendencyf ‘O over time, the data of A_33 and B_wérefitted usingeEquation
(12) but without the negative sign in the exponential function. The valué&saat
derived fom the bestfits of the SSE model to the experimental datalemted inTable4

and compared with several typical transistors in literafline. parametersaluesof the
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DSE modelderived from these fits are shownTable 5. Figure 36 (a) and (b) shova
comparison of the best fits to the experimental data amésigualginsets)using the SSE

and DSEmodels This comparison reveals that the DSE model better desdfbés
under debias stresthan the SSE model; particuladythe saturation regime and for a long
stress timeFigure 36 (b) further confirms these observations also exist when devices are

stresgdatthe linear regime for a long time.

4.5.4 Two Competing Effects

Sincethe devicesn group A and grou have the sam@&IPS/PTAACYTOP
interfaceswith the TIPS/PTAA OTFTs with CYTOP single dielectfi®g], the infuence
of charge trapping effect at the semiconduclietectric interface should be similar.
Therefore, using DSE model, the A_33, A 27,B_44,B_22, and &\itesshow similar
values oft andf (seeTableb5), which areconsistentwith the values ot andf fitted
from experimental data of TIPS/PTA®TFTs with CYTOP single gate dielectric using
the SSEmocel (seeTabled). In Table5, devices irgroup A and goup B under bias stress
in saturation regime also display comparable valuek aidf . The values off ,T ,

t andf are less dependent on the NL thickness and are rabigr&imilar for both
contributions tdO (t) changeswith valuesoff andf in the range ota. 0.4 to 0.6.
However, we found the ratiato be dependent on the thickness of Néyices with thicker
NL in dielectriclayershavelarger valies ofm. This observations applicable for both

group A andgroup B devices;thus, itsupports the hypothesis that thicker metalde
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layers lead to the stronger influence of the second effects describeddmgdmel term in

Equation(14).

For amore indepthstudy of thedynamics of two opposite effectwe simulated
ww and the corresponding w ; andw w , using the DSE model and the lifetime
parameters imable5 for A_33, A 27, and A_22 devices and B_44, B 22, and B_11
devices under ostate bias stress ithe saturéion regme. Figure 37 shows the
contributions of the two opposite aging mechanisime) j; (red curvespndw w  (blue
curves) which show similar dynamics with opposite signs over the stress time. This
similarity in the dynamis of both competing processes is unique if compared to other
previous systems and allows the thickness of the NL to be used as a parameter to optimize

the longterm stability of these OTFTs.

(a) 10 A_33: v v v T (b) 10 B_44: v v v
33 —AV, —A m,1_A TH2 _44: —— AV, —A TH‘1_A TH2
g| A=~ = =V, = -V, | g| BL22i= —AV, = =aV, = -AV,,
A_22:=-- AVm---- AVm_1""AVm B_11:=-- Avm-.-. Avnn"" Avmz

R v gy p—————

10° 10" 10% 10° 10* 10° 10° 107 10° 10° 10" 10° 10" 10% 10° 10* 10° 10° 107 10% 10° 10"
Stress Time (s) Stress Time (s)

Figure 37. The simulation of ¢ 4z and the corresponding two opposite
contributions (9 g sz and ¢ 7 & ) of OTFTs during dc bias stress using the DSE
model.
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4.6 Temperature-Bias Stress Tests

Next, we focus our attentidn @ changes ocurring during positive and neiijze
bias temperature stress tests; critical for assessing the operational stability of a TFT
technology{11]. Here, to avoid confusion between biasing conditions\fcinannelor p-
channelTFTs, we refer to these tests assbateand offstate temperaturgress testd he
A 33 devices were stressed atstate (0 =w =-10V) andoff-state(w =0V,w =

10 V) for 1 h at the temperatures i °C, 55 °Cand 75 °Crespectively.

Figure38 shows theransfer characteriss measured during these tegt.of the
devices display high operational stap at elevated temperatures. At high temperature,
the increaseof the off currentcanbe attributedto an increasedate dielectrideakage
current,which is validated by the resubsown inFigure39. Figure39 shows the leakage
current density measured on the capacitor samples with CYTOP (35 nm)/NL (33 nm).
When the temperature is higher than &5 the eakage current density of the dielectrics

increases from around 2\ cm? at room temperature to more than’®cm?,

From the transfer curves Figure 38, thew w of each condition are calculated
and plotted irFigure40. Althoughchanges ofo are still observablghese changes are
really small after 1 h dbias stressgp w p "@is less than 0.07 V during estate
temperature strestests and smaller than 0.2 V during-stfitetemperature stress tests
even after the tempature is increased from room temperature to 75 °C. Téasure
w w O values during onand offstate temperature stress temtsalso fitted using the
DSEmodeland extrapolated tstress timef over 10 years, as shown in the insetBiglire

40 (a) and (b)Table6 showsthevalues ofthe parameters usead these its.
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Figure 38. The transfer curves of asfabricated A_33devicesafter 1 h bias stress at
on-stateat (a) 27 °C, (b) 55 °Cand (c) 75 °C,and off-stateat (d) 27 °C, (e) 55 °Cand

(f) 75 °C.
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Figure 39. Current density-electric field (J-E) characteristics ofthe gatedielectric of
A_33devicesat different temperatures.
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Figure 40. The s svalues after debias stress of adabricated devices A_33at (a)
on-state and p) off-state bias stress tests under different temperatures, with cees
fitted from the corresponding - - valuesusing double stretchedexponential

(DSE) model (see insets).

At 27 °C, values of parametetsandm are slightly smaller than those found on
previous’O bias stress effecstudies. We atiioute these differences to the different
experimental procedurdbat areused to measure tempoi@ changescompared with

that used to derived w 0 in bias stress tests one case by modeliri@ changes during
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continuous biasteess while in the other one, suspending the bias stress to measure changes
in the transfer characteristics by sweeping the gate voltage from the positive to negative
then back to positive voltaged/ith this in mind, while it is clear that at this pofatther
systematic studies would be necessary to derive the physical insights that allow
rationalizing the thermal dependencesofw s Also, it is clear that regardless of bias
condition,3p @ sin all devices tested remains smaller than 0.2 V duringtate stress

tests for 1 h. Hencep w svalues during ostate stress tests measured\ir8B3 OTFTs

are atéast an order of magnitude smaller than those obseree8iifiFTs €.9, I W $>

2 V during onstate stress tests at 70 °C for 1[b2] and around the same order of
magnitude with the ones displayed by stt¢he-arta-oxide TFTs €.g, v @ s> 0.01V

during onstate stresgests at 70 °C for 1 §y3].

