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Abstract

Electronic devices are uséar tasks such akeepng people connectediguring out the
contents of a package detecting impurities in the aifhe use of kectronicsensorsn short life
cycle productdas also begun to increase with the field of smart packagorgexample, RFID
tags are used everyday in sorting facilities to identify packagdsthen discardedhen the
packagings thrown awayEvery year the world generates millions of tons ef&ste and most
of it is exported, incinerated, or put in landfills. To mitigate the impact of electronics on the
environment, it is essential thahet next generation oflisposable electronicevices are
fabricated using environmentally friendly materidsr these materials to be considered for high
throughput fabrication they need to a@ution processable and biodegradable, all while having

the recessary mechanical and electrical properties.

This thesisfocuses orthe development of novel environmentally friendly dielectticg
can be used in capacigoand thin film transistorsA common environmentally friendly and
biodegradable material usad a polymer dielectric is poly(vinyl alcohol) (PVA). AlthougiA
has a high capacitance it alsita drawbacksBeingmostly processed from aqueous solutions
it is hard to form uniform thin films of PVANnd itis sensitive to moisturerhich changes its
capacitance. PVAis also a polar material which can cause charge trapping at the
semiconductor/dielectric interface when used as a dielectric in the fabricatamgaofic thin
film transistors QTFTs). In this hesis we use differerstrategiessuch as blending dielectrics
and stacking them to help improve the performance of PVA as a dieled@itHRs. In the first
study, | demonstrate how low weight percentages of cellulose nanocrystals can be used to
increasethe viscosity of PVA without negatively impacting its dielectric properties. This led to
better film uniformity and a larger number of functionl®@dFTs. The second study focused on
using a toluene diisocyanate terminated polycaprolactone (TPCL) polyreri@avk barrier
between PVA and the semiconductor. The TPCL led to an incre&EHN performance and a
large reduction in moisture sensitivity. For the third study, | improved the shelf life of the TPCL
materials by replacing the toluene diisocyanaté enits with UV crosslinking end units. The
UV end units were protected unlike the TPCL end units allowing the polymer to remain stable
under ambient conditions. The WRCL demonstrates similar resistance to moisture and
dielectric properties to TPCL wlki being more stable and easier to use in traditional printing

processes. My last study, investigates the use of a poly(lactic acid) (PLA) layer as a third layer in
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the TPCL/PVA/PLA dielectric systenThe PLA layer acted as an intermediate between the
subgrate and PVA increasing the adhesion of PVA. Further the PLA layer impoOVed
performance and allowed fortgpe single walled carbon nanotube transistors under ambient

conditions.

Finally, this work has demonstrated ways to improve the performarne¥Afso that it
can be used as an environmentally friendly dielectric in thin film, flexible and printed electronic

applications.



PhDThesig; Mathieu Tousignant University of Ottawa

Abstrait

Les appareils électroniques sont utilisés pour des taches telles que garder les gens
connectés, déterminer le contenu d'un colis ou détecter les impuretés dans l'air. L'utilisation de
capteurs électroniques dans les produits a cycle de vie court a également commencé a augmenter
avec le domaine des emballages intelligents. Par exemplétidgettes RFID sont utilisées
quotidiennement dans les installations de tri pour identifier les colis, puis jetées lorsque
'emballage est jeté. Chaque année, le monde génere des millions de tonnes de déchets
électroniques et la plupart d'entre eux soquoetés, incinérés ou jeté. Pour atténuer I'impact de
I'électronique sur I'environnement, il est essentiel que la prochaine génération d'appareils
électroniques jetables soit fabriquée a l'aide de matériaux écologique. Pour que ces matériaux
soient considé@s pour la fabrication a haut débit, ils doivent étre traitables par solution et

biodégradables, tout en ayant les propriétés mécaniques et électriques nécessaires.

Cette these porte sur le développement de nouveaux diélectriques écologique pouvant
étre dilisés dans les condensateurs et les transistors a couches minces. Un matériau écologique et
biodégradable couramment utilisé comme diélectrique est levpoly@lcoho) (PVA). Bien
que le PVA ait une capacitance élevée, il a aussi ses inconvéniamtspicipalement traité a
partir de solutions aqueuses, il est difficile de former des films minces uniformes de PVA et il est
sensible a I'humidité qui modifie sa capacitance. Le PVA est également un matériau polaire qui
peut provoquer un piégeage deade a l'interface sersonducteur/diélectrique lorsqu'il est
utilisé comme diélectrique dans la fabrication de transistors a couches minces organiques
(OTFT). Dans cette thése, nous utilisons différentes stratégies telles que le mélange de
diélectriques eleur empilement pour aider a améliorarperformance du PVA en tant que
diélectrique dans les OTFT. Dans la premiére étude, je démontre comment de faibles
pourcentages en poids de nanocristaux de cellulose peuvent étre utilisés pour augmenter la
viscosté du PVA sans impact négatif sur ses propriétés diélectriqieda. a permis une
meilleure uniformité du film et a un plus grand nombre d'OTFT fonctionnels. La deuxieme étude
s'est concentrée sur l'utilisation d'un polymére de polycaprolactone a teamidés®cyanate de
toluene (TPCL) comme barriere faible-k entre le PVA et le sengonducteur. Le TPCL a
entrainé une augmentation des performances OTFT et une forte réduction de la sensibilité a
I'humidité. Pour la troisiéme étude, j'ai amélioré la dadeteonservation des matériaux TPCL en

remplacant les unités terminales de diisocyanate de toluéne par des unités terminales de

iv
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réticulation UV. Les unités terminales UV étaient protégées contrairement aux unités terminales
TPCL permettant au polymere dester stable dans les conditions ambiantes. tRQV
présente une résistance a I'humidité et des propriétés diélectriques similaires a celles du TPCL
tout en étant plus stable et plus facile a utiliser dans les processus d'impression traditionnels. Ma
dernére étude porte sur l'utilisation d'une couche de faadti¢ acidé (PLA) comme troisiéme
couche dans le systéeme diélectrique TPCL/PVA/PLA. La couche de PLA agi comme un
intermédiaire entre le substrat et le PVA augmentant I'adhérence du PVA. Enautracthe

PLA a amélioré les performances OTFT et a permis des transistors a nanotubes de aarbone a

typedans des conditions ambiantes.

Finalement, ce travail a démontré des moyens d'améliorer les performances du PVA afin
gu'il puisse étre utilisé commeaétectrique écologique dans les applications électroniques a

couches minces, flexibles et imprimées.
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Chapter 1 : Intro duction

1.1 Overview

1.1.1Electronic Waste
Electronicsare usedn everything from smamphones tgroduct packagingrhis increase

in applications forelectronic devicesias alsdroughtalong the problem of electronic waste or
E-waste. The lifespan of electroricontinues todecreas as consumers replace their devices
more frequentlyFor examplein 2014 the world produced 41 million tonnes of electronic waste
in 2022 we produced 59.4 million tonnes and it is predicted that the world will produce over 70
million tonnes of evaste by 20342 At the end ofanelectronicdevicedifecycle theyend up in
landfills, being incinerated cexportecf One way to reduce waste is to produce biodegradable
electronics This can be done through the use of orgatectronicmaterials Another advantage

of organic electronicsis that they can b@rinted usingsolution processing techniques, for
example: roll to rollprinting, reducing the cost of prodion.® There are many types of organic
electonics, the most popular beimgganiclight emitting diodes (OLEDs)organicphotovoltaics
(OPV9 andorganicthin film transistors (OTFTs). Each of these types of devices can have a
variety of architectures and applicatidhSor instance OTFTscan be used in a wide variety of
disposable packaging and sensing applicatoRer many of these sensing applicatiche
OTFTs areone-time or short term usincreasing their environmental impatt.

1.2 Organic-Thin-Film Transistors

1.2.1 OTFT Architecture and Equations

OTFTs are logic gate operators thainsist offive main components: the substrate, the
gate, the dielectric, the organic semiconductor, and the sdtawe electrodesThe order in
which these components are stacked together will determine the architectuecfaiiritated
device For example OTFTs can have aottom gate top conta¢gBGTC) or a bottom gate
bottom contactBGBC) configuration The difference betweendbe architectures is the position
of the source drain electrodess demonstratedn Figure 1.1A and 1.1B. Other OTFT
architectures includéop gate bottom contacfTGBC) andtop gate top contactT(GTC) also
demonstrated ifrigure 1.1C and1.1D. Each of these architectures has their own advantages and
can be selected depending on the processing steps used during OTFT fabrication. For example,
top gate architecturesncapsulatehe semiconducting materialwith the dielectric which can
improve device performance. This is especially true in the caseygenmaterials which are

1
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usually sensitive to oxygen and moistBr&ottom gate architecturesxposethe semiconductor
to the ambient environment whighgood if the semiconductor is going to be the active sensing

layer?©

Figure 1.1. Various OTFT architectures: A) bottom gate top contact B) bottom gate bottom

contact C) top gate bottooontact D) top gate top contact

OTFTs function by applying a voltage bias betwé#smsourcedrain electrodesndthe
sourcegate electrodewhile measuring the current between the souh@en electrodesAs the
gate voltage exceeds the threshold volt@gg, the device turns on and charge carrifisv
from the source to the drain electrod@éeTchargemobility (/7) describes the drift velocity of an
average charge carrier per unit of an electrical field as either a pobiiegp-type) ornegative
(electron,n-type) charge moves through teemiconductindayer from the source to the drdin.
There are also some organic semiconducting materials where both holes and electrons can move
with the appropriatelyapplied bias, these materials are called ambimsidracommonexample
is semiconducting single walled carbon nanotuB€Bhe on/off ratio (lonof), is the difference
between the curreriieing measureffom the devicein an off stateversusin a onstate. Gate
leakage(lcs) is the amount of current passing between the gate and the steotedesvhen a
bias is applied.Transconductancey) is the measure of the slope of the transfer curve and this
gives you information on the amplification effect of the fabricated QTATield effectis

observed wherthe source gate voltage biasincreasedand change in current is measured

2
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between the sourand drain electrode3his information is typically plotted as amitput curve
wherethe sourcealrain currentlsp) vs sourcedrain voltage Ysp) at varying sourcgate voltages
(Va9 is plotted as seen iRigure 1.2A. There are two sections of an output curye linear
region where/sp< (Vesi V7). In the linear regiomsp will increase linearly withVsp. OnceVsp

> (Vesi V7) the OTFT is in the saturation region, as the name states past this threshiglsirthe
longer increases linearly withsy and eventually becomes saturat&d. properly characterize
and OTFT the output curve is used to determine the linear and saturation regions and/sglect a
either in the linear or saturation regime. Nexg Wp is held constant and théssis swept and

thelspis measured. With this information a transfer curve can be plotted as $éguran1.2B.
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Figure 1.2. (A) Output curve and (B) Transfer curve for sgte walled carbon nanotube
semiconducto{SWCNTs)with a silicon dioxide §iO2) dielectric. The black arrows represent

the forwards and backwards sweep direction for the transfer curve.

The transfer curves a plot oflsp vs Vs at a fixedVsp and can be used to calculate the

electrical propertiesf an OTFT with the following equabns:

Linear regiorVsp< (Vasi V7):
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From the equation%.1, 1.2, 1.4 and 1.5C; is the capacitance density, L is the length of
the sourcealrain electrodes and W is the width between the sednaia electrodes.

1.2.2 Organic Semiconductors
Within literature there are a wide variety of organic semiconducting matesiadgng

from small moleculesto polymers The common theme is that all these materials have pi
conjugationallowing for electrondelocalization This electron delocalization is what gives these
materials their semiconducting properti€dome of the first organic semiconductors were
naphthalene and anthracenes discovered back in the 194%0s'? Since that timelots of

research has gone into understagdhe impact of crystal structure and packing motifs on the

performance of both small molecule and polymer semiconductors.

Another emerging material for organic semiconductsrsemiconductingsingle walled
carbon nanotubescSWCNTs) These materialare rolled upsp2 hybridized carbon sheets
where both the anglihatthe sheet is rolled up and the diameter will determine if the SWCNTs
have metallic or semiconductingroperties:®>* SWCNTs can be fabricated through arc
discharge, laser ablation and chemical vapor depostioklost techniques produce
semiconducting and metallic SWCNifsa ratio 0f30% metallic and?0% semiconductingf:*’
For SWCNTSs to be used as semiconductors the metallic SWCNTSs need to be separated from the
SGSWCNTs This can be done using variety of techniques such as density gradient
ultracenrifugation, selective polymer gel chromatography, gel electrophoresis and ion
exchange chromatograph¥° Conjugatedpolymer sortingechnique arewhere a polymer will

selectively wrap around the-S3WCNTSs enabling theirseparabn from the metallic SWCNTSs
4
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with purities upwards of 99%. This technique is one of the most effective ways to obtain sc
SWCNTS with purities upwards of 99%, which iscassary for their use as a semiconductor.
The advantage afsingscSWCNTSs as a semiconducting matexiatsussmall moleculess that
they can besasilydispersed in solution artthve recordedss upwards ofL00 cn?/Vs for ptype
performanceandtheoretical performansef up to 100,000 cn?/Vs 11721 Because SSWCNTs
can be processed in solutidhey havethe potential to be mass produced using traditional
printing techniques such as aerosol jet printing, inkjet printing and gr&dtfr&. Once sorted,
sGcSWCNTs are ambipolameaning they can hategrated into devices which operate in either
p or ntype characteristicsHowever, sSeSSWCNTs aremore commonlyusedin p-type devices
becauseunless they arencapsulated thelgecome doped witloxygen supressingany ntype
performancé? For fully ntype OTFTs thescSWCNTS are typically doped wittpositively
charged ions increasing the accumulation of electrons within the SWCNTs and ampliying n
type performancé 2’

1.2.3 Single Walled Carbon Nanotubes Environmental Impact

The main toxicity concerrassociated to the use of-SEVCNTs is primarily due to
inhalation of the dry nanotube powd@ne study led byaynard et aknalyzedthe impact of
exposure to SWCNTs durinipeir fabrication. Their findings determined that the high aspect
ratios pose a toxicity risk however, processing the raw materials did not produce large amounts
of airborn SW@ITs2® This study shows that the risk of aerosol release of nanotubes during
their fabrication exists but is limitedhese risk canbe further limited using proper PPE during
the fabrication and dispersing the falted nanotubes in a solve@ther studies havalso
demonstrated that SWCNTs can pose toxicity risk to many other organs if they are absorbed into
your body. When extending these studies into marine life both Zhu et al and da Rocha et al have
reported negtive impacts to artemia salimad zebra fistvhen SWCNTs were introducég*®
The general consensus for SWCNTSs is thatetlaee many factors that effect their environmental
impactsuch as absorbed pollutants or conjugation and more studies need to be pe¥fétmed.
This means more detailed studies on the toxicity and environmental impact of polymer wrapped
SWCNTSs need to be performed to fully understand their risk on humans and the environment.
However, SWCNTs can be biodegraded through enzymeit or bacterial degradatich.If

proper systems are put in place to reclaim electronics contaiSWyCNTs they have the
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potential to be biodegraded under a controlled environment limiting their environmental impact

and toxicity.

