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Abstract

Incorporating nanoparticles within a polymer to noye the mobility of the film
is one promising way of creating organic thin filmansistors (OTFTs) with large
mobilities that could be applicable in real worlgbications. Carbon nanotubes (CNTSs)
and graphene nanoplatelets (GNPs) are extensiuaiyed for this application. In order
to overcome their tendency to aggregate, a methiodréating a stable dispersion within
both the solution phase and the film is neededretd@ easy method is established for
creating a stable dispersion of CNTs or GNPs withpolymer solution which results in

excellent OTFT mobility.

A non-percolating network of non-covalently functatized single walled carbon
nanotubes was embedded within poly[5,5-bis(3-dgt2ethienyl)-2,2’bithiophene]
(PQT-12) thin films for the purpose of enhancingldi effect mobility in thin film
transistors. The host polymer was used to stabtlize nanotubes in suspension by
orbital overlap caused by simple application ofadonication. The stable nanotube
suspension was cast into two different device #&chires both with excellent mobilities
and on/off ratios. The effect of nanotube content molymer interaction within
suspension, film morphology and electrical progsrtare discussed. A CNT nano-
composite OTFT with enhanced mobility was alsoeigstor applications in vapour

sensing.



A method is also presented for the creation of lyggap nano-platelets (GNPs) for
implementation in nano-composite films. Heat treatbof expandable graphite within a
vacuum evaporation chamber yielded chemically pGfdPs of a few nanometer
thickness. Exfoliating expandable graphite withbeat treatment resulted in even higher
concentrations but chemically impure GNPs. The nate/as non-covalently stabilized
with PQT-12 in a similar method to CNTs and usedciteate OTFTs with enhanced
mobility. The effect of heat treatment parametand axfoliation conditions on GNP
thickness, size and chemical purity are discusasdyell as effect of GNP content on

mobility and on/off ratio.
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Chapter 1

Introduction

1.1 Background on organic thin film transistors

The advancement in electronics and technologybkas unparalleled within the
last few decades due to the continuous improvewfehie transistor. The transistor is the
fundamental building block of any computational idev The continuous miniaturization
and improvement on computing devices has arisen thastic advances in transistor
technology. While these advances have yielded difgiesmall and fast switches, they
also have resulted in high costs. This is due nbt  the relatively high cost of
inorganic semiconductor material, but also duédé&very expensive and intricate
fabrication techniques that are required, sucHemnaooms. As a result of this high
cost many potential applications for applying tiatts's, such as security features for
disposable items are not considered economicallsithée by industry. Another limitation
to inorganic transistors is the durability of theaf product. The main semiconducting
component of traditional transistors is silicon iethis very brittle both in the amorphous
or single crystal phase. This material flaw protsiliis use in flexible and lightweight
displays.

Over the past few years a great deal of reseaslivéen undertaken to overcome
these restrictions and develop organic thin filangistors. While the name incorporates
the word organic, these devices usually only takeatage of an organic semiconductor

layer to replace the traditional inorganic actiagdrs. While not thoroughly
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implemented, there are examples of fully orgaraagistors where the conductors and
dielectric layers are both organic as well. Themzdvantage of this organic
semiconducting layer is the reduction in processivgjs. Another potential advantage is
the possibility to allow for flexible and lightwdigdevices. A large number of organic
semiconductor materials are solution processalite techniques such as spray coating,
spin coating, or inkjet printifgThese techniques are inexpensive, can facilitditéo
roll processing for large device output, and cacdrapleted in atmospheric conditions
which remove the need for expensive clean roomse@me layer has been formed, very
little pot treatment is required, usually only véow temperature annealing.

While the semiconducting layer of organic thimfitransistors (OTFTs) might be
a different material, the transistor architectund aperation remains very similar to that
of inorganic transistors. There are three majorentcomponents which are the
conductors (source, drain and gate), the dieteotdterial or insulator which electrically
separates the device, and the semiconductor niatseld In the off state the
semiconductor acts as an insulator prohibitingtedes or holes from moving from the
source to the drain. In the on state, the semiattoddreely permits the flow of charge,
allowing current to flow and opening the circuib @rn a thin film transistor (TFT) on,
voltage is applied across the dielectric layer leefvthe source and the gate electrodes.
Because the two are not electrically connectedextre field is created. This electric
field helps promote charge carriers in the semiootat layer from their rest energy
level. In the case of a p-type semiconductor, loola transport layer, a negative gate

voltage would be applied. This would create an aedation of positive charge at the



M.A.Sc. Thesis|Cameron Derry|McMaster UniversityiMials Science and Engineering

dielectric/organic interface, called the conducthannel. The formation of the
conductive channel allows holes to be injected ftbensource electrode into the

semiconductor causing current to flow.

Source Drain

Semiconductor

Dielectric

Figure1.1: TFT device cross section.