4.7 Stability of OTFTs using Other Organic Semiconductors

In the previousdiscussion, th®©TFT with a bilayer gate dielectric (CYTOP (35
nm)/NL (33 nm)) exhibid outstanding stability when using the blend of THRS$itacene
and PTAA aghesemiconductolayer. Next, we implement the same device structure on a
different semiconductor systethat use ablend of dIFTESADT and PTAA as the
semiconductor layemwhich providesigherchargecarriermobility thanthat ofthe TIPS
pentacendPTAA systemFigure4l (a) shows the architecture of taateOTFTs with the
gate dielecti layer in these devices comprises CYT@Pnm)/ALD AlLOs: HfO> NL (33

nm). The detailed fabrication processdescribedn the previous section an@hapter 2
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The semiconductor layer comprsa TIPSpentacene/PTAA blenth a device of type

A_33andconprisesa diFTES ADT/PTAA blendin a C_33device

The transfer characteristic gdristine champiorA_33 and C_33 OTFTevices
measured in an Nilled glovebox are shownin Figure 41 (b). All devices exhibited
hysteesisfree electrical characteristics. The table summatizestatisticalvalues of the
electrical parameters for pristine OTFTs of both typ#d (= 2550 um/180 um). C_33
OTFTs show similar performance parameters to previously reported-Td#S

ADT/PTAA-based OTFTs with a CYTOP/ADs bilayergatedielectric[16].
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Figure 41. (a) The structure of top-gate OTFTs with gate dielectric layers of
CYTOP (35 nmyYNL (33 nm) and a semiconductorlayer of TIPS-pentacene/PTAA
(A_33) or diF-TES-ADT/PTAA (C_33). The table shows theristine electrical
parametersof OTFTs. (b) Transfer characteristics of asfabricated OTFTs of A_33
(left) and C_33 (right).
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Here, first, we conduct a direatomparison of the stability for A_33 ar@ 33
OTFTs after exposure to different environmental conditiassindicated irFigure 32.
These environmeat conditions are the sanasthose of the environmental stability tests
in the previoussection.Figure42 shows that ia exposurecausesgw O 0 s< 1% on both
A 33 andC_33 OTFTs, whileprolonged immersion in water (16 h) results in larger
w ‘O p"Qsvalues; with changes in A_33 (ca. 4%gvices found to bsimilar to those
observed inC_33 (ca. 12%) devicesThese changeare not permanent, and they are
reversible after devicesrevacuum annealed at 100 °C for 16 h. Thesilts arevery
consistent witlthose we discussed in previous Heetion,which proved that the devices
with this gate dielectric geometry are alsoeatol achieve high stability even with the high

charge mobility semiconductor material.

A_33: TIPS-pentacene/PTAA C 33 diF-TES-ADT/PTAA
1.0 Hpongaeceecogse ——
e S oo a sesb ot i
OctDOCDOCIDOCDOOOCDQOOO OOOO
[ %
S 09 - o
S 09r _ G0y
9 S VDS = VGS =-10V QIJ%O
= am
= (7 .
A 8\4 ® pristine
- 0.8} 4 L after:
e 1day in air (RT, 35% RH)
o 16 hindistilled water
0 16 h vac. anneal at 100 °C
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Figure 42. Environmental stability under continuous dcbias stress for OTFTs in
different ambient conditions.

Finally, we carried out indepdent longterm stress tests with =w =-10V

at room temperatur@RT, ca. 27°C) on pristine A_33 and C_33c-OTFTsfor 163 h and

82



52 h, respectivelyFigure43 (a) and (bshow the transfer characteristics measuhatng
these tests and reveal only very small changable 2 provides a comparison of the
electrical parameters.€.,‘ ,w ,$Y and current off ratio) which are derived from
these transfer characteristics beforel after stress tesia Figure 43 (a) and (b) After
stress, the values bf w , ands™¢are changed by less than 3¥he current oroff ratios

almost remain the same levels before and after the stress tests.

5 A_33 Type 4 C_33 Type
(8)10 Stress: V,_=-10V,V__ =-10V, dark, @27° 2.0 (b)10 Stress: V,_=-10V,V__ =-10 V, dark, @27°C 6
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Figure 43. Transfer characteristics of(a) A_33 type OTFTs and p) C_33 type
OTFTs upon dcbias stress(c) Roomtemperature measureds ¢ - under the on-
state bias stress test of A_33 and C_33 with fitted curves usind>&E model.
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Figure 43 (c) showsthew w values which are calculated through the transfer
curves of OTFTs shown iRigure43 (a) and (b). iemeasurement results are also fitted
with the DSE model. Als, the DSE-modeled valuesre extrapolated to a stress time of
over 10 years. The values of the fitting parameterslaoa/n inTable7. Compared with
the fitting parameters showing Trable5, these resultdemonstrate that good consistency
is obtained within one ord@f-magnitude between the @ values measuresh different

batches of devices andth different organic semiconductor layers.

Table 2 A summary of electrical parametersof OTFTs before and after stress tests.*

H(cm? V1s?) 7 V) sls(V decade!) | Current on-off ratio
Sample
No.
ristine after ristine after ristine after ristine after
P stress** P stress** P stress** P stress**

A_33 0.26 0.26 -2.69 -2.73 0.71 0.70 59x10¢ | 8.2x 10

C_33 141 1.37 -1.12 -1.01 0.30 0.31 7.3x10 | 49x10

* The parameters are calculated from transfer curveggure43 (b) and (c)
** The stress timés 163 h and 52 h fok_33andC_330OTFTs, respectively

4.8 Comparison with Other Technologies

Finally, we compare thexerapolatedap w sestimated using the DSE model in the
saturationregimé® O 10 OA) wi t h t h o snedebdetivedarpther at e d f
TFT technologies, including organic singlgystal PDIFCN, (scPDIFCNy) [17], the

stateof-the-art OTFTs using IDTBT with FATCNQ molecular additivig0], a-Si, ¢ €3i,
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a-IGZO and LTpoly-Si TFTs[74], as shown irFigure44. The OTFTs fabricated in this

workare €@ TFTs, whi ch &g giamdigueddiend as

The left panel ofFigure 44 shows the experimentab w svalues of A 33 and
C_33uc-OTFTs in loglog scale with fitted curves frofeigure43(c) and for comparison
extrapolated SS#nhodeledsy w sderived for organic singkerystal PDIFCN; (s¢PDIF
CN2) TFTs[17] and the statef-the-art OTFTs using IDTBT with FATCNQ molecular
additives[60]. Theseexperimentsin this work and literature were conducted at room
temperatureWithin deviceto-devicegp @ svalues measured in glt-OTFTs are at least
an order of magnitude satter than those expected fraeaOTFTs or the statef-the-art

OTFTs with molecular additives.
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Figure 44. (Left panel) Roomtemperature measureds® g -sunder on-state bias
stresstest of A_33 and C_33vith fitted curves from Figure 43 (c). *The blue dashed
data are from the stateof-the-art OTFT showing the highest stability by using
IDTBT with FATCNQ molecular additives. (Right panel) Compaison between
DSE-modeled®  -sat 55 °C for pc-OTFTs and SSEmodeleds 4 -sat 50 °C for
commercial TFTs technologies
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Furthermore, the right panel Bigure44 shows a comparison of the D®kodeled
I W svalues derivedrom fits to the experimental data at 85 displayed irFigure 40
(@) for our pc-OTFTs, with SSEnodeledsw w svalues for other commercial TFT
technologies at 50C (O © 10 OA)-consistemey takee from Ref74]. This
comparison revealfat the extrapolated 3year operatingw @ sin ourpuc-OTFTs (< 1.5
V) is nearly two orders of magnitude smaller than values expecte8iiTFTs (> 100 V)
[74], and comparable to or smaller than those fourid é8i TFTs (ca. 2 V) and-IGZO

TFTs (cal V) [74].