1.3Printed Electronics

OTFTs have baeused in a wide variety of sensing applications such as: gas sensing, ion
sensing, humidity, temperature and biosensitig? The potential for low cost manufacturing of
OTFTs paired with their relately short lifespan, makes them attractive for disposable
applications, such as: bio sensors, flexible RFID tags and smart pack&girigermore, OTFTs
can be used as artificial skin or as implantable sensors when biocompatible materials are
selected. Wu et aldemonstrated the use of biocompatible PLA, Gold and 3 different
biocompatible organic semiconductors for the fabrication ftéxable temperature senséFor
most of the proposed sensing applications OTFTs would have a short lifetime further

highlighting the need to reduce their environmental impact.

1.3.1 Dsposable Sensors andrihting Techniques
One of the benefits of organic electronics is that their low processing tempegaidres

ability to be dissolved in solutidiacilitate fabrication usingraditional printing techniquesuch
as: inkjet printing,aerosol jet printingsaeen printing and gravufé3’ An example of printed

electronics through gravure and screen printing easelen irFigure 1.3

Screen Squeegee <«—  Ink/paste
Printed pattern —— | ' \\ \
mpression
cylinder ¢D~ S _—Di
Gravure
cylinder — - / / \
Printed pattern

—— Doctor blade

Ink bath

EJHHHEU-l!a_
- 5 —

Gravure printing

Screen printing

Figure 1.3. lllustration of both gravure and screen printing techniques, from Sgndergaatfl et al.
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Another advantage is that the Igwocessing temperatures enable tise of flexible
plastic substrate¥. Grau et al have reviewed various printing techniques antiave
demonstrate that gravure techniques can be used to print transistors that have features sizes in
therangeof 1 10 em at throughput speésfPGraaetgadoer e fr
highlight some of the shortoongs of these printing techniquaacluding electrode roughness,
solvent compatibility,and film thicknessAll of these factors cammpact the performance of
printed OTFTS®

Ink jet printing has been used to print p8exylthiophene (P3HT)/polystyrene (PS)
blendedsemiconductors. In this work by Lim et al., an inkjet printer was used to deposit the
P3HT/PS semiconducting material between the sedrai@ electrodes. The deposited PS helped
the P3HT semiconductor form nanowires enabling mobilities as high as &.3x¥Vs.>°
Similarly, Cho et alhave demonstrated a technique using inkjet printing to deposit a dielectric
layer while fabricating OTFTs. This technique uses aerosol jet printing to groly@yrene
block-ethylene oxide-block-styrene) (PSPEOPS)1-ethyl3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([EMIM][TFSI])ion gel dielectric that achieved capacitance
densities as high as bF/cn? at 10 HZ*® Aerosol jet printing is a promising technique because it
can help mitigate issues caused by the solvents used to dissolve materials. For example, when
screen printing, blade coating or using a gravure printing method, the layer underneath must
provide suitable surface wetting to evenly distribute the next fdyé&erosol jet printing
atomizes the ink being used and sprays a thin line of the atomizemhitike substrate. This
technique can help mitigate wetting issues caused by the solvent. Aerosol jet printing techniques
have also been widely used with single walled carbon nanotubes (SWCNTSs) to print dense
networks on a variety of substrat€$243The high throughput speeds of these various jrint
techniques facilitatethe mass production of electroniesabling their incorporation into short
term and disposable products. This highlights the need for electronically active environmentally
friendly materials. These techniquesvill never be industlly viable with the toxic and
chlorinated solvents that are used to dissolve most organic matemBylsusing solvents that
have lower environmental impacts and choosing green substrates it is possible to further offset
the environmental impact of these materi&lsr example usingapefcellulose as the substrate

and a solvent such as water, ethanohoisole®®#44° Using preexisting printing techniguse
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green materialsand green solvents, the mass production of disposealblgtronics can be

achieved while minimizing thismpacton the environment

1.3.2Printed Sensas and their Environmental Impact
The use of printed electronics for sensor development can already be seen within

literature. Although organic electronic sensors are still new, they offer many benefits when
compared against traditional silictvased senss. For example, they can have a low elastic
modulus due to being printed on plastic materials, they can be scalable and can have high
throughput speeds both of which reduce the cost of produétiigure 1.4 reproduce from

Khan et al. highlights the benefits and applications of organic printed sensors.

a

Performance parameters Printed electronics Silicon ICs
Charge carrier mobility (cm?V-1s) ~ 1 (organics) ~ 1000
Switching speed (MHz) ~1 ~ 5000
Operating voltage (V) ~10 -1
Lifetime (yr) ~0.1 ~10
Substrate softness — ~ 2.5 (plastics) ~ 1801
elastic modulus™' (GPa™")
Large-area scalability (m?) ~100
Printing speed (ms") ~1
b System-level implementation of
flexible hybrid electronics
s A
Sensors Amplifiers An?".)g o S'ghal Display and
and filters digital procesm_ng_and analytics
converter transmission
~
Silicon ICs

Technology utilization

Figure 1.4. A) Difference in performance parameter for printed and silicon base sensors. B).
Chart showing where silicon based (blue line) and printed electronics (orange line) can be used

in the fabrication of printed sensors. Copied from Khan & al.

Organic electronicsensorsoften cannot outperform silicebased sensorsiowevernot
all applications require such high performances and longevity.-&rortsensors can be used to
measureinformation such as temperature, pressure, analyte concentration, light and even

DNA."4"48These sensors can be used in a wide variety of applications from medical sensors to

8
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sensors for monitoring the sttucal integrity of buildings*®*° When discussing printed
electronics and sensors Wilkund etrale n t i o The durneat trendiof adding intelligence into
everyday objects and discarding their environmental impact is not sustaiaatleequires
alternative solutions that aims at reducing the loomingaste stream®! This statement is true

for electronics in general, but especially for short life cycle printed electronic sensors.
Therefore, when deloping inks for printed electronic applications it is important to keep the
complete life cycle of the fabricated devices in mirfebr example Williams et afabricated

fully printed and recyclable electronics using a paper substrate with graphene electrodes,
cellulose nanocrystal dielectric and carbon nanob#sedsemiconducto?? Low cost and high
throughput sensors have the potential to enable point of care medical testing and smart
packaging/sensors within everyday life however, these devices can also lead to a large increase
in electronic waste if the proper fabrication guidelines are not implemented.

1.4 Capacitors and Dielectric Materials

1.4.1Dielectric Equations

One of the active layers within an OTFT is the dielectric layer. The dielectric is an
insulating layer betweenh¢ gate electrode and the organic semicondudtbe dielectric
facilitates charge accumulation at the semiconductor dielectric interface following the
application of a bias between the source and the gate electrodes. By appWgggrebile
charge carriers within the semiconductor accumulate at the interfacdadihiatescurrent flow
through the semiconductor once a sowudtan bias is applieef>* An important property of a
dielectric material is the capacitance. A high capacitance increases the charge accumulation at
the dielectriciemiconductoiinterface and will lead to increasednwhile reducing threshold
voltage® In order tocharacterizethe electrical propertiesuch as capacitanceetakinsulator
metal (MIM) capacitors are fabricated. MIM capacitors consist of an insulating layer sandwiched
between two electrodeBigure 1.5is an example of a substrate with 10 Mbdpacitorswith
areas varying fror0.35-2.88 mn.
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Figure 1.5. 10 MIM capacitors with areas fror.352.88 mnft fabricated on 1 ih glass

substrate

The dielectric propertiesof the insulating layeare daracterized usinglectrochemical
impedance spectroscopy (El$npedance ighe measurement of a current in response to an
applied voltage bias 10 mV) in a sinsuadal formimpedancecan be expresd using the

following equation:

wQ ﬁ Opg
oQ
Equation 1.7 uses the principles of ohms law but there are two main differences: the resistance
(R) is replaced with impedance (Z) and the impedance is dependant on the frequency at which
the potential is oscilatingf. Thesepropertiesare commonlyexpressed throughyquist andbode

plotsFigure 1.6

10
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Figure 1.6. Impedance spectra of an ideal capacitor (left) in a Nyquist and (right) in a Bode

plot.5®

The nyquistplot from Figure 1.6 represents both the imaginggraxis,-Z ¢ and the real
( x-axis, Z pportion of the impedanc&). The sum of these portions describes the impedance

and can be represented as:
® O Qé Orpd

The phase angle({ in Figure 1.6 can then be calculated frotine imaginary and real portions

of the impedance using the equation below:

CYE

8:' g:

O 1pso

Using the imaginary portion of the impedar{eg 0 gnd the frequencyf() the capacitanceC)

can becalculated

x P o~
w R Onpd m

Equation1.10is used to calculate the capacitance of a dielectric matikatisbehaving

as an ideal capacitdfor a capacitor to be consideriddalit needs to have & ®alue of zerpas
seen inFigure 1.6 This O value forZ dmeans thathe dielectric material does not have any
resistive behaviouHowever, when working with polymer dielectrics tigsisually not the case.
Dipole polarization can contribute towards the dielectric constant and the dicless>’

Polymer dielectrics can have a dipole along the backbone, a dipole on rigid pgnodgusor a

11
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dipole on flexible pendargroups These dipoles wilimpact the polarizatioof the dielectric due

to local reorientation of thpendant or thenain polymer chaif® To improve the fidelity of the
calcdations, he relative permitivity of a dielectric materialielectric constantyan beexpresed

by both the imaginarry-Z ¢ and the real49 portions When a bias is applied the polymer
dielectic will polarize, this is not an instémious process and a certain amount of time is
needed once the bias is removed for the polymer to return to its random orientation. This causes
what is called tangent log$an ) which is the ratio betweeiz candZ 6The tangent loss is at a
minimum when relaxation time for the polymer dielectric is smaller or equal to the frequency of
the applied voltage bi&$.In order to consider the impact of polarizatitirg following equations

are used tealculate theelative permitivity (dielectric cortant) and capacitance with a higher

degree oprecision’>°

Q - - Onpd p
18 & Oc
YO € G2 on
3 PP q
. @0
W QT Orpgdo

For equationsl.11 throuch 1.13, k is the dielectric constant is the angular frequency
(¢* T is the relative permitivity of a vacuum, A is the area of the metal electrode and t is the
thickness of the dielectric. Using the above equatiboth the didectric constantand the
capacitanceof a polymer dielectric can be calculated for a given frequembg céculated
capacitancean then be divided by the aref the capacitorselectrode givingsi. The calculation
of capacitance density is importaiot be able to accurately calculate thf an OTFT The
electrical properties o dielectric material can have a large impact on the performance of an
OTFT. Forexample highercapacitance densitiggve highernés andalower Vr. Therefore, the
fabricaton of MIM capacitors allows for the isolation and optimizatiortlué dielectricmaterial
and itspropertiedbeforethese materials aretegraed intoOTFTs.

1.4.20rganic and Inorganic Dielectrics
Inorganicdielectrics are typically oxide based dielectriimg example: Si@ Al.O3 and
HfO..54%° From these exampleSiO, is commonly used as a standavith a dielectric constant

12
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(K) of approximately 3.9Materials with a dielectric constant lower than thatue areconsidered

low-k materias and highethan 3.9areconsidered higtk materias.>* The benefit of thesexide

based dielectricss that theytypically have lower leakage currenflcs), higher capacitance
values(high-k material3 and lower operating voltageldowever, oxidesre brittle and require

high processing temperaturdsinorganic dielectrics are still commonly used when studying
OTFTs The reasorfor this is that it is easier to make meaningful comparisons between the
performance ofsemiconductorsif all studies are done using Sif} In contrast organic
dielectricssuch aspolymer dielectrics are flexible and can be processed at low temperatures,
although they hava higherlcs and lower capacitanceypically low-k materialy. Table 1.1.
highlights the advantages and disadvantages of both organic and inaligéettric materials as

well as the optimal properties for a dielectric.

Table 1.1. Comparison obrganic andnorganicdielectrics, taken from B.Karri et &.