4.9 Summary

In summary, we have demonstratedracticalapproachof having an engineede
bilayer gate @klectric comprising a CYTOP layer amdNL layer fabricated by ALCto
realize stabletop-gate’ 6DTFTsfrom solution processingThese' eDTFTs exhibited
improved environmental stability (particular under aqueous environments) when compared
to previously reportetl é®TFTsand an unprecedented level of operational stabiline
stability of hese’ €D TFTsis superior to that displayed laySi TFTs and comparable to
stateof-the-art commercial TFT technologies. Although further studies will be necessary
to improve our understanding of the physical mechanisms giving rise to the temporal and
thermal dependence of thecw observed, these results provddgrong evidence that €
OTFTscould achieve the level of performance of commercial inorganic semiconeductor

based TFT technologies.
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CHAPTER 5. OTFT-BASED PHOTODETECTORS

This chapter describes new photodetector conceply integratinga dualgate
organic thin-film transistor with an organic photodiode device that operates in a
photovoltaic mode instead of themmonphotoconductive mode. This new geometry with
low power consumption yielda resmnsivity value above 18 W with videorate
compatible response time. Modeling of the operation ofpthatodetector with thaovel
device architecture suggests that the responsivity doatgéa® to 10*- 10° A W by

scaling the channel dimension astthrge mobilityof thetransistor

5.1 Introduction

Rapid developments a$ensing technologiewith the fast responsivity, high
sensitivity, andgood flexibility are expected to support more design and application of
artificial intelligencein consumer el@éoonics and health monitoring syste[ii§-78]. With
uniqueproperties such as lightweightechanicalflexibility, andtransparency, organic
materials become pronmg candidates in this field. Because of ithebw process
temperature, organic devices can be fabricated bycg@iting and printing over arbitrary
substrates with low fabrication cost, which furtidestinguishes them from conventional
inorganic technalgies[79-83]. Especially the easily tuned optoelectronic properties of
organic materials are appealing for light signal detection and attyaatenseattenton in

recent year§84, 85].
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Organic photodiodg(OPDs) and organic phototransisgflOPTs) arethetwo maost
widely adopted architectures of organic photodeted#@k In recent yearsthe broad
spectral coverage, low dark current, hdgtectivity and short response timetbe state
of-the-art OPDs can compete with the performance of conventional inorganic counterparts
[85, 86]. However the external quantum efficiency (EQ&)aphotodioddas smaller than
100%without additionalmplification mechanismgt is becausan absorbed photon can
generate at best one electtuole pair Therefore, the small EQE valdenits the
photaesponsivityof a photodiodeTo improve the low photoresponsivitthe study on
OPTs emergedand itwas inspiredby combiningthe photoresponse propass of organic
materialsandtheintrinsic signal amplification propegsof transistorg87-89]. In general,
with the signal amplification process, the EQEasfOPT is higher than 100%o thatthe
responsivityof an OPTcan reach more than 1,080Vt evenat weaKight signal[87, 90,

91]. Different from the photoresponse mechanisra pfiotodiodethe buildup and decay
of light-inducedcurrent ofa phototransistorely on the trap sites in thactivelayer. Since
the speed of these processes are usually nottli@stight response timef an OPT is
generally aranges of asecond tahundred secondvhich ismuch longer thathat ofan
OPD (atranges of ananosecontb amillisecond. Such slow signal responses of the OPT
devices arenot applicable in many situatiojg0]. To avoid the slow photoresponse
process othe OPTSs, ireporteda threecomponent integrated organic photodetethat
takesadvantage of the fast drasource currenthanges with gateoltage of tharansistor

and obtais afast signal respoeg92].

In this work, we demonstraten @rganic photodetectpwhichis comprisedof an

OPDdeviceanda dualgateorganicfield-effect transisto(DG-OTFT) based orsolution
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processearganic semiconductorsofachievea high responsivity t@ weak light signal

the topgate drive DG-OTFT is usedto amplify the light signal which is detected the
OPD. The responsene ofthe OPD, in thiswork, is at the level of millisecond Also,
the response time tiie channel currenwith thegate voltagef the OTFTis less than the
level of a millisecond Therefore, theverall response time of thphotaletectorin this
work is atthe level ofamillisecond The structure of DE@TFT s basel on the singlegate
OTFT, which showsemarkable operational and environmental stabifigo the OTFTs
show very small leakage currestand little noise which impact onthe light detegon
resolution of the wholéetectionsystem.By calculating the photoresponsivity based on
device parameters extractingfin experimental dataye found that &igh responsivity $
1,000A W) could be easily achieved ligerdy adjustng the structure oDG-OTFT.
These results makthe novel photodetector a very promising device for future light

detection applications.

5.2 Organic Photodiodes

Figure45 (a) showshe organic photodiode in an inverted device strudfaeis
usedin this work, which hasa similar vertical structure to the photovoltaic configuration.
Light illuminates fromthebottomsideof the OPDsincethelTO is a transparent electrode.
The photoactive layeis madewith a blend of P3HT and ICBAandit is sandwiched
between the hoteollecting interlayefwhich hasa high work functiopandthe electron

collecting interlayer(which hasa low work functio). The presence of interlayers,
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especiallythe adoption of PEIE as the electroollecting layer effectively reduces the

dark current ofthedevice[46].

d b
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Figure 45. (a) The device structure ofan OPD. (b) The |-V characteristics of an
OPD[93].

Figure45 (b) showsthecurrentvoltage characteristof an OPDin darkandunder
illumination.When an OPDs operatd under illumination, lhe shorcircuit current density
0 , is the maximum current density that the device generatapaticular irradiance
when theappliedvoltage guak to zero(i.e., the two terminals are shorfedrhe open
circuit voltage,w , is the maximumvoltage the device generates at the particular

irradiance whetthe currentis equal to zerdi.e., the wo terminals are opén

Figure 46 showsw versusshortcircuit current (O ) of an OPDat room
temperature under variable irradiance, ranging from 10 nW to 1 mW. The devicé Jarea (
is 0.1 cn3, which isatypical sizeof the OPD devicén this work Theshortcircuit current
is plotted here for the comparison with the new O@sed photoetectorin the next

sectionanditisequaltdo U .
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Figure 46. The short-circuit current plotted against the opercircuit voltage of an
OPD (device area =0.1 cn¥) on a semilogarithmic scale as obtained via electrida
characterization under variable irradiance.

As shown inFigure46, the measurement data follows a straight line on the semi
logarithmic scale, which isonsistetiwith thefollowing equationthatis derivedfrom the

equivalent circuit model adhe OPDdevice[93]:

® é,—b{YTp U—

Q 0 17
whereQis the elementary charg€®"¥ the thermaknergy¢ is the ideality factor of
diode,andv is the revert saturation current densiys shownin Figure 46, when the
optical power is very small, around 10 nW, the stooduit current is around pA. This
level of current is too smato be measuretty common equipment with a moderate

detectivity. Since a transistor haan amplification mechanism and it could amplify the
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voltage signalwe take advantageof the OTFT and thphotovoltagegenerated by the

OPD deviceand invent a neW@TFT-based photodetector.

5.3 OTFT-based Photodetectos

The concept of new OTFbased photoetectoris basel onanOPDthatgenerate
photovoltaggw ) and a DGOTFT that amplifies the voltage signal. Ttevice structure
of a DG-OTFT is shown inFigure 47 (a). The DG-OTFT structureis usedto avoid
interferencesinceit has two independent gateématisolate the operating voltage and the
signal voltageFor example, if the togate electrode iacontrol electrodéhatcontrokthe
transistoiworking at specific operating voltagghe bottoragate electrode couldork as
asense electrode to detect the signalfromanOPD. Compared with the OTFT structure
discussed irthe previous clpter, the DETFT deviceherehas an extra bottomate
dielectric layer {.e., a50-nm thick AbOs layer)and a bottorgate electrode, which could
be made with anyanductive material, such as Ag or ITThe top and bottom structures

sharea semiconductor layeas well asourceanddrain electrodes.

When a DGOTFT deviceis driven bya top-gate voltagav with a constant
bottom gate voltage |, thedevice currentvoltage characteristio a saturation regimes

described by94]:

ws o6 © wn Fo (18)
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where' is the intrinsic drift charge mobility of carriers, ; is the effective threshold
voltage,w is the channel width) is the channel length, aiid and0 are the apacitance
densities of the tepand bottoragate dielectricrespectively. If we appliethew of an

OPD at the bottorgate electrode dhe DG-OTFT,thew wouldbe equal tdhew .
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Figure 47. (a) The devie structure of aDG-OTFT. The table showspristine device
parameters of theDG-OTFT in this work. (b) The light-induced current plotted
against thegr}. .of an OPD (device area = 0.1 cA) on a semilogarithmic scale.

The table ifFigure47 (a) is a summary of thpristineparameters of thBG-OTFT
devicewith the structure shown abavBased on these parameters, we calculated the
changed ofO (90 s with differentw valuesanda fixed top gate voltagey =-10
V), as shown irFigure47 (b). As a result, tavery weak sigal level close to 10 nWthe
measurablehanges ofO are aroundhe level ofa microampergwhich is6 orders of
magnitude largethanthe short gcuit current of OPD. Thigmproved measurable light
induced currenshowsgreat potential for weak light detectiorhen using an OTFT in a

photodetectar
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Figure 48. The OTFT -based photodetectos (a) in a lateral structure and (b) in a
vertical structure.

For concept realization, two types of device structaresdesignedn Figure48
() and (b)an OTFT andan OPD are fabricatedn the same ITO coated substratain
lateralanda stacked structuregspectivelyTherefore, he bottom gate of D@TFT and
the bottom or top electrode of OPDare connectedhrough the ITO. The bottom gate
dielectric layer also has a high capacitance demsityell asa small leakageThus the
OPDoperats close to the ogn circuit condition. In operation, the top gate voltagdthe
drain to source voltagef the OTFT are fixed then the change & is observed when the
OPD is illuminatedvith differentlight intensity Low electric power is consumed sinag n
additional voltages required orthe OPD. The vertical structurbas a smaller area, ke
fabricationof this structure isnore chenging tharthat ofthe lateral structure. Due to the
fabrication limits, the lateral structure will be focused on for concept demonstration in the

following sectiors.

5.4 Device Fabrication
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The organic photodetector widmnovel structurghatis compriedof aDG-OTFT
andan OPD inthe lateralstructurewasfabricatedon commerciallyavailablelTO-coated
glasssubstrateswhich were pre-c u t into 1.50 x 20 pwasces.
patterned by wegtchingand cleaned bgolvens. The final dimen®ns ofthe ITO and
glasssubstrateare shownn Figure49 (a). The PDMS maskeere prepareah the size of
1.50 x 1. 30 aovdringltheg®IBT area ahdh&QFD drea,respectively

During thefabricaton of OPDs, the OTFT areawas first coveredvith a PDMS
mask. A 0.4 wt.%PEIE solutionwasspin-coatedon the substrates, followed by thermal
annealing at 100 °C for 10 minutesaim, generating 40 nmthick PEIE layer (seEigure
49 (b)). The PEIEcoated ITO substrategere then transferreidto a No-filled glovebox
for the nextprocess. The prepar&BHT: ICBA solution with aoncentration of 100 mg
mL"! was spircoatedon top of PEIEcoated substrates, followég solvent annealing for
5h and then thermal annealing at 150 °C for 10 manha-filled glovebox(seeFigure49
(c)). Thenal0nmthick MoGs layeranda 150 nmthick Aglayeras top electrodesf OPD
were deposied on theP3HT: ICBA layerthrough a shadow mask in sequencetlgy
thermal evaporatgiseeFigure49 (d)). The top electrodesere extendeevith aluminum
conductive tape(3M™ 1170 tape)andthe PDMS maskvasremoved fromthe OTFT

area(seeFigure49 (e)).
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Figure 49. The fabrication proces®sof OTFT -based photodetectoin the lateral
structure: (a) ITO patterning and masked by PDMS; (b) PEIE desition; (c)
deposition of P3HT: ICBA thin film ; (d) deposition ofMoOs and Ag as OPD top
electrodes; (e) OPD top electrodes extension with aluminum tape; (fgposition of
Al203 as bottom gate dielectric oOTFT; (g) depositionof Ag as OTFT source and
drain electrodes; (h)deposition of PFBT mixed TIPS/PTAA and CYTOP on OTFT
area; (i) deposition ofHfO2-Al203 NL as the second layer oD TFT top dielectric
and Ag depositionOTFT top gate electrodes.