Desired aspect of a gate

Property Inorganic dielectrics Organic dielectrics dielectric material
Dielectric constant High-k (>7.2) Low-k (<3.9) Higher-k is desired
Deposition techniques Vacuum deposition techniques Solution processing Solution processing
Temperature Ranges from 200 to 500°C which Ranges from 100 to 300°C, Low temperature
is necessary for annealing which is determined by curing
temperature
Impact on threshold Clean interfaces, lower and Variable V7 due to interface Stable Vt
voltage stable Vt states
Impact on mobility Surface energy mismatch Surface energy matching High mobility
between the dielectric material between the OSC and dielectric
and OSC leads to poor mobility enhances the mobility
Impact on current No structural defects and has Structural defects are common in Large current modulation
modulation ratio good dielectric strength and thin layers and tend to increase ratio
(lon/IoFr) hence large current modulation fopr thereby reducing current
ratio modulation ratio
Impact on reliability Hysteresis is rarely observed Hysteresis is common No hysteresis

Although manypolymerdielectric materials are considered kit is possible to obtain
high-k polymerdielectrics. For examplepoly(vinyl alcohol) (PVA)is a highk organic dielectric
material These higkk properties are usually fromofar pendant groups or polar groups on the
polymer backbone that increase the capacit&hthe disadvantagef these polar dielectricare
that the polymer groups along side impurities within the polymers tend to increase the observed
device hysteresi$¥ % |gs tends to be elevated for organic materials due to poor thin film and
surface characteristics, however there are approaches that can legdl@e example, thicker

dielectric materials will reduckss but also tend to reduce device performance, anofipgpach

13
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is using a dielectric with a lower dielectric constant to increase the band gap, which would also
reduce the device performarféé€® The main differences between the organic and inorganic
materials are the processing temperatures, the deposition methods, and overall stability. For mass
produced printed sensors, inorganic materials pose more challenges and are not easily processed
onto flexible substrates using solution processing techsjguereasing fabrication time and

cost. Furthermore, inorganic dielectrics require high processing temperatures which are also
incompatible with many flexible substrates that melt at temperatures as low as 9915.°C.
Finally, most applications which we are targeting, such as disposable electronics, do not require
long lifetimes making long term stability less important.e3& key points make polymer

dielectrics an attractive solution for use in printed electronics for sensing applications.

1.43 Environmentally Friendly Dielectrics

Polymer dielectris are gaining populaity within the field of organic electronic3 his is
due toboth their flexibility and ability to be printed expanding their applications and reducing
their costs of manufacturing.able 1.2 contains some of the most commonly used polymer
dielectrics within OFTs and their dielectric constatit’?

Table 1.2. Commonly usegbolymer dielectrics for OTFTabrication, taken from Guo et Al

Dielectric Diclectric Reference
constant

CYTOP 2.1 [40]
Polystyrene 2.6 [68]
BCB 2.65 [69]
Polyimide 34 [70]
PVC 34 [71]
PMMA 3.5 [40]
SuU8 3.9 [72]
PVP 4.5 [73]
PVA 7.8-10 [74]
CYEL 12 [75]
PVDF-TrFE - [76]
PVDF-TrFE-CTFE =60 [78]

Many of the dielectriswithin Table 1.2are still considered low (dielectric constant <
3.9), andPVA is the only polymedielectricin Table 1.2that can be considered environmentally
friendly. Apart from the dielectrics shown ihable 1.2there are also environmentally friendly
natural and synthetic polymers. Thesetemnials also have the necessary electrical and
mechanical properties to be used as a dielectric within OTFTs and should be further explored for

sustainable printed electronics.
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Natural and synthetic polymers that are compostaiiebiodegradablecan still
demonstrate favorable dielectric propertidhiese are some examples of natural polymers:
chitosan,natural rubberalmond gum,glucose, cytosine, chicken albumand cellulosé:’®"4
Many of these natural polymers have high capacitararedare highk materials Furthemore
their performance as dielectrics within OTFTs are comparable téiodegradable synthetic
polymers®™@ 77 Apart from natural polymers, PVA, polycaprolactone (PCL), PLA and
polybutylene succinate (PBS) are examplese¥ironmentally friendly and biocompatible
synthetic polymerd.However, t should benoted that although some synthetic polyrsare still
environmentally friendly and labeled as biodegradatiiey often only decompose with the
presence of certain microorganisnThis makes the term compostable more appropriate for
these material® Some examples of these compostable naisedre PLA and PA. For PLA,
Bacillus licheniformisis responsible for the biodegradatiandfor PVA the enzymes secreted
from various soil bacteriare responsible foiits biodegradatiori®’® More examples of both
natural and synthetic polymers along with their mechanisms for biodegradation are shown in

Figure 1.7from Hosseiniet al®°
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Figure 1.7. Chemical structures of natural darsynthetic polymers. The various linkages
vulnerable to hydrolysis or oxidation. The mechanisms of both enzymatic degradation of PVA

and acid catalyzed ester hydrolysis. Copied from Hosseinf&t al.

Many of the reportedatural and synthetic polymers have been used as flexible substrates

for OTFTs Someof these polymerbave even been applied as bagubstrate andielectrig for
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example:cellulose, cellulose nanocrystals and P1¥&2 Cellulose is an example afversatile
dielectric material, it can be processedo cellulose nanocrystalfCNCs) and used as an
additive for increasing the viscosity of PVVACNCSs can also be used with sodium ions as high
capacitance ionic conductive nanopagéihe cylindrical surface of CNCsave a large number

of hydroxyl groups makingt easy to graft polymerto the surface and change the properties of
the materiaf®®’ Additionally, Cellulose is lowcost, flexible environmentally friendlyeasily
obtained through remeble forestry and has good mechanical properAdisof these factors
have helped cellulosgain popularity within the field of flexiblelectronic$!88 Unfortunately
environmentally friendly materials do not always outperform other traditional polymer
dielectrics and can have issues with material processing, electrical properties and mass
production. However, there are strategies that can be useditprove the processing dn
electrical properties of environmentally friendly dielectrics.

1.4 4 Strategies forImproving the Performance of Environmentally Friendly Dielectrics

There area few waysto increase the capacitance of a dielectric material: by increasing
the dielectric constant of a material (using a Highaterial) by decreasing the thickness of the
dielectricor by using additives to increase the dielectric constaota lowk materal to have a
high capacitance the dielectric needs to be very thin as capacitance scales inversely with
thicknessUnfortunately,ultra thin dielectric materials cdead toincrease leakage currestand
can lead to shorted devices from pinholEgre 1.8) or dielectric breakdowrf-urthermore,
thin dielectrics are hard to manufacture at scale due to challenges with high throughput printing
processes. Many commercial printing techniques use conductive nanopatrticles as inks for their
conductive electrodes which tend to have highesarfe r oughnessoslecsdandadi ng
short circuits* Because of this, low dielectrics are usually thicker and by consequence have
higher operating voltageA. promising approach is to create polymer blends to take advantage of
the complementary properties dag to both higkk properties and thickness independent
performance. These blends can also change the mechanical properties, for instance making the
polymer dielectric less brittle or increasing its viscosity in solutfiér®-°2The following sub
section outline the potential for blending different materials to combine desired material

properties:
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Figure 1.8. Example of mholes caused by the surface roughness ofrtetal electrodeand
how they can cause short circuits

1.44.1PIL Dielectrics

One of the approaches to improve dielectric performance involves blending dielectrics
with unbound ions usually from inorganic salfthe free moving ions from these salts can
greatly increase the capacitance of the dielecRi&searchers have explored the useéonic
liquids (ILs) and polymeronic liquids (PILs).For example, tsidies by Ono et alised various
ILs from the imidazolium faily to create high performandew voltage OTFTs19 The
advantage of ILs is that they have free moving charges that can diffuse towards the
semiconductor/gate electrode and form an electrical double layer (EDL) with a high capacitance
density?® In spite of these high captance densities, having a liquid dielectric leads to
manufacturing challenges and limits their potential applicatidfisrnatively, polymers can be
blended withiLs causing the polymer tewell but remain solidThe swollen polymer forms a gel
dielectrc instead of a liquid dielectric with limited applications. For example, polystyrene and
poly(ethylene oxide) triblock copolymers have been applied with a wide rangé&sof
Capacitance densities as high as>E3ni? at 10 Hz could be achieved with EMIMFSBI as the
IL and an operating frequency as high as 1006*HRai et al have also demonstrated this
principle with an environmentally friendly ion gelietectric. They combined sodium ions with
cellulose nanofibers creating a high capacitance green dielectric. The sodium ions could diffuse
through the cellulose nanofibers and form an EDL allowing for capacitances as high as 220 nF
cmi? at 0.1 HZ® Nanocellulose is often blended with either organic, metallic or inorganic
particles such as silver nanoparticles and witesThe use of blended nanoparticles or ions to
form and EDL has a large impact on the performance of the dielectric Rigere 1.9

highlights the change in capacitance as an Eins. This starts with the dipolar relaxation in
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region (i) followed by the ionic relaxation in region (ii) and finally the EDL formation in region
(ii). ion gel dielectrics, are sermolid, taking advantage of thik while reducing some

manufacturing callenges.
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Figure 1.9. Increase in capacitance at various stages in EDL formation. Taken from Larsson et

al 96

These blends of polymer dielectrics with salts are advantageous but have certain pitfalls.
For example, the free moving charges or nanoparticles can diffuse into the semiconducting layer
affecting device performa@e. Therefore, when using fogels both ions are free to diffuse and
form an EDL#%®* One way to get around this is to use unipolar polymerized ionic liquids also
called PILs. For R.s, one of the charges is bound to the polymer backbone while the other is
free to diffuse through the dielectric and form an EBLY Peltekoff et al has fabricated
variousPILs where one of the charges is bound to the polymer by immobilizing it. By tailoring
the semiconductor to the dielectric charge it is possible to stop the free moving ions from
diffusing into the semiconduct8f.This means an-type semiconductor would be paired with an
immobilized positive charge and atype semiconductor would be paired with an immobilized
negative chargd-urther, ILs, PILs and ion gehave the potential to be environmentally friendly
when green materials and chemistry are 48&t§3
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1.4.4.2 PolymeBlendedDielectrics

Blends can also be used to try agbloit the highk properties of onenaterialas well as
the favorable lowk properties of the other materidtor instance, dw-k PMMA has been
blended withpoly(vinylidenefluoride trifluoroethyleneyhich resulted in @ecrease in hysteresis
and an enhancement in both electron and hole concentralimnwasdue to the reductio of
dipolar disorder at the dielectrisemiconductorinterface>* Another approachis to use
crosslinked polymer blendsBlending a polymer dielectric with a crosslinkaliows for the
thicknessof the dielectric layeito be reducedy increasing film uniformitywhich reduces
leakage currents caused by deféetdor norlL and norPIL dielectrics the apacitancewill
increase as the thickness of the dielectric is decremsattthe crosslinking will helpeduce gate
leakagecurrents for these thin dielectrit®1°®Yoon et al hasreported capacitance densities as
high as 206 300 nFcm? and dielectric thickness as thin asi120 nm through the use of both
PVP and PS blends with crosslinking reagétsCrosslinked polymer dielectricare also
beneficial for the fabrication of fully solution procedsledronics. Crosslinking the dielectric
layer makes it insoluble and prevents it from being remakadhg orthogonal processing
However, reliably printing 10 20 nm dielectric films is still challenging even when crosslinking
additives are being usedBlended dielectricscan exploit the high capacitances of high
dielectrics as well as the improved insulating properesusirg low-k dielectric materials
Blended dielectricscan also be used to improve the mechanical properties of the dielectric
materials and reduce leakage curremterefore, using blending strategies can lead to inalease

capacitances, increabkdevice perfonance and increased device stability.

1.44.2 Bilayer and Stacked Dielectrics

Anotherapproachs orthogonalprocessingf different dielectric layers to improve OTFT
performance. For instancegh-k dielectricstend to have higher surfaceoughnessnd this can
lead to lowee.? High-k dielectricsalsotend tohave higher dipolar disorder whielisoleads to a
decrease i and device performanc&®* It has been demonstrated in literature that increases in
dipolar disorder at theemiconductodielectric interface broadens the density of states (DOS).
Increasing the polarity of the dielectric will increase capacitance but it also broadens the DOS
increasng the amount of trap states and lowermy”® In a study by Masillamani et .at was
demonstrated that changing the dielectric from(lPS2.0) to PMMA (k ~ 3.6), the holes was
decreased by a factor of 20d this wasnost likely due to a broadening of the DG Apart
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from reductions ire, high-k dielectrics also have higher leakage currentsahdtate currents.
One of the reasons for this is the presemicee moving chargem the form of impuritiesor
polarizable groups for examplaydroxyl groupsi!! Alternatively, there are lowk polymer
dielectrics which have reducecakage current and less polar disordeut have lower
capacitanced-ence both highk and lowk materials have their advantages and disadvantages

when being used separately

By creating ahigh-k/low-k bilayer structure with a thin low dielectric layer on top of a
high-k dielectric it is possible taitigatethe disadvantages of both higland lowk dielectrics.
High-k/low-k bilayer structures have demonstrateductions in gate leakage, charge traps and
improved OTFTes.>3%4112113 The pilayer approach will also reduce the surface roughness as
well as narrow the DOSyoth of which will improves.® Many studies have also shown that
using a highk/low-k bilayer structures can reduce tlag>*%214Therearea wide range of lovk
polymers that can be used to improve device performaareexamplegcrosslinked polyvinyl
phenol (PVP) PMMA andtrichloro(octadecyBilane (OTS) have been used as-lolayers for
reduced s and Vr.112114116 gyn et alhave usedPVA with an OTS treatmentto form a lowk
monolayerleading to a reduction irss!'® This same principle alsapplies for environmentally
friendly polymers. Rullyani et alused natural rubber as a ldwayer on top of chitosan
reduang les and improving semiconductor growth by adjusting the surface energy of the

dielectric”

It has also been demonstrated that a-kolayer between the gatelectrodeand the
dielectriclayer can improve OTFT performanckee et al found that charge injection from the
gate into the dielectric layer camcrease the hysteresis of devié¥sHysteresiscausesssues
because it sfis Vr and leads to unpredictable OTFT behavidiaking this into account, Wang
et al fabricated OTFTs using a PMMA/PVA/PMMA trilayer dielectric which drastically reduced
the hysteresis of the native PVA dielectric improving lthes ratios to 16, Vr to -0.55V andes
to as high as 1.83 d&ivs with a pentacensemiconductat® High-k/low-k bilayer polymer
dielectric systemhave also been demonstrated to improve the performance of SWCNT based
OTFTs leading to highegs and betterlonorr current ratios!® Many studieshave also usd
combinations of organic and in organic bilayer dielectrics such #3%A$i0; and Ti(.%8105120
122 Although these higi/low-k systems using metal oxides demonstrate lower leakage currents
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they still have the disadvantageausd by traditional inorganic dielectrics. Therefore, when
trying to improve dielectric performance for
important to select higk and lowk materials that meet these critedthough a lot of literature
combines inorganic with organic or uses +amvironmentally friendly polymers, there are still

many examples of environmentally friendly bilayer systems within literature. For example,
Combinations of Chicken albumen/Gelatin, Chitosan/PLA, Chitosan/GelR#ia/PCL have all

been used as bilayer dielectrics for impro@TFT performancé’ 1?3126 The combination of

thin low-k layer on top of a higk dielectric layer has demonstrated improved properties such as
higher €s, lower gate leakage, less hysteresis, and improved stability use oflayered
dielectricsalso allows dielectrics to be deposited at higher thicknesses further simplifying their

mass production through traditional printing techniques.