Then,a 50nm thick Al>Os layerwasdepositedoy the ALD systemat 110 °Con
the substratasthe bottomgate dielectric layer of D&TFTs. Next, the OPD areawas
encapsulatesvith Kaptorf tapes (seeFigure49 (f)), andthe Ag source/drain electrodes
(50 nm)weredepositedhrough shadow masks/ thethermal evaporatoihen,the OPD
areawascovered by the PDMS masleforespin coating the semiconductaykerof OTFT

(seeFigure49(g)). To form a seHassembled monolayer BFBT on Ag electrodesa 100
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mM PFBT solutionwaspreparedoy dissolving in tetralirsolvent A 1.1 weight ratio of
TIPSpentacene and PTABlendwasdissolvedin tetralin for a concentration of 30 mg
mL™. Then, al0 mM PABT-mixed TIPS/PTAA solutionvaspreparedy mixingthe 100
mM PFBT solution in TIPS/PTAA solution ia volume ratioof 1:9. The PFBT-mixed
TIPS/PTAA solutionwasspincoatedon the substrasefollowed by annealing at 100 °C
on a hot plate for 15 min ia No-filled glovebox Next, a 2 wt.% CYTOPsolutionwas
spincoatedon top of the semiconductor layer, followedtbgrmalannealing at 100 °C for
10 min ina Ne-filled glovebox (seeFigure49 (h)). After removing the PDMS mask from
OPDarea, 833 nmAIl03-HfO2 NL wasdeposited byALD at 110 °C Finally, the Ag top-
gate electroded 00 nm)weredepositedhrough a shadow masly thethermal evaporator

(seeFigure49 (i)).

5.5 Device Characterization

Figure50 (a) showghe final device structure tfie OTFFbased photodetector in
this work A pictureof devicesis shownin Figure 50 (b). Figure50 (c) showsa circuit
configuration of the photodetector consistingaddG-OTFT andan OPD, in which the
OPDis modeledby an approximated equivalent circthiitis comprisedf a diode witha
reverse saturation currei@, a current sourcé® , a series esistanceY , and a shunt
resistanceY [93]. The© corresponds to the photocurrehianOPDunder illumination
The source electrode tifie DG-OTFT is grounded, whilehe top-gatevoltagew and
drainsource voltagay are applied on the electrodes of the transistdhe bottom
electrode otheOPD is connected to thmttomgate(BG) electrodenof the DG-OTFT, and

the top electrode is groundethus,the load ofOPD isa capacitor of the bottorgate
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dielectric layer of the transistgit approxmates to the open circuit condition. In this way,
theopencircuit voltagew of theOPD is reverdg appliedon the bottorrgate ofthe DG-
OTFT asthe bottomgate wltagew . Underspecificw andw biases, the draisource
current’O is controlled bythe value ofb (orw ); 'O changesimultaneously witho

under different incident optical poweer

(a) Dual-gate OTFT OPD

Topgate «————
S AZ
HIO;-ALO; NL (33 nm).
CYTOP (35 nm)
Az PEBT 50 gy

Bottom gate
(ITO)

Figure 50. (a) The device structure othe organic photodetector which integraesa
DG-OTFT with an OPD. (b) A photograph of fabricated devices. (c) The circuit
configuration of the photodetector. (d) A photograph of themeasurementsetup.

5.5.1 Electrical Characterization

The electrical characteristiesefirst measuredh darkcondition whereww =0V,

meaning there iao bottomgate controlled effect dhe DG-OTFT. Figure51 shows the
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transfer and output chareristics of the D@TFT with only topgate controlled
properties. The transfer characteristics were measured by sweepifigm 2 to-10 V

and backto 2 V, in order to investigate hysteresis phenomena, which is negligible as
observed FromFigure51 (b), it cleaty showsthatthe O is weakly dependent updhe

@ andis controlled primarily by theo in the saturation regionn order to achieve the
maximum gain with low power consumption, the biasages during light detection were

determined a& =-10V andw =-6 Vin this work.

(@) 10’ 1.8 (b) -2.5
WI/L = 6050 pm/ 180 pm g W/L = 6050 pm/ 180 ym
vV, =-10V 41.6 VTG=0to 10V
10°F |, = 0.25 cm®V's 1.4 -2.0-step=2V
o
- V, =213V A2 :g _
L / 1.5
< 10 -
3 / T
/ ——
= 102} P - T
/ g —_—
/ 0.6
10’3 L 04 _0 5
10.2
-4 ! 1 i " 0.0 0.0
100 2 4 6 -8 -0 0 2 -4 6 -8 -0
Vis (V) Vos (V)

Figure 51. (a) The transfer characteristics and (b) output characteristicof the DG-
OTFT, when the top electrodeof the OPD is grounded.

5.5.2 Optical Characterization

Next, the optical characteristic of the devices was stutlisthg the experimeat
setup shown irFigure 50 (d), a 635 nm laser source was used to illuminate from the

backside 6the OPD, while bias stresis also appliedvith @ =-10 V andw =-6 V.
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Figure 52 (a) compareghe temporatO sat the continuows biasstress test in dark and
under illumination withdifferentincidentoptical powes0 . In all conditions, devices

exhibited remarkable operational stabibty well adittle noise.

(a) 24 ;

T T T T T T T 5
iR ittt [k [ AT
—E—R-E-E-E-g—E—E-g—E—R-a-U-u-g —=— 8 nW 4 ool 7E
; 50 W w <
LB | L [ L —8-p-8-u 7 -3
g0l ¥ mEERTeRTE R R =—1000W| =qpdl ;g 129
N 220 nW % =10
i §-0-B-g—8—H_ g Ny u-S-mg-E-m-m —=— 500 nW o 102_ 1241 s mep muw ows
= BT TPeaas L P P I Tuw ‘E ; 10210 10° 10° 10*
19 H—=—2 uW = 10 Optical Power (W) 1
Q
= ——3uwW g 100 L
4w | 2
p--pF-0-g-8-g-"-g-nN-m-g-g0 8
18} ] < 107}
102 = experimental data
fitted curve
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17— R e T Y T ]
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Figure 52. (a) Temporal evolution of§|=rr feduring bias-stress tests, when top
electrodes ofthe OPDs were grounded. The tests were conducted in dark and under
a 635 nm laser irradiation with different incident optical powers at the backside of
the OPD. (b) The responsivity of photodetector versus incident optical power. The
inset shows the|=rr jchanges die to illumination versus incident optical power.

The inset of Figure 52 (b) showss3O s= 50O ‘Or sversus different
optical powes, where O j and O j are the gperimental data ofO under
illumination and in dark, respectivelfhe 3p “Osis observed aa function of incident
optical powerd and shows larger changes at weak illumination condjtishich
indicates a high sensitivity to theeak light signal. The measuredralues of3-O sare
generally abovelG’ A, which is aroundl,000 times larger than the leakage current of
OTFT, even when thé s as low ad0® W. The light detection resolution, thus, can be

as small a40® W. Then we calculated the photoresponsiyi¥y using the equation:
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v ; (19
Using Equation19), Figure52 (b) presents the experimental dataYofersusd)

and shows significantly larg photaesponsivityaluethat isas high as 12 AV atalow

optical poweyi.e, 0 =108 W.