Within literature there are few examples ofldyer dielectric systems that are not a
combination of organiaiorganic dielectrics. Within the few examples of bilayer polymer
systems there are even fewer that use biodegradable or compostable polymers for both materials
in these bilayers systems. The few examples that have been demonstrated within literature also
use materials that are not currently being mass produced on the ton scale. This thesis addresses
this gap in literature by engineering environmentally friendly bilayer dielectrics using

commercially available biodegradable and compostable polymer materials

1.5Scope of Thesis

The focus of this thesis to improve the performance of P\& a dielectric layer in thin
film electronics. PVA is @ommercially availableompostable polymer that is water soluble and
already being produced on the ton scale m@kt an ideal candidate material to be quickly

incorporated into the growing printed electronics industry.

The following chapters will address the current issues with PVA by investigating the following

guestions:

1. How can the film formingproperties of PVA be improved making it easier to form
uniform filmson substratés(Chapter 2)

2. Can the semiconductor/dielectric interface be improved through the addition oflka low
dielectric material and can PVA be encapsulated to reduce its sensitivity to moisture in

the ambient environment? (Chapter 3)

22



PhDThesig; Mathieu Tousignant University of Ottawa

3. Can the thermally activade crosslinking reaction between PVA and the dkw

polycaprolactone dielectric be replaced with an vitiat reaction to increase the shelf
life of the polymer and make it easieritoplementwith traditional printing processes?
(Chapter 4)

. Can a third lowk layer of poly(lactic acid) be used to fabricatielayer dielectricsvith

increasd thin film trarsistor performancehile enabling rtype transistors (Chapter 5)
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Chapter 2 : Improving Polyvinyl Alcohol (PVA) Thin Film
Properties Through the Addition of Low Weight Percentages of
Cellulose Nanocrystals

This chapter was publ i svM @ousignanttNnAeRige,Aur nal fALa
Peltekoff, C. Sundaresan, C. Miao, W.Y. Hamad, B.H. Lessard, Impivimé-ilm Properties

of Poly(vinyl alcohol) by the Addition of Leweight Percentages of Cellulose Nanocrystals,

Langmuir. 36 (2020) 355@557.

Context

For this work | investigated how varying low weight percentages of cellulose
nanocrystals woul@npact thefilm forming properties oPVA. Dr. Hamad from FP Innovations
provided our group with a 2 wt% suspension of cellulose nano@ydtéth we could then use
to create PVA/CNC dispersions with lomeight percentages of CNCs. As outlined in Chapter 1
the main issue with polymer dielectrics is having the right mechanical and electrical properties.
Although PVA is a higk dielectric materialt has poor film forming properties. We surmised
that the ddition of low weight percentages of CNCs could help increase the viscosity of the
PVA solutions allowing for better film forming properties. We were interested in characterizing
these PVA/CNC dispersions at various weight percentages to see if theraddlibov weight
percentages of CNGsould lead to more uniform films of PVA without negatively impactitsg

performancevhen useds a dielectric in capacitors aadyanic thin film transistors.

Contribution

| prepared all the PVA/CN@ispersios using the stockCNC dispersion provided by
Dr.Hamad.Dr.Sundaresan performed all the viscosity measurements. Dr. Miao performed the
storage and loss modulus calculations and Dr. Rice performed the AFM imaging. | performed all
profilometry meastements, contact angle measurements and aided with the AFM film analysis.
| was responsible for all the capacitor and thin film transistor fabrication and characterization. |

wrote the manuscript with inpaind revisiongrom Dr. Lessard and Dr. Rice.

2.1 Abstract
The increased demand for electronic devices, combined with a desire to minimize the
environmental impact, necessitates the development of neWwiecdly materialsOne

promising approach is the incorporation of renewable and green mategigh®ssess the
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desired mechanical and electrical propertidsle allowing for more ecologically friendly

disposal of these deviceghe addition of low weight percentages (0i25.75 wt%) of CNCs

was investigated as an environmentally friendly adelith aqueous dispersions BVA. It was

found thathese low CNC loadings were sufficient to induce a favorable increase in viscosity,
which in turn dramatically enhanced the film quality of the PVA blends through an improvement
in the critical radius othe spun film, overall film thickness and homogeneity of the thin film.

This corresponded to an increase inrthenber of functioningrganic electronic devicelat

could be fabricated by spin coating, includMgM capacitorsand OTFTs. Most importantlyhe
incorporation of CNCs into PVA did not significantly alter the native dielectric properties of the

polymer thin films when incorporated into both MIM capacitors and OTFTs.

2.2 Introduction

Electronic devices are ubiquitous and diverse, with appbiestiranging from long
lasting computers and televisions to sHwed disposable sensors for the biomedical and
wearables fields. As global demand continues to increase for basic electronic components like
transistors and capacitors, consideration ofein@ronmental impact of these materials, both in
production and during disposal, is becoming increasingly imperative. Recent work in the field of
organic electronics has focused on finding carbased materials that are both environmentally
friendly and etain the necessary electrical properties for consumer applicatioespensive,
singleuse sensors are a particularly attractive application of organic electronics, further
underscoring the need for these devices to be environmentally friediyous architectures
have been reported in the literature for sensors comprised of daaled components,
including OTFTs and chemiresistor$OTFTs can be utilized in simple and complex circuitry,
with disposable electronics like sensors for biomedical and environmental monitoring emerging
as promising applicatior'sOTFTs are comprised of four major components: a gate, the
dielectric, an organ semiconductor and sourcegain electrode®The dielectric is an insulating
layer that can accumulate charge along the interface with the semiconductor, effectively turning
ifono t he’ Thisomaurs bysapplying a bias through the gate, indutheg opposite
charge of that bias to accumulate on the dielectric in proximity to the gate and the same charge as
the bias applied to the gate to accumulate on the opposite side of the dielectric, near the
semiconductor. This facilitates either hole (fetype semiconductors) or electron (foitype)

transport through the organic semiconductor from the source to the® @ammon dielectric
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materials utilized in OTFTs include polymers lIRMMA, PVP and PS;while these polymers

offer the potential to pragte lightweight and flexible electronics, they are not biodegradable
materials and (with the exception of PVP) often solubilized in organic solvents. Forssegle
disposable applications, it is necessary to develop dielectrics that areffeove, uilize
environmentally friendly solvents during manufacturing, and can be effortlessly disposed of after

use with minimal environmental impact.

PVA is a lowcost polymer that is used in the textiles, adhesives and coatings industries.
It is readily solble in environmentally friendly solvents like water, and is biodegradable in the
presence of the proper microorganishRVA has previously been incorporated into organic
electronics as a dielectric, both as a neat homopolymer as well as in com{3dSR84A has a
dielectric constantanging from 5i 10, classifying it as a higk dielectric. One of the major
drawbacks to PVA is its sensitivity to moisture, which can drastically alter its dielectric
properties. Crosknking chemistries have shown greptomise in mitigating this moisture
sensitivity and decreasing leakage curtehbwever this methodology has the drawback of
lowering the capacitance density of P\VA12 Additionally, neat PVA has a low viscosity in
solution, which can effect film formatin during spin coating, resulting in inhomogeneous thin

films.

CNCs are renewable nanomaterials derived from lignocellulosic biomass found in wood,
cotton, or tunicate (a sea animal); the CNCs can be obtained from these natural sources using
strong acid hgirolysis, typically sulfuric acid hydrolysiS.As-produced CNCs are spindi&e,
negativelycharged nanoparticles with an electrical double layer influenced by both external
mechanical energy and ionic strenéfthe negative charge is critical to creat stable steric
suspension in compatible liquids, like wafenie yo u n g 6 s  m idividualCNCstha breen
experimentally determined to be ~ 145 GPand as such can significantly improve the
mechanical performance when incorporated into polymer bén@BIC polymer blends with
PMMA and PVA have demonstrated improved rheological properties compared to the native
polymer!”®Neat CNCs have previousheen utilized within organic electronics as ulraooth
paperlike substrates, but there are relatively few reports of incorporation of CNCs as a

dielectric1®20
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PVA-CNC blends have previously been reported in the literature, with a focus on
improving hie mechanical properties of the P¥AIn a study performed bghou et al., blends
of PVA with CNCs were fabricated with an increasing weight percerdb@NCsfrom 3 to 9
wt %.17 An increase in viscoelastic properties of the solution, as well as atiarfsom a
viscoelastidluid towardseither viscoelastic gel or solid, was observed as the weight percent of
CNCs was increasé€d This shift from a low viscosity solution towards a more viscoelastic fluid
behaviour drastically altered the fluid propesti which in turn affected the thin film properties
obtained during spin coatirfg.Increases in the viscoelastic properties of a dispersion is known
to result in more uniform thin films during spin coatimgincreasing the amount of time that the
dropletcan spread before rivulets begin to forfiThe change in viscoelastic properties will also
affect what printing processes can be used during-Eagke fabrication of organic electronic
devices?¥2¢

Almost all previous literature reports of PMANC dispersions have primarily focused
on incorporating large amounts of CNCs, in excess of 1%t2"?8 Furthermore, to our
knowledge, there are relatively few reports of incorporating low loading of CNCs into'PVA,
and only one report of a PVBNC blend emloyed as a dielectr®®. To more thoroughly
investigate the practicality of CNCs as an environmentally friendly additive with PVA for
incorporation into biodegradable organic electronics, we prepared blends at much lower CNC
weight loadings (under 1 wt %)iscosity measurements confirmed that small additions of
CNCs were sufficient to improve the viscoelastic properties of PVA, resulting in more
homogeneous thin films. MIMapacitors were fabricated to measure dielectric properties of the
blends, and OTFS were prepared and characterized. It was found that the addition of small
amounts of CNCs did not affect the dielectric constdirthe PVA blendsyi VVr andlonsoff ratios
of the OTFTs incorporatin@VA-CNC blends were also not significantijtered compared to
neat PVA Furthermore, the improved thin film uniformity during spin coating resulted in a

significant increase ithe number of functioning MIM and OTFdevices.

2.3 Results and Discussion

Blends of PVA with CNCs were prepared in watgethanol cesolvent such that the
final loading of CNCs was 0, 0.25, 0.5 or 0.75 wtif680 mg/mL of PVA Our PVACNC
dispersionsvere limited to a maximum weight percentage of @«’8Hue to the stockuspension
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of CNCs being 2 wt % in distilled watess well as the prerequisite to completely dissolve and
filter the PVA before the addition of the CNCs.

It is well known in the literature that incorporation of CNCs into PVA can increase
solution viscositydue to the hydrogen bonding interactibetween the CNCs and pendant
alcohols on PVAwith 11 3 wt % of CNCs sufficient to induce notable changes in viscésity.
This viscosity change is attributed to entanglement and hydrogen bonding between the CNCs
and PVA!’ The viscosity of our PVACNC soltions as a function of increasing weight
percentage of CNCs was investigated using a rheometer, shokigure 2.1A. Despite the
relatively low loadings of CNCs, the amount of CNCs present in our blends was sufficient to
induce noticeable viscosity chagy Our PVACNC blends follow the same trend reported in
literature forhigher CNCloadings, with viscosity increasing from 0.008 to 0.046Raa shear
rate of 90s? and at 633 which is approximately 4000 rpm the viscosity is increased from 0.008
to 0.051Paswhich is a 6 fold increasasthe weight percent of CNCs increased from 0 to 0.75
%. Increasingthe percentage of CNCs in PVA also had an impact on film thickness. Film
thickness measurements were performed on thin films spin coated ontcsugjstsates. As
shown inFigure 2.1B, the neat PVA film had the lowest average thickness of 234 + 3.3 nm,
which increased to 319 + 12 nm for 0.75 wt % CNCs.
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0.5' n PVA 330 )
N + PVA-CNC 0.25% l |
0.41 + PVA-CNC 0.5% |
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Figure 2.1. A) Viscosity as a function of shear rate for pure PVA polymer and-BYW& blends

and B)thicknessof PVA-CNC filmsspin coated onto glass substrates.
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DSC measurements were performed salid polymerCNC materials, obtained by
evaporating off the solvenb tyield the bulk PVACNC materialsit has been reported that the
addition of CNCs into polymer blendsin induce lsangs in crystallinity, but the majority of
thesereports in the literature are at much higher CNC loading®ards of 10%° Electrospun
nanofibers of PVA with 2 5 wt % CNCs have shown a decrease in crystallinity with increasing
incorporation of CNC$° The results from our very low additions of CN&rg inconclusive with
glass transition temperatures from-85°C, crystallinities from 1122 % and temperatures of
261- 270 for 90% of the polymers original weight. However, it does appearidhaCNC
loadings cause an increase in both storage andnhmgkuli (Figure 2.2). The addition of CNCs
into polymer blends has been shown in literature to increase the mechanical prop&iéds
CNC blends and have shown increases in storage and loss moduli with increased 16&ding.
This increase is caused lhydrogen bond interactions between PVA and the CNCs which
increase the mechanical properties of the CNCs as well as the viscoelastic properties by

restricting the movement of PVA’3!

A ——PVA B ——PVA
—— PVA-CNC 0.25% —— PVA-CNC 0.25%
—— PVA-CNC 0.5% —— PVA-CNC 0.5%
—— PVA-CNC 0.75% —— PVA-CNC 0.75%

9_
10 10°4

10°+
10" 4

Storage Modulus (Pa)
Loss Modulus (Pa)

1074

50 100 150 200 " 50 100 150 200
Temperature (°C) Temperature (°C)
Figure 2.2. DMA data from PVA andPVA-CNC polymer blendbetween 20 and® °C. A)

storage modulus and B) loss modulus.

AFM measurements were performedRWA andPVA-CNC thin films spun onto glass
substrateswith representative images showrFigure 2.3. Rod-like CNC features are clearly
visible inFigures 2.3B-D, with significant amounts of CNCs dispersed relatively evenly

throughout the films at all loadings. Linear height profiles below each of thé&fMrimages
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confirm the surface roughness trends determined by optical profilomdirgure 2.4B. The
neat PVA film is relatively flat, with no discerning features. Upon the addition of 0.25 wt %
CNCs Figure 2.3B), there is a substantial increase in aoeffeatures and roughness.
Subsequent additions of 0.5 wt #dure 2.3C) and 0.75 wt %Kigure 2.3D) of CNCs show

linear features very similar to the 0.25 wt % films, with no large increases in surface features.

-7

Figure 2.3. Representativé FM images and height profiles of (A) neat PVA (B) 0.25 wt %
PVA-CNCs (C) 0.5 wt % PVACNCs and (D) 0.75 wt % PVNCs. The white dashed lines

represent the location of the linear surface profile below eaabe.
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Contact angle measuremerfiagure 2.4A) performedon thin films spin coated onto
glass substratesitially show only minor changes in contact angle for the 0.25 and 0.5 wt %
additions of CNCs compared to neat PVA, huminor loss of hydrophilidy upon he addition
of 0.75 wt % CNCs to PVAExperiments were also performed where the drop was permitted to
settle for 5 seconds before measurement; a significant drop in the contact angle was observed for
all thin films, with a minor increase in hyddogbicity for all PVACNC samples compared to
PVA observed, with little statistical difference between the three loadingso Nével surface
roughnessneasurementserealsoperformed on theecompositehin films using AFM. Surface
roughnessncreased dramatically with the addition of 0.25 wt % of CNCs compared to neat
PVA, with subsequent additions of small amounts of CNCs resulting in slight increases in

surface roughneggigure 2.4B).

A
= Delayed B
70+ « Initial 81
i —_
63 ¢ t E6
) m
2 56- o t
2 £ }
< g :
s 491 3]
Y i (1
S ' ' g 2]
Q 42 . @
2 .
35 T T T T O T T T T
0 0.25 0.50 0.75 0 0.25 0.50 0.75
CNC Content (wt %) CNC Content (wt %)

Figure 2.4. A) Contact angle measurements of PVA and P®NC films, measured
immediately after the drop was cast (red circles) and after allowing the drop to settle for 5
seconds (black squares) aB) average surface roughness of REZAIC films at all CNC
loadingsmeasured with AFM.

MIM capacitors were fabricatethy spin coating PVA and PVA-CNC dispersions
between silver electrodes that were depositedugh a shadow masksing physical vapor
deposition PVD). The MIM architecture andmask alignment was designed to yield 10
capacitorsof varying areaon a 1 i glass sbstrate, as shown ifigure 25A (details of
capacitor areas can be foundrigure 2.9, supporting information The spin coating conditions
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used were identical to those used to prepare -BWE films for the characterization
experiments discussed previousfree different substrates were prepared from each dispersion
to yield a total of 30 potential capacitors for testiAf.capacitors werdested usindeIS, with
measurements taken frequency range of 10i 10° Hz with an AC amplitude of 10 m\From

the EIS measurements tlmpacitance can be calculated usiBguation 2.1 where C is

capacitancg is the frequencyand-z° s the imaginary portion of the impedance.

Using the capacitance value obtained from Equa®dnthe dielectric constant can be
found through Equeon 2.2, wherek is the dielectric constand, is the thickness of the polymer

film, Ais the surface area of the capacitor and the permittivity constant

0 — Orncg
Increasing the weight percentage of CNCs in the \sfersiorresulted in asubstantial

increase in the number of functioning devi¢Egyure 2.5B). Devicesprepared frormeatPVA

had either no working capacitofdue to electrical shorting from the silver electrodes making

contact)or on average 2unctioning device per wafer.Upon addition of just 0.25 wt % CNCs,

the number of working capacitors increasedinaverageof 5 per samplehowever significant

variability was still observed between substrates. This variability decreased upon the addition of

0.5 wt % CNCsAt 0.75 wt % CNCs an average of of the 10capacitorsvere functionalwith

one substrate having 9 working capacitors
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Figure 2.5. A) Photo of glass substrate wittD capacitors, with thelielectric sandwiched
betweenthe silver electrodesB) The number of functioning capacitors geibstrateat various
CNC loadings.

Surprisingly, the addition of CNCs to the PVA films did not cause a statistically
significant change to the dielectric camst of PVA itself. PVA is considered to be a hiigh
organic dielectric material, with lavaluewithin the range of 5 10. As shown irFigure 2.6A,
at 100,000 Hz the value &fis consistently centred around 6 for PVA and 5.3 for all three-PVA
CNC blendsWhen the frequency is decreased to 1000 Hz, the dielectric constant rees to
average of7.4 for PVA and6.5 for thePVA-CNC films. The retention of a highk value for the
PVA-CNC blends, combined with the substantial improvement in the number of fungtion
devices, corroborates the potential benefits of adingweight percentages of CNCs into the

polymer matrix
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Figure 2.6. Dielectric constantskf with varying CNC loading at A) 100,000 Hz and B) 1000
Hz.

Each set of30 capacitorswere further characterized by imaging under a backlit
microscope with 4X magnificationwhich facilitated thevisual observation of defects in the
polymer films. Example imagesre shown inFigures 2.7A and 2.7D for 0.75 wt % CNC
loading and neat PVA, respectively. For neat PVA, there are distinct rijgplbke in the film,
indicating that the ggmer is not forming a homogeneous film across the device. In contrast,
Figure 2.7A for PVA with 0.75 wt % CNCs does not have any ripples and possesses a uniform
colourwhen visually inspectedndicating a much more homogeneous film. To furtipeantify
the macro level film uniformity and coveragepeofilometer was utilized to do a macroscopic
scan over the surface of these capacitors. 2D and 3D scan®.46x 1.00 mn? areawere
imaged orthe surface of a PVANC capacitor with 0.75 6 CNCs Figures 2.7B and2.7C,
respectively). Smaller height features, on the order of a few nanometers, are observed over this
extended range, corresponding with the roughness of a@®N®. film as previously discussed.
Figures 2.7E and 2.7F show the 2D and 3D pfites, respectively, othe PVA film in Figure
2.7D. These scans show thahile there are some regions of low surface roughness, there are
also large defects present in the filnmelvisiblerippling on the PVAfilm near the top oFigure
2.7D correspond#o a large stepdge beyond which the film is increasingly thin or rexistent,
resulting in electrical contact and a shorted MIM capacitor.
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Figure 2.7. A) Macroscopic image (4X lens) #VA-CNCs (0.75 wt %}hin films, sandwiched
between two silver electrodes with the correspon@h@D and C) 3D surface profile scans of
the samecapacitor. D) Macroscopic image (4X lens) of neat PVA sandwiched between two

silver electrodes with E) 2D ark¢) 3D surface profile scans of the PVA capacitor.

BGTC OTFTs (insertFigure 2.8A) were fabricated by spin coating the four different
PVA dispersions on top of silver gate electrodes that were deposited using PVD onte quartz
coated glass substrates. &fidrying the dielectric layer to remove residual solvent, the organic
semiconductor (CuPc) was deposited by PVD on top of the-EM& polymer blends using a
shadow mask; silver sourckain electrodes were deposited via PVD on top of the
semiconductor tgield 20 individual transistors per substrate. Two substrates were fabricated for
each PVA dispersion, withn, V1 and lonoff ratios characterized for each individual OTFT. A
summary of these results can be found able 2.1, with an example output and transfer curve
for PVA-CNC (0.75 wt %) shown in Figure 8. After correcting for film thickness, the fabricated
OTFTs showed no atistically significant changes ien, VT or lonoff With increasing weight
percentages of CNCs. Although the/or ratios are relatively low this has been reported in
literature for PVA dielectricd? These results corroborate the findings from the MIM capacitor
study: incorporation of small amounts of CNCs into PVA does not drastically affect the electrical

properties of organic electronic devices prepared from these composites. It is particularly
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interesting that OTFT device performance remained consistent, despite the slight increase in
surface roughness of the PMZNC thin films.

Table 2.1. OTFT electrical data with varying CNC loading

PVA-CNC en (cm?/Vs) V1 lorsot
wt % (x10%) (V)
0 6.71+ 3.3 5.55+ 3.2 10
0.25 8.76+ 5.8 4.26+ 2.3 10
0.5 5.70£ 9.5 4,72+ 3.2 10
0.75 7.15+ 1.7 6.16+ 2.8 10
A B
25, D o7sw
e,

uA)

Source-Drain Current (uA)
[4)]

Source-Drain Current (

300 225 150 75 00 30 24 A8 A2 6 0
Source-Drain Voltage (V) VGS (V)
Figure 2.8. A) Example output curve for botheat PVA (dashed lines) and 0.75 wt % RVA

CNC (lines) transistors with CuPc as the semiconductor, and an insert showing schematic of the

BGTC OTFT architecture and (B) example transfer curves of both neat PVA and 0.75 wt %
PVA-CNC blend.

The drastic impsvement in device fabricaticandreproducibility can be directly related
to the increase irsolution viscosity andcorresponding increase ifim thickness shown
previously inFigures 2.1A and2.1B. Theinclusionof a small amount of CNCs (0.25 wt %) into
the PVA solution was sufficient toresult in a two-fold increasein the viscosityin the
water/methanol cgolvent mixture. When the amount of CNCs added was increased slightly to

0.75 wt %,viscosity increased over sfeld compared to neat PV.Ancreasng the viscoelagti
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properties othe solutionincreasd both the uniformity and the surface coverage of these films
over the substraseresulting in a larger number of functioning devices. This is a result of an
extension of the critical radius of the spun film before fingering is obséfvEds effect has
previously been observed in the literatdoe PVA-CNC blends where througirhedogical

studies it was observed that increasing the CNC content would increase the viscoelastic
properties of the solutionklowever, we are the first to show this effect can still be exploited at
much lower CNC loadings, and the benefit this protocol dr@asmproving performances in
organic electronic devices. Whilthe addition of CNCs to PVA also increasdubth the
hydrophobicity and surface roughness of the filmether of thesappear tmegatively impact

the performancef the blends irtapacitors oOTFTSs.

2.4 Conclusion

The addition of extremely low weight percentages of CNCs (025%5 wt %) into PVA
solutions is sufficient to augment the viscosity of the dispersion by increasing the amount of
hydrogen bonding in the blend. This change in vissie properties results in increased critical
radius before fingering, eliciting more uniform and homogeneous surfeagssponding t@
reduction in the number of electrically shorted capacitbtsst importantly, he addition of
CNCs was sufficientlyow as to preservéne dielectric properties dhe highk PVA and did not
alter the electrical properties of BGTC OTFTs compared to neat PVA. This study confirms that
CNCs canbe utilized as an environmentally friendly additive to PVA to improve the
processability of this watesoluble polymerfor organic electronic devices-urthermorethe
ability to tune the viscosity through minor changes in CNC loadmgd be beneficialor the
development oprinting applicationsvith this dielectric blend.

2.5Experimental

PVA (My = 13,0001 23,000 Da98 % hydrolyzeflwas purchased from Sigma Aldrich;
a 2 wt % aqueous suspension of CNCs was prepared according to a procedure detailed
elsewhere® and provided by FPInnovations. Silver (99.99 %) was purchased from Angstrom
Engineering, glass substrates pte to 1 irf) were obtained from University Wafeasd 15 x
20 mnt quartz coated glass substrates were purchased from .@usita was purchased from
Sigma Aldrich and purified by double sublimatigkl other solvents and reagents were

purchased from Caledon Chemicals.
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A Laurell WS650-23 Spin coater was used for depositing the polymer thin films. The
impedance properties of the capacitors were measured using EISMethoam PGSTAT204
Potentiostatic impedance measuremnsevgredoneunder ambient conditionsithin the

frequency range of 13 10° Hz with an AC amplitude of 10 mV. The devices were imaged

using a backlit microscope with a 4x optical zodrnhe electrical properties of the OTFTs were
characterized using a Keithley 2614B. Measurements offttieandlonioft Were taken under
ambient conditionsContact angle measurementsre obtainedisinga VSA Optimagoniometer

by AST Products Ineandwere performed on polymer films spun onto glass substrates cleaned
following the procedure outlined Device Fabricaon section0 . 1 e L of wassti |l | ed
dropped onto the films for measurements. The viscosity measurements were performed using an
ATS RheosystemStresstechHR rheometer operated with parallel platedferential scanning
calorimetry (DSC) analysiwas performed using a TA DSC Q1@dth a power ramp from 20

°C to 29 °C at 10°C min' to remove moisture and thermal histdigljowed bycool down to

20°C at 10°C min! beforea secondamp from 20°C to 250°C at 10°C min! for the analysis.
Thermogravimetric analysi§ GA) was performed using a TA Q%dth a poweramp from 25

°C to 600°C at 20°C mint. Both DSC and TGA data were analyzed using TA universal analysis
2000 softwareDynamic mechanical analysiBiA) tests vereperformedon a PekinElmer

DMA 8000 using tension mode. Samples were scanned frdi@ 85200°C at a ramp rate of 5

°C mintand frequency of 1 H2wo runs were performed for each sampleesilver electrodes

were depositethrough a shadow masising a physical vapor deposition chamber fabricated by
Angstrom Engineering=ilm thickness measurements and macro level profile scans were
performed using a Bruker Dektak XT profilometatomic force micoscopy (AFM)

measurements were performed using a Bruker Dimension lcon AFM, with Scaiidsyst
probes. Sev éimagdswdreobtained for eacmsample at a scan rate of 1 Hz. AFM
image processing was performed with NanoScope Analysis v1.9. Stotayieness
measurement wer e t @areanmaded through AFMd usihgNanoSchp® & m

Analysis.