5.6 Analytical Analysis

For abetterunderstandingthe amlytical expressions describing the conversion of
the optical poweto sourcedrain currentO changes are developed by solving for the
equivalent circuit inFigure50 (c). In Equation(18), which is the equatiothatde<ribes
the DGOTFT currentvoltage characteristico =-w =0 Vin dark condition, thus, the
sourcedrain current in dar€O ; ) could be expresseoy Equation(18) without the
term ofw . Therefore, the lighinduced drairsource current chang®y Or )

could be obtained as:

O O Q Qw CQw ®w QW o ;

h h h 20
whereQ * — and’Q —. The relation othew andthe photocurrent density
0 of anOPDis known ag93]:

: . TQ"\IY 1o 2
@t P (29)

101



In addition the0 is proportional tahed | i.e, 0 ———, where-is the

external quantumfeciency, —is the incident photon energy, aAds the device active

area. Frontquations 20) and @1), the responsivity¥ could be derived:

~

v 0 Qw CQuw ® Qo o j
0 (22)
with® < 1 1p < 0 . The fitting parameter is proportional to—, which

equals td.026 V with an ideality factar = 1 at roan temperatureThe fitting parameter
« is proportional te——, which is in the range of 2@0 10:° W in this work The values

ofe ande can be obtained by fitting with the experimental data

Table 3 A summary of device parametersobtained by fitting data shownin Figure
52 (b) with Equation (22).

Bias Fitting

Device Characteristics Voltages Parameters

: 0 0 W p @ () . .
(M) | (um) | (en?Vist) | (nFem?) | (nFem?) | (V) | (V) | (V)| V) (W

6050| 180 0.25 37.2 150.6 | -2.13 | -10 | -10 | 0.022 | 1.0 x 18

Hence, by fitting the experimental data wituation 22), the values o ande
were obtained and are presentedable3. Table3 also showshe other device parameters
and bias voltages usedtime analytical modelThe same set of parameters was then used
to simulates3’O sversusd)  usingEquation 22), and the simulation results are in good

agreement with the experimental data as shown in the insEigofe 52 (b). These
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simulations show that the photoresponsivity caglith values greater than 30! with

a weak light signal around 1 pW.

(a) Responsivity (p) ) e E——————
(A/W) 105 Ermtmmim i
6 E ‘=
10 5 F N,
10 10* —_— 104= ------------------ . '\.\
7 - R A e Y
[ 10 e < 10 T,
3 TS 10°%;
%} 0 g 10'y
= 10" 510
2 00 @107}
% 10° -2
%0, if (4 10-3 L
107 ¢
104 D7 oo | Ce=t80nFem? N
0'5 C vt o vound v onnd vl ool vl vl o vosnd sl vl 2ovual <ol
10™ 10" 10" 40° 107 10° 10°
p=0.25cm?*V's”, C, =150 nF cm? Optical Power (W)

Figure 53. The simulation of the responsivity ofthe photodetectorversusthe
incident optical power usingEquation (22): (a) with varied W/L ratio and fixed
charge mobility value presented inTable 3; (b) with increased valuso f yWgL (as

presented inTable 3) by 1, 10, 20, 50, 100, 300, 3,000, and 30,000 tinvdsije the
other parametersare fixed with the values presented inTable 3.

In addition to the demonstration of thleotodetector withighresponsivity to weak
light, we alsoprovide a simple approach to improve tlesponsivityby engineeringhe
DG-OTFT configuration The Equation 22) clearly shows that theesponsivityR is

proportional tothe value ok (or‘ —). Therefore, v first simulated theesponsivity

versus optical power witfixed charge mobility(* = 0.25 cm V! s1) and variedo 70
ratios (ranging from 34 to 10,000) as showFigure53 (a). All the other parameters were
fixed with the values iTable3. In this work,w 70 = 6050 um/180 um = 34, and it could

beeasilyincreased by reducing the channel leragtimcreasing the channel width by using
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interdigitated elecbde structures. As observedrigure53 (a), the responsivityauld be

increased to TOA W-! by only modifying the channel dimensions of the-DGFT.

On the other hand, the responsivity will be enhanced further by usingtmghe
mobility semiconductor aan active layer instead of the one used here with charge

mobility of 0.25 cn? V! s, Figure53 (b) shows the simulation results of responsivity
versus optical power with the value‘of in this work multiplying by 1, 10, 20, 50, 100,

300, 3,000and30,000.This result showthe potential that the responsivity of tidg FT-
based photodetector could reach uth®levelof 10° A W,
Responsivity

(A/W)
60

(=T - - ]

WIL =34, 1=0.25cm? Vs

Figure 54. The simulation of the responsivity ofthe photodetectorversusthe
incident optical power usingEquation (22): with different bottom gate capacitance
density when charge mobility value andW/L ratio are fixed aspresented inTable 3.

From Equation 22), we observeother parameter® andd , thatrelak to the
responsivity. In general, the value @f is constant since the top gate dielectric origins

from the previous study and shows good stability performance of OTFTs. Here, we studied
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the impact of the capacitance deypsif the bottomgatedielectric,6 , which could be
changed by the dielectric constant of the material and thickness of the dielectric layer. In
Figure 54, the responsivity versus optical power with vareedwas simulated using
Equation 22). All the other parameters were fixed with the valuegahle3. As a result,

the responsivity slightly increased by around 1.2 times whencreased by @ times; the
0 has muchsmallerimpacts on the responsivity than the value ef. Therefore, to

achieve high responsivity, more efforts should be put on adjusting Hteratio and

improving the charge mobility @DG-OTFT.

5.7 Response Time

Next, we focus our attention on the response time of the photodetector. 49gure
shows the normalized responsé@fchanges wittan OPD under ration of a surface
mounted LED illumination at square waveform with on/off frequencies of 0.2 Hz, 1 Hz
and 5 Hz. The OTFT wasontinuouslybiased ato =-10 V andw = -6 V and the
changes ofchannel currenwith the light signal from the LEDwas observed. The
measurement data are acquired at etéryns which is the smallest time interval the
equipment The rise and fall time ofhe O waveform isfaster han the measurement
resolution in this case, indicating that the response frequency of photodetector is less than
100 Hz level which is comparable tie response frequenoy the OPD and compatible
with video rate requirements. The result of the fast response indicates a possibility for the
photodetector to be widely used in applications; especially has a significant impact on the

low radiance detection using leeost and flexike optical organic materials.
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Figure 55. Response ofIH changes under radation of LED illumination at different
on/off frequencies.