2.5.1 Polymers Blends
PVA-CNC dispersions were prepared so that the final solution concentration of PVA was
80 mg/mL. The required amount of PVA (~ 8@y) to achieve this final concentration was

weighed into a 1 dr vial, dissolved in distilled water, and heated to 90 °C for 3 h to ensure all
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polymer was dissolved. The solutions were allowed to cool to room temperature before dilution
with 607 1 2 0  amethaadi(with the purpose of makintpe final total volume of methanol in

the dispersiobwt%) , and filtration through a 0.45 &m
distilled water) were then added to the filtered polymer solution to achievel éofidang of: O,

0.25, 0.5 or 0.75 wt % of CNCs.

Table 2.2. Weight break down, weight percent ratios and viscosities of Native PVA and PVA
blends with varying CNCs loadings.

CNC PVA CNCs Methanol Water Ratio (%) Viscosity
wt% (mg) (mg) (mg) (mg) (PVA/CNC/Solvent) at63 st

0 80 0 54 930 (7.52/0/92.48) 0.008
025 80 267 55 932 (7.48/0.25/92.27) 0.023
05 80 5.36 55 932 (7.46/0.5/92.04) 0.043
0.75 80 8.06 55 932 (7.44/0.75/91.81) 0.051

2.5.2 Polymer blends for DSC, TGA and DMA

PVA was dissolved in a mixture of deionized water and methanol (95:5 v/v) at 80 mg/mL
by stirring at 9C°C. Films were prepared by casting 10 mL of the PVA solution in Petri dishes
(dia. ~ 9cm) at room temperatuirior to casting a calculated amount of CNC suspension (4.3%
wt. in water) was added into the PVA solution to achieve four films with CNC loadings of: 0,
0.25 wt %, 0.5 wt %, and 0.75 wt %.

2.5.3 Device Fabrication and Characterization

Metakinsulatormetal (MIM) capacitors were fabricated on 1 iglass substrates under
ambient conditions. The glass substrates were cleaned by sonicating sequentially for 5 minutes
with: soapy water, distilled water, acetone and methanol. The substrates were dried under
nitrogen and a 60 nm silver electrode was deposited onto the glass substrate by PVD with a
shadow mask. The PVENC solutions were spin coatedto the substrates at 4000 rpm for 1.5
min. The polymer films were then annealed at 90 °C under vacuum for 3t memove any

residual solvent before the top electrodévér, 60 nm) was deposited again by PVD with a
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shadow mask. The final MIM configuration yielded 10 individual capacitors, with areas ranging
from 0.357 2.88 mnt (see Figure 2.9 in Supporting Infomation). After impedance
characterization, insulator thickness and roughness were measured by profilometry. A macro
level scan of the surface area of certain capacitors was also performed using a profilometer.

BGTC OTFTs were fabricated on 15 x 20 fguatz coated glass substrates under
ambient conditions. The quartz coated substrates were cleaned by sonication sequentially for 5
minutes using: soapy water, distilled water, acetone and methanol. The substrates were then
dried under a stream of nitrogendagate electrodes (silver, 60 nm) were deposited onto the
substrate using a shadow mask and PVD. The -RYW& solutions were spin coated onto the
substrates at 4000 rpm for 1.5 min. The polymers films were then annealed®@t 8ler
vacuum for 30 mirto remove any residual solvent. A 30 nm layer of copper phthalocyanine
(CuPc, a gype organic semiconductor) was deposited on top of the polymer films by PVD at a
rate of 0.3 A 3 using a shadow mask. The top sotucain electrodes (silver, 60 nm) were
depasited over top of the CuPc layer by PVD using a shadow mask. This process yielded 20
individual TGBC OTFTs per substrate. After the OTFT devices were characterized, the thickness
of the dielectric layer was obtained through profilometry and used to atijeisineasured

mobilities.
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wherew is the weight fraction of PVA in the samplesin is the melting enthalpy of the
samples, andH’y is the theoretical 100% crystalline heat fusion of PVA, which is 138.7 J/g for
PVA .12
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Figure 2.11. A) Example output curve for both 0.25 wt % PNONC (dashed lines) and 0.5 wt
% PVA-CNC (lines) transistors with CuPc as the semiconductor and (B) example transfer curves
of both 0.25 wt % PVACNC and 0.5 wt % PVACNC blends.
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Figure 2.12. DSC results of (a) pure PVA, (b) P¥YBNC 0.25 wt % (c) PVA-CNC 0.5 wt %
and (d) PVACNCO0.75 wt %
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Figure 2.13. TGA results of (apure PVA, (b) PVACNC 0.25 wt % (c) PVACNC 0.5 wt %
and (d) PVACNCO0.75 wt %
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Figure 2.15. Profilometry measuremeiaf average surface roughness of RZAIC films at all
CNC loadings.
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Figure 2.16. Visual demonstration of the polymer solution viscosity (A). vials Standing
vertically left: neat PVA solution. Right: PMENC 0.75 wt% solutioiiB). vials placed upside
down Left: neat PVA solution. Bht: PVA-CNC 0.75 wt% solution.
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Figure 2.17. Representativd FM phase images of (A) neat PVA (B) 0.25 wt % RZACs (C)
0.5 wt % PVACNCs and (D) 0.75 wt % PVA&ENCs.

Angles: (44.40°,44.407)

C

Angles: (41.90°,41.907)

l lAngles: (36.40°,36.40°) l

lAngles: (38.40°,39.30°)

Figure 2.18. Captured images of thapparent gntact anglef two polymer solutions on cleaned
glass substrates (M)75 wt % PVACNCs (B) 0.75 wt % PVACNCSs after a 5 second delay (C)
neat PVA and (D) NeeRVA afte a 5 second delay.
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Chapter 3: High Performance Organic Electronic Devices Based on
a Green Hybrid Dielectric

This chapter was published inthe jourii@Ad vanced EI ec tMatieuNc Mat er i a
Tousignant, Nicole A. Rice, Jukka Niskanen, Chloé M. Riclaatia Ritaine, Alex Adronov,

andBenoit H. Lessardigh Performance Organic Electronic Devices Based on a Green Hybrid
Dielectric. Adv. Electron. Mater. 7] 10 (2021)

Context

For this work | looked at ways of improving the performance of PVA when used as a dielectric
in organic thin film transistors. As mentioned @mapter 1 PVA is a highk environmentally
friendly material that is water soluble. Being soluble in water is an advantage for green
processing however it also makes this material extremely hygroscdpi can cause issues
because the dielectric properties of PVA vary dependingtie moisture of the ambient
environment. Another issue is that PVA is a polar dielectric which is not ideathe
semiconductor/dielectric interface. Therefor | wanted to find a biodegradablegolymer that

| could put on top of PVAellulose nanagstal blends (PVAc}Yo take advantage of a high
k/low-k bilayer dielectric structure as discussedCimapter 1. Toluene diisocyanate terminated
polycaprolactone (TPCL) had been blended with PVA and crosslinked with PVA in literature to
be used as solarimy films in agricultural applications. The TPCL was crosslinked with the
hydroxy groups of PVA and remained fully biodegradable. In literature PCL is commonly
referred to as a possible biodegradable substrate or dielectric for organic electionieser

there were very few applications of P@k a dielectric within literatur& herefore, | decided to
investigate the dielectric properties ®PCL and determine if it could be used as a-low
dielectric to enhance the performance of RVWe found that th@PCL layer both reduced the
moisture sensitivity of PVA and improved its performance when usedaag-ladielectricin a
bilayer systenfor OTFTs. The crosslinking between PVAc and TPCL also allowed for further
orthogonal processing and helped mitigaseiés cause by the low melting temperature of PCL.

Contribution

Dr. Niskanen synthesized the TPCL used within this study and performed all polymer
characterizationl preparedall the thin films used within this study. | performed the AFM

measurements and cleaned up the raw AFM images with the guidance of Dr. Riderrhed
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all the contact angle measurensdor this study. | performed all profilometry measurements and
microscope imaging. | fabricated, characterized and interpreted all the capacitor data. Dialia
Ritaine performed the TGA measurements. Chloe Richezdaped and characterized all the
organic thin film transistors under the supervision of myself and Dr. Rice. | interpreted the thin
film, capacitor and OTFT data antadeall the figures used within the studyhloe Richard, Dr.
Niskanen, Dr. Rice, Dr. lssard and Dr. Adronov reviewed the manuscripirote and reviewed

the submitted manuscript.

3.1 Abstract

As the cost of electronics decreases, the demand for-teiort and singleise
applications, such as smart packaging, increases. Consequentlyjstisggaificant need for
electronically active biodegradable materials to reduce the environmental impact of disposable
electronic devices. We have developed a bilayer dielectric based on environmentally friendly,
low-cost solutiorprocessable polymer&abricated by thermally crosslinking a TPCL layer with
the hydroxyl groups of PVA MIM capacitors were fabricated and characterized under ambient
and humid conditions. The incorporation of a TPCL layer in the bilayer dielectric resulted in a
large reduction in moisture sensitivity when compared to neat PWAthout significantly
altering the dielectric constant. When utilized as a dielectric in OTFTSs, the transistors prepared
with the PVA/TPCL dielectric had greatésnof ratios ancen, with redwced hysteresis compared
to devices fabricated with P\6A Furthermore, the fabricated OTFTs function at operating
voltages six times lower when compared against a traditionat &i€ectric. The facile
processing, combined with superior device performantke this green bilayer dielectric a
promising candidate material for biodegradable disposable electronic applications.

3.2 Introduction

As the manufacturing cost of electronic devices decreases, the potential for emerging
applicationgncreases, such as the use of smart packaging. Some examples of these applications
include the incorporation of electronic sensors within product packaging, such as radio
frequency identification (RFID) tags that enable consumers to access supplemettat pro
information or temperature sensors to alert distributors and consumers that a product has been
exposed to unsafe temperatuteSmart packaging has quickly become a multi bilemilar

industry? with the potential to dramatically reduce food wasté Enprove consumer experience
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and confidence. However, for smart packaging to be viable, the electronically active materials
need to be environmentally friendly to reduce the footprint of the waste created, inexpensive, and

amenable to loveost printing pocesses.

OTFTs can address the complex and variable demands of smart packaging. If the proper
materials are selected, OTFTs can be -tmst, environmentally friendly, and solution
processable, with the capability to be fabricated on flexible subst@Idsl's have also been
demonstrated in a wide variety of sensing applications, including temperature and cannabinoid
sensors'® OTFT architectures vary, however all designs are comprised of multiple layers,
including electrodes, a semiconductor, and aedtel. Dielectric materials can be classified into
two main categories: organic or inorganic, both of which have their advantages and
disadvantages. Organic dielectrics have the potential to yield flexible and biodegradable devices
through lowtemperatureand solution processing techniques, however they typically suffer from
higher leakage currents, a larger number of defects, and lower capaditirioesontrast,
inorganic dielectrics have lower leakage currents with well characterized performanas,metri
but these materials require higher processing temperatures, higher operating voltages, and are not
amenable to printing processes or many flexible applicatbdsn i deal 0 di el ect r i
OTFTs would need to possess a Highow leakage cuents, and no hystere$i$t Many of the
polymer dielectrics that are commonly used within literature cannot fulfill all these requirements.
For examplePMMA, PVP andPSare commonly used dielectrics within OTFTs that have low
leakage currents, but thesmaterials are lovk and have low capacitance densities.
Additionally, these polymer dielectrics are Abiedegradable and their polymer films need to be

extremely thin to obtain capacitance densities comparable tekhighectric materiald?

PVA is a highk dielectric that is water soluble, environmentally friendly, and has been
utilized as a dielectric for OTFT$.However, neat PVA is moisture sensitive and suffers from
large leakage currents, poor film forming capabilities, and large hysteRgsigiously, we
reported that low wt % of CNCs could be used to increase the viscosity of the PVA solutions,
dramatically improving the th#film properties without negatively impacting the dielectric
properties of PVA? Problems related to hysteresis ayate leakage in PVA dielectrics could
result from charge trapping caused by the hydroxyl groups at the organic
semiconductor/dielectric interfadé® Tsai et al. demonstrated that hysteresis in PVA dielectrics
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could be manipulated by changing the moistooatent of the films® The excess moisture
interacts with the hydroxyl groups of PVA, limiting the concentration of hydroxyl groups

available to trap charges, effectively reducing the hysteresis.

There are two approaches commonly used in the literatureduce gate leakage in
organic dielectrics: crosslinking or using bilayer dielecttitsCrosslinking PVA can reduce
both the leakage current and moisture sensitivity of the dielectric by limiting the concentration of
available hydroxyl groups. Howeneeducing the concentration of hydroxyl groups within the
PVA dielectric film also negatively influences capacitance and decreases the menstited
fabricated OTFTS! A bilayer dielectric combines the beneficial properties of a-kigind a
low-k dielectric while optimizing overall device performance. By covering a-kiglolymer
dielectric with a thidfilm of a low-k material it is possible to reduce the dipolar disorder at the
dielectric/organic semiconductor interface, reducing charge tragmdgthe leakage current,
while preserving the large capacitance values obtained when using just tHe gogmer
dielectrict?1820 Within the literature there are several examples of improved device performance
through the use of a IoWPVA bilayer delectric}®>212 However, all these examples use non
environmentally friendly lowk materials that cannot be orthogonally processed for example:

poly(methyl methacrylate) (PMMA) and polystyrene.

To fabricate a fully biodegradable dielectric we chosectonbine both methods,
crosslinking and a bilayer structure, incorporating PCL as oukltmg-layer dielectric. PCL is a
biodegradable, hydrophobic, insulating polymer that has been used as a substrate in organic
electronic devices, with relatively fewperts regarding dielectric applicatioffs?’ mostly due
to its poor thermal stabilit$??° To improve the thermal stability of PCL within devices we
followed a procedure by Prisco et al. where hydroxyl terminated PCL is reacted with toluene
diisocyanateto synthesize TPCE® Malinconico et al. demonstrated that blends of PVA and
TPCL could be thermally crosslinked together to create biodegradable plastic films for
solarization applicationg. When compared against the previous PVA/bilayer structures, TPCL
has the advantages of being environmentally friendly and orthogonally processable when used as

a low-k dielectric atop PVA:3233

In this report we investigate how crosslinking a deWPCL layer on top of a higk
blend of PVA and CNCs (PVA affects delectric performance in both capacitor and OTFT
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architectures. The TPCL layer was thermally crosslinked with hydroxyl groups in the PVA
blend at the bilayer interface after film deposition. Optical profilometry and microscopy studies
were performed to dermine the optimal TPCL concentration to yield consistent-filmrs.

MIM capacitors were fabricated with and without the TPCL layer and characterized under
ambient conditions and after 30 minutes of exposure to 99% relative humidity (RH).
Incorporation & the TPCL layer significantly decreased moisture sensitivity compared to neat
PVAc. Finally, the utility of our novel bilayer dielectric was demonstrated in an OTFT
architecture with sSWCNTSs. The bilayer dielectric devices haidheren, reduced hystesgs,

larger lonsoft ratios, and reduced variation in device performance compared te B8Wces.

Furthermore, the OTFTs operated at voltages six times lower compar&iQpdielectric.

3.3Discussion

3.3.1Film studies

H
OCN N\H/{
/\©/ o TPCL \Q\ Source ‘ 2#a" Drain

TPCL

PVAC

Substrate

PVA Cellulose Nanocry stal (CNQO)

Figure 3.1. (a) Chemical structures of materials incorporated into dielectrics, including PVA,
CNCs and TPCL and (b) schematic of BGTC OTFT structure with the bilayer dielectric.

Previously, we demonstrated thatanporating 0.75 wt % CNCs into PVA (PVAcould
dramatically improve MIM device reliability without significantly altering the dielectric
constant? However, PVA films are hydroscopic, with device performance sensitive to moisture
in ambient conditions. Incorporating PCL, a hydrophobic biodegradable polymer, in a bilayer
architecture with PVA could act as a moisture barrier to protect the P¥iln. A significant
drawback of using PCL is that it is soluble in many organic solvents, limiting orthogonal
processing of the organic semiconductor layer, which limits the practicality of this polymer in
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organic electronics. To overcome this limitation, we investigatesstinking the PCL layer to

PVAc with toluene diisocyanate functional egebups (TPCLFigure 3.1).

Three different polymer thifilms were spircoated on glass substrateBVAc,
PVAC/PCL (no crosslinking moiety present), and RYPMPCL. The water contactrgle was
measured for the pristine films, as showrFigure 3.2, beforethe films were subjected to two
rinsing steps with toluene for 10 s, with the contact angle of the films remeasured after each
rinsing step.The contact angle of PVA which is insolble in toluene, was measured to be
approximately 46°, matching valuesported for PVA with CNCs in the literatut¢The water
contact angle of PVAremains relatively consistent after each rinsing step, confirming the
toluene rinse was not sufficient temove the polymer filmThe contact angle of the pristine
PVAC/PCL film was much larger at 78°, but dropped to 47° after the first rinse, matching the
values achieved for neat P¥APCL is soluble in toluene, therefore the dramatic change in
contact anglas attributed to complete removal of the PCL layer, exposing thecPfli#
underneathin contrast, the contact angleP¥Ac/TPCL bilayer films remained unchanged after
rinsing, with a contact angle of approximately 62° persisting after fowging steps, which is
sufficiently different from PVA to confirm the presence of TPCL on the surface. This
substantiates that the TPCL layer has successfully crosslinked with hydroxyl groups at the
PVAC/TPCL interface, stabilizing the polymer layer, aimiwill facilitate the deposition of the
semiconductor from an organic solvent without the risk of damaging the TPCL layer.
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Figure 3.2. Water contact angle for PVAC, PVAC/PCL, and PVAC/TPCL 4ims. Thefiims

were subjected to sequential rinses with toluene (10 s, then dried with nitrogen).

Neat PCL has a low melting temperature)(®f 60 °C and a glass transition temperature
of -61 °C?" additionally, PCL is immiscible with PVA, promoting phase sepamabf the
polymer layers® When a PCL film is heated above its, Tt rapidly shrinks and aggregates with
itself3° a phenomenon that has been reported in the literature for a variety of PCL/polymer
blends?® We observed similar behaviour with our annealed PCL/@flfs (Figure 5.12, in the
supporting informatio)) with PCL aggregates forming an uneven coating orsthiéace of the
PVAc. However, this aggregation can be prevented through crosslinking the PCL layer.
Thermally crosslinking the TPCL polymer with the hydroxyl group®dAc enables annealing
above thelTm of PCL as the crosslinked TPCL films can no longevenfreely on the surface of
the PVAc film and selfaggregateHowever, if the concentration of TPCL is too high (10 mg/ml)
there is an excess of TPCL, resulting in incomplete crosslinking @\tWe/TPCL interface.
The excess TPCL aggregates with itself, increasing the surface roughness as shigurein

3.3D andFigure 3.13in the supporting informatiorit is widely accepted in the literature that an
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increase in surface roughness negatively impacts OTFT perforh&fédo avoid deleterious
aggregation of the TPCL layer we decreased the concentration of the TPCL solution to 2 mg/mL.
This resulted in smoother surfaces without large aggregates, as shéwuna 3.3B. Further,
thermalgravimetric analysis was performed footh thePVAc and PVA/TPCL samples. This
included a heat and hold at 280. Both the crosslinking and the annealing for the OSC takes
place at 200 °C. Therefore, these results confirm that the polymer dielectric remained stable at

200 °C(Figure 3.14, in the supporting informatign
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Figure 3.3. AFM height and linear surface profiles of (A) PVAC (B) PVAC/TPCL 2mg/ml (C)
PVAC/TPCL 4mg/ml and (D) PVAC/TPCL 10mg/ml. The root mean square (RMS) surface
roughnes is included on the images and the white dashed lines shaac#t®n where the

linear surface profiles were measured. The white scale bar in the lower right corner represents 1

pm
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3.3.2Capacitors

The dielectric properties of spooatedPVAc, PVAC/TPCL, and PClpolymer thinfilms
were characterized using MIM capacitors. H¥Ac/PCL films were not further characterized
due to the poor thermal stability of neat PARVAc was deposited via spitnating onto
substrates that were ppatterned with théoottom electrodes and annealed at 150 °C under
vacuum to remove any excess moisttirEor the bilayer devices, a TPCL (2 mg/ml) solution
was spun on top of the P\¢ahin-films in an oxygen and moisture free environment. Next, the
films were annealed aOR °C for 15 minutes to thermally crosslink the TPCL layer with BVA
We were not successful in fabricating neat TPCL dielectrics, therefore PCL (35mg/mL) without

annealing were used for comparison.

The fabricated MIM capacitors were characterized throlgJl§ under ambient
conditions. The dielectric propertiesi®YAc, PVAC/TPCL and PCL at a frequency of 10 Hz are
summarized inTable 3.1; this frequency was chosen as it is representative of the operating
frequency at which the fabricated OTFTs were charad. The dielectric constant of neat
PVA has been reported to be betweeh03344while the dielectric constant of PCL (~3) is not
widely reported in the literature due to PCL being more commonly utilized as a substrate
material for organic electrorsé® Our measured dielectric constants for RM&kd PCL (12 and
4, respectively) match well with values reported in the literature. The addition of the TPCL layer
above thePVAc film caused a very minor decrease in dielectric constant (11) and capacitance
density compared to PVA These changes are minimal allowing for the Hgbroperties of

PVActo be preservedespite the addition of a thin lekTPCL layer.

Table3.1.Di el ect r i ¢ capacitanceadersity (nB/gm2)afP¥AC, PVAC/TPCL, and
PCL, measured at 10 Hz.

Dielectric Dielectric Capacitance Densit
Material Constant$ ) (nF/cnt)
PVAc 12.2+0.8 25.7+0.8
PVAc /TPCL 11.1+0.6 226+15
PCL 41+0.1 9.3+0.2
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We explored the stability of the polymer dielectric materialseRposingPVAc and
PVAC/TPCL MIM capacitors to 99 % relative humidity (99RH) for 30 min in a humidity
chamber followed by immediate characterization through EIS. PVA is a -saltdle,
hygrosopic polymer with moisture significantly impacting the dielectric properties. This has
been demonstrated through its use as a humidity s&$ddowever, this results in PVA slowly
absorbing moisture in ambient environments, negatively impacting the electrical performance of
fabricated unencapsulated electronic deviééstough an increase in both off state currents and

gate leakagét*

Figure 34 shows the impact of moisture on the capacitance densityV#c and
PVAC/TPCL MIM capacitors. After exposure to 99RH, the capacitance density of the PVAc
capacitors at 10 Hz is 40 times greater than devices characterized under ambient conditions,
while the capacitance density of the PYAPCL MIM capacitors is only 3 times greater after
exposure to 99RH. The moisture absorbed by the Pfilfas acts as a plasticizer and increases
polymer chainmobility leading to an increase in capacitance densitycdieléctric constarft?

The addition of a thin crosslinked TPCL layer acts as a barrier to moisture, significantly
improving the stability of the fabricated devices. The observed small increase in capacitance
density for PVA/TPCL capacitors is caused Hyetpresence of ester groups within the TPCL
layer Figure 3.1) permitting some moisture to permeate the TPCL fif@hanges on the same

order of magnitude were also observed for the frequency dependant dielectric constants before

and after RH99Figure 3.16,in the supporting informatign
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Figure 3.4. Frequency dependant capacitance density of PVAC and PVAC/TPCL capacitors

before and after exposure to 99 % relative humidity (99RH). The blackbmates the location

of the inset graph.

3.3.30rganic Thin film transistors

BGTC OTFTs were fabricated on glass substrates, usingawal PVAC/TPCL bilayer
as the dielectric and polymsorted SWCNTs as the semiconductor. For comparison, OTFTs
were also constructed with the same semiconductoPWWAc and SiQ. The ultrapure sc
SWCNT dispersion was prepared using a poly(carbazmbdt-fluorene)polymer(PCF,Figure
3.11, in the supporting informatign which we have previously demonstrated produces
semiconducting enriched nanotube dispersions with greater than 99.9 %3pdiitg. sc
SWCNT layer was deposited on top of the various dielectric surfaces through sequential drop
casting and rinsing with toluene to remove excess unbound PCF polymer from the surface. The
devices were then annealed in air at 200 °C for one hour before @@posigold sourcalrain
el ectrodes (channel |l ength of 30 em) through
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Representative output and transfer curves of OTFTs preparedAn PVA/TPCLand
SiO, are shown irFigure 3.5. The output curves for OTFTs with the P¥Aielectric did not
achieve saturatiorfFigure 3.5A), which can be attributed to the hydroxyl groups of PVA
interacting with thesc SWCNT, limiting its ability to saturaté! Additionally, the transfer curves
for OTFTs with PVA have significant hysteresisetween the forward and reverse sweeps
(Figure 3.5B). In contrast, output curves f®®VAc/TPCL bilayer dielectric OTFTs have a well
defined saturation regime, and achieved hidgbe(Figure 3.5C) compared to those prepared on
PVAc. Transfer curves for the PMVATPCL OTFTs also have greatésp and significantly
reducedH (Figure 3.5D) when conpared to those fabricated with P¥AOTFTs were also
fabricated with an Si@dielectric Figures 3.5E and3.5F), a common dielectric material used in
the literature for sSSWCNT OTFTs. When operated in the same voltage range as OTFTs
prepared on PVAand PVAJ/TPCL (Vsp = 1 to-5 V, Vs from 1 to-5 V), the output and
transfer curves do not have a defined off and on state for the transistor. When the devices
fabricated with the Si@dielectric are operated at potentials six times larger than those show
Figure 3.5, we observe characteristic output and transfer behaviour values skgjlare(3.17,
in the supporting informatigrto those reported in the literature for polyrserted seSWCNT

networks on Si@dielectrics®®
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Figure 3.5. Output and transfer curves of PGWCNT OTFTs fabricated on a: P\¢Alielectric
(A and B), PVAI/TPCL bilayer dielectric (C and D), and a Si@ielectric (E and F). The

transfer curve measurements were performed usuyg af -0.5 V.
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€nh, VT, lonioff and H values were calculated from the transfer curves of the fabricated
PVAc and PVA/TPCL OTFTs,with the results summarized using box plot&igure 3.6. Data
for OTFTs prepared on the Si@ielectric was not included as they did not behave as transistors
in the same voltage range. Charge trapping, moisture absorption, and surface roughness are some
of the properties that will impact performance at the semiconductor/dielectric intZfEce.
PVAC/TPCL OTFTs had an average and maximum (0.42 cn?/Vs and 2.42 criVs,
respectively) that was over a magnitude greater compared to OTFTs with only (B\O82
cm?/Vs and 0.078 chlVs, respectively) The improved performance can héributed to the
TPCL layer acting as a barrier between R\&hd the sS6(SWCNTSs, preventing charge trapping
by the hydroxyl groups of PVA Improvedmvalues have been observed for other bilayer PVA
dielectrics due to the reduction of charge trapping atstrmiconductor/dielectric interfa¢eln
the literature, OTFTs prepared fromS¥CNTS in combination with a polymer dielectric have
reporteden values between 1 10 cn?/Vs. However, in all these reports theSW/CNTs were
deposited using aerosol primg techniques, resulting in a much denser network-&\VEENTSs
and, therefore, greater.>®>® AFM images revealed that our drepst methodology resulted in
lower scSWCNT network densitied={gure 3.7 andFigure 3.18 in the supportingnformation)

and therefore lower averaggevalues.
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Figure 3.6. Box plots of theen, VT, lonofandH for all fabricated PVA and PVA/TPCL OTFTs.
The rectangle represents the interquartile range,itlied | i ne s represent
percentile and the circles represent the minimum and maximum values, while the horizontal line

and triangle within the box represents the median and mean, respectively.