5.8 Summary

In summarywe demonstrateahigh-sensitivity organic photodetector with a ebv
configurationthatis comprisedof a DGOTFT and an OPDIrhe DGOTFT exhibited not
only low leakage current withoutysteresidut also excellent operational stabilifijhe

OTFT-based photodetector in woskioweda short response time (< 15 ms) as waslla
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high photoresponsivity (around 20W™) to the weak light signal with an optical power
around 1¢W. In order tostudy the device working principle, we derived an analytic model
which describes thelectrical and opticabperation of theDTFT-basedphotodetectors
With this mode] we proposed a simple approach to improve ghetaesponsivity,
especiallyto the weak light signal wittkow optical power(around nanowatt levellhe
photoresponsivitgould be easily improvedby modifying the channel diemsions othe
charge mobilityof DG-OTFTs. Thusthis novel organicphotodetectowould have great

potential for weak irradiance detection.
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CHAPTER 6. CONCLUSION SAND RECOMMENDATIONS

6.1 Conclusions

In this dissertationan exhaustive study on the characterizatib@®FTs with a
bilayer gate dielectrihasbeenreportedin Chapter 4 In the past, our previous group
members developed the bilayer gate dielectric structure of the OTFT to increase the device
stability. They discovered that the bilayer gate dielectriddcde engineered to balance
the effects of two opposite mechanisms causing the shitts ah different directions.
This compensation of two mechanisms led to OTFTs exhibiting improved operational
stability. Moreover, when the second dielectriglaof an OTFT consists of anz8) layer
and an AIOz and HfQ nanolaminate grown by ALD, the OTFT devicemained
functional after beingmmersed invater at 95C for more than one houBased on these
previous results, in this work, we further improv@ environmental and operational
stability of the OTFT by using a bilayer gate dielectric consisting of a CYTOP layer and
an AbOs and HfQ nanolaminate, with optimized thicknesses. We achieved less than 4%
changes in the channel current in one houras btress after exposing to the environment
with 85% humidity at 85 °C for 24 h or immersing in water for 16 h. These results showed
an unprecedented level@fvironmental stability in these OTFTs. In addition, we achieved
the maximum threshold voltagkifis that are smaller than 0.5 V after more than a hundred
hours of bias stress at room temperature. These shifts were at least an order of magnitude
smaller than those expected from the stdtthe-art OTFTs at that time. Although it is
clear that furtler studies will be necessary to improve our understanding of the physical

mechanisms giving rise to the temporal and thermal dependence ®f thhifts, we
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proved that the metal oxide layer thickness can be effectively used to tailor the agitsy effe
in OTFTs, and the temporal dynamicsof can be modeled by two competing processes
that appear to show similar dynamics and magnitude in bilayers of CYTOP and AlI203:
HfO2 NL. Using a double stretched exponential model, the extrapalateshifts at the
temperature of 5055 C achieved values that were nearly two orders of magnitude smaller
than those expected in commera@abi TFTsand comparable or superior to those found

in a-IGZO TFTs and LTpoly-Si TFTs. With this level of stabiiit we believe that these

OTFT devices have grepttential in applications, such as sensing systems.

Furthermore, we demonstrated a new type of organic photodetectors by integrating

a DGOTFT with an OPD, which haBeen discusseth Chapter 5. In this wér we
developed the newevice structuref the photodetector, in which tH@PD devicewas
used tagenerateavoltagesignal under light illuminationandthis voltage signal could be
amplified by the DGOTFT. Based on the structure of the higbtableOTFTswith bilayer
gate dielectricghat was reportedin Chapter 4 we demonstrated thatase DG-OTFT
devices exhibédlow leakage current withotysteresisndshowedexcellent operational
stability under bias stress tes@ompared to the tradition@PDsor OPTs this whole
photodetectoachieved gyreatimprovement in light detection performance, in terms of a
high photoresponsivity (20 A W) to a weak light signall( is around10®W) and
shorter response time (< 0.2 s). Also, we beltbat ths novelphotodetectowould have

big potential for weaker light signal detectijomhich was confirmed by simulatingith a
theoretical modelFurthermore we proposed a simple method to further improve the

photaesponsivity by modifying thgeomety and charge mobility of thleG-OTFT. These



results paved the road fodevelopingthe high-performance low-cost, light-weight,

flexible, and stabl@hotodetectofor the next generation of consumer electronics.

6.2 Recommendations forFuture Work

The workpresented in this dissertation da@ extendedn severaldirectionsfor

future study,

6.2.1 OTFT-basedPhotodetectmwin a Vertical Structure

In Chapter 5, welemonstratethe OTFFbasedhotodetectoin alateralstructure,
asshown inFigure48 (a). However, the device mvertical structure as shown irFigure
48 (b) was not able tbefabricatel due tothe process issué.he biggest problerwasthe
dissolving ofthe semiconductor layer tie OPDwhen spircoating the active layer of the
OTFT.Hence, he interlayebetweerthese two semiconductor layessmportantsince it
serves as the bottegate dielectric layer ahe OTFT as well as the passivation layer of
the OPDto preventthe OPD structures frontissolving The optimization of this interlayer

couldbe further exploreth future study.

In addition from the simulation results shownkigure53, the responsivity athe
photodetectorcan beeasily increased byincreasingthe width-to-length ratio of the
transistor. Therefore, thaterdigitatedelectrodes could be used as swoeirce and drain

electrodesf the OTFTs. The proposed device structuseshownin Figure56. The OPD
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deviceis sandwichedetweenthe conductivaransparent substrate atite bottorgate
dielectrig such that it will generate the under thdight illumination and appl thew

as the bottongate voltgeon the DGOTFT, which in turn modulates the channel current

of the DG-OTFT. The interdigitated source and drain electrodes are used to enhance the
photoresponsivityAlso, the high charge mobility materials can be explored and used as

the semiconductdayerof the transistor, to improve thnotoresponsivityurther.

Top-gate electrode

Top-gate bilayer
\ /_—_ dielectric
OTFT active layer \
Interdigitated
Bottom-gate \s.w;’;“‘:”‘ source/drain
dielectric electrodes

/)
y
7

—1 OPD active layer

V4
\

//

Substrate with
conductive coating

Figure 56. The vertical structure of the OTFT -based photaletecta s with
interdigi tated source and drain electrodes.

6.2.2 Pixel Array Design

With the single photodetector devitiee pixel arrayould be designed in ttieture,
to redize more applications, such as imaging and movenuatécions The device
structure obnepixel is shownin Figure56. Figure57 (a) shows the schematic of the pixel
array concept aneligure57 (b) shows the associated circuit schematic. Whepegific

top-gate voltage applies on one pixel, the channel current flow changes will be readable.
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Therefore, the pixel array is addressable by theytip electrode aheDG-OTFT in each
column to controkachpixel detector on and off he signal coultbereadthrough the drain
electrodes in each row. In this wakijs pixel arraycould be easily scaled using current
mass production techniquesjch as rofto-roll printing, which opens thpossibility of

low-cost, lowenergy, highperformanceandlargearea imagingensors

Figure 57. (a) The schematic view ofthe pixel array design using the concept of the
novel photodetector geometry.lf) The associated circuischematic of the pixel
array design.