The PVAC/TPCL OTFTs also had dramatically redudédwith less variation between
devices Figure 3.6B). The reduction in hysteresis is most likely due to the TPCL layer
preventing the hydroxyl groups from interacting with thgemiconductor at the
semiconductor/diectric interfaceand trapping chargés>®The TPCL layer also reduces the
guantity of moisture absorbed by the PA/#m in the ambient environment. Both these factors
help reduce the hysteresis and device to device variance. A significant improvanibat
averagé on/oif ratio for PVAJ/TPCL (1¢) compared with PVA (10?) was also observed. These
findings are in agreement with literature, where the use of &ldiglectric material between
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PVA and the semiconductor reduces leakage currentgvgndves device performanéé? The
improved insulating properties of the TPCL layer also reduces thstatff current of the
fabricated OTFTSs, resulting in reduced power consumption in the off state. A minor shift in the
averageVr was observed for OTKIprepared with the bilayer dielectric compared to neatd?VA
(-1.15 V and 0.42 V respectively), indicatingr was still dominated by théigh-k PVA.
Similarly, negative shifts in threshold voltage have been reported in literature for PVA/PMMA
bilayer deviceg! Importantly, the incorporation of the TPCL layer above R\&#so resulted in
improved reproducibility, as indicated by the lower variamcdata values that were measured

for all OTFT parameters shown kigure 3.6. Further, the TPCL film leds to a decrease in the
surface roughness at the OSC/dielectric interface. For the samples fabricated witthmd 2mg
TPCL solution the RMS surface rdugess decreased to 2.50 nm from 3.12 nm for neatcPVA
(Figure 3.3). A lower surface roughness is beneficial as increases in surface roughness have been
shown to decrease the performance eS¥¢CNTs>’ Our novel bilayer architecture enables the

use of thehigh-k PVAc layer for low voltage operation, while the TPCL layer improves the
semiconductor/dielectric interface, stabilizing the devices and enhancing the performance of the
fabricated OTFTs.

Figure 3.7. AFM heiglt profiles demonstrating sSWCNTs network density on (A) PVAC, (B)
PVAC/TPCL and (C) SiO2 dielectrics. The white scale bar in the lower right corner represents 1

gm.

75



PhDThesig; Mathieu Tousignant University of Ottawa

3.4Conclusion

PVAc is aninexpensive, accessible synthetic polymer blend thatvera promising
green polymer dielectric candidate material. However, it has yet to see widespread adoption due
to devices suffering from large hysteresis, leakage currents, and moisture sensitivity. We have
shown here that the facile addition of a theifyna&rosslinked TPCL layer on top of PVA
enables thefabrication of a novel, orthogonally processable, and environmentally friendly
bilayer dielectricPreviously, PCL has seen limited incorporation into dielectric applications due
to its poor thermal stdily. TGA experiments demonstrated that incorporation of a thermally
crosslinkable toluene diisocyanate unit dramatically improves the thermal stability of PCL,
while simultaneously forming a stable, thin hydrophobic barabove PVA. This novel
PVAC/TPCL bilayer dielectric showed a significant reduction in moisture sensitivity while
maintaining most of the favorable dielectric properties of thé-kiVAc. OTFTs fabricated
with PVAC/TPCL demonstrated improvexh, increasedonsor, reducedH, andlower device to
device variance when compared with OTFTs fabricated using a monolayes éH§lActric.
Furthermore, the PVATPCL bilayer dielectric facilitates the operation ofS&/CNT OTFT
devices at voltages 6 times lower when compared to a tradiG@aldielectric. These factors
make the PVA/TPCL bilayer dielectric a viable option asinexpensive, green, low operating

voltage dielectric for disposable electronic applications such as smart packaging.

3.5Experimental

PCL, My = 80,000 Da, PCL @i (Myw = 2,000 Da), PVA, M =31,000i 50,000 Da; 98
99% hydrolyzed and tolyler2 4-diisocyanate (95%) were purchased from Sigiidrich. 2 wt
% aqueous dispersion of CNCs was donated by FP Innovations. Gold (Au, 99.99%) and
chromiumcoated tungsten rod€r) were purchased from Angstrom Engineering-diced (1
in?) glass substrates were purchased from University Wafers, and 15 x 2Quartz coated
glass substrates were purchased from Ossila Limited. Chloroform, dichloromethane, and
petroleum ether were obtained from Fischer, with all other solvents and reagents purchased from
Caledon Chemicals. TPCL structure and purity was analyzed wan Agilent Technologies

Cary 630 FTIR spectrometer and a Bruker 400 MHz NMR spectrometer.
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3.5.1TPCL synthesis

The synthesis of difunctionalized diisocyanate polycaprolactone was conducted as
described by Prisco et #.Polycaprolactone diol (PCL,.®8 g, 0.5 mmol) was dissolved in
chloroform (10 mL) and placed under nitrogen atmosphere. Tokgghdiisocyanate (0.97 g,
5.6 mmol), dissolved in chloroform (3 mL), was added to the PCL solution. The reaction mixture
was refluxed at 65 °C for 5 hourBhe chloroform was evaporated under reduced pressure, and
the obtained viscous oil was washed three times with petroleum ether. The product was dissolved
in dichloromethane (2 mL) and precipitated in petroleum ether (50 mL). The precipitation was
repeatedwice. The product (0.9 g) was obtained as a viscous oil, which wasinltieduo *H-
NMR (400 MHz. CDC}) : 1.30, 1. 32D),2.246CHs) ;1. B 431} 3.881A@H
4. 06 O ¢CH 6. 56, 6-H,arém) ppmnAIR: 1220 (BN),(1%553 (NH), 1724
(C=0), and 2270 (N=C=0) cf

3.5.2Preparation of dielectric and semiconductor materials

PVAc dispersions were prepared in ambient conditions following previously reported
procedure¥, with a final concentration of 80 mg/ml PVA and 0.75 wt % CNCs. Briefly, 320 mg
of PVA was dissolved in 2400 pL of distilled water at 90 °C and filtered using a 0.45 um filter,
after which 1650 pL of a 2 wt % dispersion of CNCs in water was added. THQioss in
anhydrous toluene were prepared at concentrations of 10, 4 and 2 mg/ml in a Hilieden
glovebox. PCL 80K MW was dissolved at 35 mg/ml. PCL was weighed under ambient

environment and dissolved in toluene.

Ultrapuresemiconductingenriched tpersions of SSWNTs were prepared withRCF
polymer) in toluene following a previously reported procedtiféhe synthesis of PCRVp = 65
kDa, n = 2.7) has previously been reporttdwith dispersions prepared using plasma grown
SWCNTs (Batch: RNB78120, diameter: 0.9 1.5 nm) purchased from Raymor Nanolntegris.
The PCFSWCNT dispersion was not filtered to remove excess polymer prior to fabricating
OTFT devices? with concentration of SSWCNTs adjusted so that the peak at 937 nm had an

absorbancealue of 2.0 a.uKigure 3.10,in the supporting informatign

3.5.3Thin film fabrication and characterization
A Laurell WS65023 spin coater was used to deposit the P\AAd PCL films. A
specialty coating systems G8Pspin coater was used ftieposit the TPCL films. PVA
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PVAC/TPCL, andPVAC/PCL films were deposited on 13glass substrates. The substrates were
cleaned in a bath sonicator for 5 minutes using detergent, distilled water, acetone, and methanol,
sequentially. The PVAfilms were eposited by spin coating (200 pL) at 30G#n for 90 s

under ambient conditions, then annealed under vacuum at 150 °C for 1h to remove excess
moisture. PCL layers were deposited (200 pL) at 2@00 for 90 s under ambient conditions.
TPCL layers were deposited (200 pL) at 20@0n for 60 s in an inert environment, then
annealed for 15 minutes at 200 °C under vacuum to thermally crosslink the TPCL to the PVA

film.

Water contact angle measurementseanscquired using a VSA Optima goniometer with a
1 pyL drop size. The measurements were repeated after rinsing the films with toluene for 10
seconds and drying the films with nitrogen. AFM was used to determine the surface roughness of
the films at variousoncentrations and determine the network density of singleed carbon

nanotubes on the fabricated OTFTSs.

TGA measurements were performed on R\&AdPVAC/TPCL using a Mettler Toledo
TGA/DSCA 3+. An alumina sample holder was used to heat the sampleatd af 10 °C/min.
Heat and hold measurements were also performed heating at 10 °C /min and holding the

temperature at 200 °C for 260 min.

A Laxco LMC4MT7 microscope was used to image #éAc, PCL and PVA /TPCL

films with a 10x optical zoom.

3.5.4Device fabrication and characterization

MIM capacitors were fabricated on cleaned Agiass substrates. The bottom electrodes,
5 nm of Cr (0.5 A/s) followed by 50 nm of Au (1 A/s), were deposited through a shadow mask
using PVD. The PVAand PVA/TPCL dispersions were spun onto the patterned substrate using
the conditions described in the previous secthext, the top electrode (50 nm Al A/s) was
deposited onto the polymer films using PVD and a shadow mask. This yielded 10 individual
MIM capecitors with areas ranging from 0.36 2.88 mni. The MIM capacitors were
characterized through electrochemical impedance spectroscopyausiteghrom PGSTAT204

using an AC amplitude of 10 mV, between the frequencies éf 10° Hz and under ambient
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condifons. Film thicknesses were measured through profilometry using a Bruker Dektak XT

profilometer.

BGTC OTFTs were fabricated on 15 mm x 20 mm quartz coated glass substrates. The
substrates were cleaned through sequential sonication in detergent, disitéedacetone, and
methanol, then dried and the gate electrode (5 nm Cr and 50 nm Au, same deposition rates as
stated above) were deposited through a shadow mask using PVD. Polymer dielectric films were
spun onto the surface using the same procedureiltledcin the fabrication of the MIM
capacitors. The PCEWCNT di spersion was sonicated for 1
of the dispersion onto the polymer dielectric in the regions where the transistor channels would
be located using a custom 3D ped holder. The entire chip was rinsed with 1 mL of toluene at
a 45A angle to rinse off unbound pol ymer, dri
SWCNT was deposited in the same locations. The entire chip was rinsed with 2 mL of toluene in
1 mL increments (at a 45° angle), drying with nitrogen after each rinse, and then annealed in air
at 200°C for 1h3° Sourcedrain electrodes (50 nm of Au) were deposited using a shadow mask
to yield 20 BGTC OTFTs per chie(= 30 Weem,1 000 €& m) .icesGvera alsoo | de
prepared on Si wafers (15 mm x 20 mm) with 210 nm thermai Bi2r. The Si/Si@ chips
were cleaned through sequential 5 min bath sonication with detergent, distill water, acetone, and
methanol, then plasma treated for 15 min. The chips were rinsed sequentially with water and
isopropyl alcohol, dried, and then submerged in a 1 % atidtachlorosilane solution in toluene
and heated to 70 °C overnight. The silareated wafers were then rinsed with toluene and dried
in a vacuum oven at 70 °C for 1 hr. The PEWCNT semiconducting layer and Au source

drain electrodes were then depedifollowing the procedures previously discussed.

A Keithley 2614B with custom LabVIEW software was used to characterize the electrical
properties of the OTFTs. The OTFTs were characterized using a ehatlhnprobe station
(oesProbe A10000P290) from Etment Instrumentation Inc. & Kreus Design Inc. All
measurements were performed under ambient conditions, with seven transfer curves (linear
regime) collected for each transistor. Tegwas calculated using the following equation:

w' 0

0 =~
0

wooooT Onod
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wherelL is the channel lengthyV is the channel widtrgn is the hole fieldeffect mobility, Ci is
the dielectric capacitance densiwy is the threshold voltage, anp and Vgs are the source

drain and gatsource voltages, respectively. The valueCohad to be adjusted after electrical

characterization of the OTFTs, using profilometry to determine the true thickness of the polymer

films. en andVt were calculated from the folwing equations:

‘ 0 Q0 O rog
O6n M ke
W W wQe o Ql w-%—r]o O no®

while H was the absolute difference between the forward and reverse Swegues.lon/off

were calculated using the current at the maximum voltdge=-5 V for polymer dielectrics;

30 V for Si®) and the minimum recorded current. At least 20 MIM capacitors and 40 OTFTs

were characterized for each condition.
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3.7 Supporting Information
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Figure 3.8. FT-IR spectra of polycaprolactone diol (PCL, blue) dalylene?2,4-diisocyanate

difunctionalized polycaprolactone (TPCL, green).
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Figure 3.9. 1H-NMR spectra of polycaprolactone diol (PCL, top) and toly2pediisocyanate

difunctionalizedpolycaprolactone (TPCL, bottom).
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Figure 3.10. UV-Vis absorbance spectrum of S22 peaks for S@FCNT dispersion in toluene
(with excess unbound polymer) used to prepare OTFTs.
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Figure 3.11. Structure of the PCF polymer used to sort th&BW(CNTS.
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Figure 3.12. Microscope images (10x magnification) 80 kDa PCL films (no crosslinker)
deposited on top of a PVAC film, before (A) and after (B) annealing for 1h at 100 °C, with
corresponding film height (as determined from optical profilometry) beside the images.
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