6.2.3 Other Detection Applications
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Thephotodetectoplatform in Chapter 5 also could be used in other siggtaiction
applications One of the promisingpplicationsis the reattime high energyionizing
radiation detedbn. For exampleFigure58 (a) showshe devicestructure ofan organic
radiation fieldeffect transisto(RADFET), which is designed based asilicon RADFET
[95]. The only difference from the OTHJased photodetect thatthe organic RADFET
hasaradiation interactivéayerthatreplaces the OPPpart below the OTFIThe radiation
interactive layercan generatan electricalsignal under ionizing radiatiofThis device is
designedo capture andetain radiatioAinduced charge In device desigrexcept for the
radiation irteractive layertheother componenis the detectoarerequired to beadiation
insensitive Therefore, the shift of threshold voltages under radiationld reflect the

radiation dose level, as shownHRigure58 (b).

(a)

= Ag (100 nm)
HIO»~ALO; NL (33 nm)
Top-gated OTFT — CYTOP (35 nm)
AL
- Az TPFBT 50
Radiation
. *—1
Interactive Layer
Bottom gate
(o) 3 ITO/Glass
4
(b) Dose level
~S01234

AVry = KAQ:D
*  K:constant
e AQ;: trapped
charge

Gate Voltage

Drain Current
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Figure 58. (a) The devicestructure of a proposedorganic radiation field -effect
transistor (RADFET). (b) The threshold voltage shifts with radiation dose levsl
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Figure 59. (a) The leakagecurrent of a bilayer gatedielectric. (b) The I-V output
curvesmeasuredduring 20 h continuous exposure tan AmBe ionization source.

Organic TFTs are expected to be less sensititieemadiation than Si electronics.
The radiation hardness tests of @&FTs with the devicstructure of A_33 irFigure28
(b) were conducted with an americidmeryllium (AmBe) source, which emits gamma rays
and neutrons a rate ofp® w p mneutronss®. We observed the characteristicstiod
devices during 20 h raation exposure tthe AmBeionizationsourceFigure59 (a) shows
the leakage current of a capacitor comprisethefCYTOP and AiO3-HfO2 NL bilayer
dielectric with an active area of 0.1 &rffigure59 (b) shows thel-V output curves of an
OTFTdevice at a fixed gate voltagé-3 V under radiationThe dielectric leakage current
was monitoredat every 3.3 h, and theV output curvesvere monitorecht every 2.5 h
during exposureto the AmBe source for 20 has. We observedittle changes in the
electrical characteristics of tli¥T FT gate dielectric layer and the wh@d FT device after

20 h exposure, indicating that t&d FTshavegoodstability under higkenergy radiation.
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Therefore, the remaining work woulgk the investigation of theadiation interactive

materialthatcouldgenerate an electrical signal in ionizing radiation.
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APPENDIX A.

Fitting Parameters with Bias Stress Effect Mdels

Table 4 A summary of lifetime parameters of OTFTs using the SSE model. The
lifetime parameters of TFTsare obtained by fitting the measurement datan Figure
35and Figure 36 with Equation (12), (15), and (16), and from the literature.

T A

. . . . )7-”1 = W
Semiconductor| Gate dielectric Regime -"—J||\'T} (1|\8h (s) by
. 2.50 x
A 33: Saturation -8.0 -11.84 10H 0.302
CYTOP/NL
(35/33 nm) Linear | -8.0 8.40 1'1%?0" 0.299
A 27: 776 x
CYTOP/NL Saturation| -7.4 -3.92 '107 0.296
(35/27.5 nm)
TIPS/PTAA A_22: 3.92 x
CYTOP/NL Saturation| -7.0 -6.20 ' 0.626
_ / 100
(this work) (35/22 nm)
B_44 4.62 x
CYTOP/ALLO/NL | Saturation| -7.0 -2.24 '107 0.548
(35/20/44 nm)
B 22: 2 44 x
CYTOP/ALO3/NL | Saturation| -7.2 -4.90 '109 0.350
(35/20/22 nm)
B_11: 4.77 x
CYTOP/ALOS/NL | Saturation| -7.3 -7.52 '109 0.322
(35/20/11 nm)
TIPS/PTAA . 6.07 x
[38] CYTOP Saturation -25 -5.25 10° 0.527
PDIF-CN
(single-crystal) CYTOP/SIQ Linear 80 80 4.7x10 | 0.38
[17]
a-Si[1]] SiNk Linear 30 30 3.2x106 | 0.39
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Table 5 A summary of lifetim e parameters ofOTFTs using theDSE model. The
lifetime parametersare obtained by fitting the measurement datan Figure 35and
Figure 36 with Equation (14), (15), and (16).

IR B e S P O T B S R

satration| 80 | 616 | /05 |0532 617 |1002| /12 | osa1| 1
A_33

Linear | 80 | -485 | :°0| 0575 504 |1039| )22 | 0598 2
A_27 | sawraion 74 | -666 | /20| 0582 651 |0977| 21l | 0617| 2k
A22 |sauraion 7.0 | 623 | >13|0484| 478 |0767| 275 | 0.402| 2%
B_44 | Sawration| 7.0 | 560 | >0 |0562| 578 |1.032| O3 lose1| A7Y
B_22 | Sawration| 7.2 | 590 | 228 0592| 562 [0953) P> 0600 1)
B_11 | Sawration| 7.3 | 585 | /7% ]0.447| 530 |0906| >3 | 0457 12O




Table 6 A summary of OTFTs lifetime parameters at different temperatures using
the DSE model.The parametersare obtainedby fitting the measurement datan
Figure 40 for on-state and of-state emperature stress taequation (14).

Elgs Temp. y'”'(ﬂ\;)f‘ W(s) | = y'r"(%{;)h m | W(s) | =# Cs:glr
27°c| 650 | '70*|0s537| 638 |o0982| 195 | 0543 O
on |ssec| 650 | %75 *|o4e3| 633 |o097a) O35 040|120
75°C| 795 | 3% 0496 775 |0975 °20% 0s07| 0
27°C| -6.27 1'1933" 0.718| 6.18 |0.986 1'1953" 0.723 1'1%3;"
gz{e 55°C | -6.46 5'17532" 0.751| 6.35 |0.983 5‘f32x 0.761 9'110%"
75°C| -6.28 5f’()72x 0.619| 6.05 |0.963 5'1082" 0.630 3'12014"

Table 7 A summary of lifetime parameters ofOTFTs extracted from 1 - shifts
using the DSE model. The lifetime parameters obtaed by fitting data shown in
Figure 43 (a) with Equation (14).

Sample | Y 4 Y1 + Chi-

No. E\;) W) (1V1) H W(s) g Sar.
4.71 x 5.00 x 3.03 x

A_33 -6.51 100 | 0-582 6.50 0.998 “j | 0579 "4
5.50 x 592 x 9.56 x

C_33 -6.06 100 | 0-513 6.29 1.038| "jy | 0317 “ips
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