There are many different device architectures whathbe used in creating thin
film transistors. The most commonly found is bottgate - top contact in which the
source and drain electrodes are deposited on tthpafemiconducting layer. This is most
often utilized to take advantage of the increddatyooth dielectric surface to promote

self-organization and higher molecular orderinghef semiconducting layer.

When analyzing a thin film transistor there are ynparameters which are
considered. Two are generally thought to be thet imggortant and are used as the
benchmark when characterizing the electrical peréorce. The first parameter is called
the charge carrier mobilitylf which is the average drift velocity of a chargerer (hole
or electron) through the conduction channel frora electrode to the next under the
application of an external electric field. Thiswalessentially characterizes how fast the
transistor operates and is a good indicator ifdénce will be able to perform at a high

level. Traditional inorganic thin film transistdogased on amorphous silicon have a
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mobility value close to 1 cffVs 2 The other parameter used to benchmark transistor
devices is the on/off current ratio. This is theoraf current extracted from the device
both in the off state when no electric field is kgxgh, and in the on state. A typical on/off
current ratio for inorganic amorphous silicon tfilm transistors is 1¥. When creating

a OTFT device the aim is to obtain mobility andafhratio values as large as possible.

While organic thin film transistors share the sataeice architecture and same
electrical operation as that of inorganic transstthe way in which the semiconductor
transports charge is quite different for organim®enductors. In traditional inorganic
semiconductors an electron is promoted from thened band to the conduction band or
a to a donor/acceptor level, overcoming the bamd §he conduction occurs either
through the transport of promoted electron, omtteeement of the left behind hole. For
organic semiconductors, electrons or holes ‘hapnfiar orbital on one chain to the
next. In order to maximize this charge transport tlemeemany different parameters to

consider to obtain the highest mobility and onfaffo during fabrication.

The first parameter is electrical compatibilityween the various layers. One
must ensure the energy levels of the electroddt@demiconducting layers are
relatively close. If the gap between those two gynégvels is too large there would be a
considerably large energy barrier for charges &ravme before being injected into the
semiconducting layer. This can be achieved eitir@ugh different material selection of
the electrode metal, or through chemical functiadion or treatment of the electrode

surface to shift its energy levél
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Secondly, the molecular organization of the sendoeting layer must be
maximized to ensure optimal charge transport. Astioeed above, charge transport
occurs via hopping from one delocalizedrbital to the next. Improved molecular
ordering through molecular design, improved salfrahent through surface
modification, and annealing procedures all helpribance orbital overlap and improve

charge hopping®*

Thirdly, the dielectric material needs to be opted to provide the maximum
capacitance when a gate voltage is applied. Thestagay to achieve this is by choosing
a material with a very large dielectric constantiigh dielectric constant ensures a large
capacitance. Another way is to produce a thin digkelayer. The thinner the dielectric
layer, the less voltage required to create anr&deald to turn the device on. If utilizing
an organic dielectric layer, it is imperative tesere the film is uniform and smooth, so
that no leakage can occur through thin regionsoteshleft within. Dielectric layers can
also be optimized to help promote self-organizatibthe semiconducting layer

deposited on top.

Finally, the dimensions of the device play a largle in optimizing the OTFT
performance. Reducing the length between sourceliaid electrodes will result in
higher mobility values. With a smaller device, thare fewer chances of defects or
amorphous regions inhibiting charge flow, Additigneeducing the electrode distance

reduces the distance the charge carrier must travel
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1.2 Materialsfor organic thin film transistors

1.2.1 Organic Semiconducting M aterials

Although not a new discovery, only recent reseamnatrganic conductors and
semiconductors has yielded devices with high enqegformance to be utilized in real
world devices.

Organic semiconductors can be broadly classifieal two groups; small
molecules based on aromatic rings, and conjugaibaners. The mechanism of charge
transport is based on the delocalization of elasttbroughr orbital overlap along the
molecular backbone. Small molecules are uniquieir gbility to form almost
completely crystalline films resulting in very higholecular order. This high degree of
crystallinity arises from the fabrication methocekdgo create the film as well as the
material properties themselves. Small moleculed imeOTFT applications are often
insoluble, so the low cost fabrication routes kpén coating are not usually applicable.
Instead, they are usually vacuum deposited reguittimigh quality crystalline films. One
of the more popular and successful small molectgardc semiconductors is pentacene.
Due to the high quality of the film and high motyilof the material, pentacene transistors
have higher mobility than the amorphous silicorrgamic standard. Mobilities for
pentacene have reached 3*8rs, which is three times larger than that of arhois
silicon, and on/off ratios over 16*** However, due to the high degree of conjugatiah an
low ionization potential, pentacene quite readitydzes in ambient conditions which
quickly degrades the device performance. A largehpa research has been to formulate

soluble precursors which can result in a pentafienefter post fabrication procedures.
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Figure 1.2: Molecular structure of pentacene.

The second general type of organic semiconduced in TFTs are conjugated
polymers. These usually exhibit better environmiesttbility and tunable electrical
properties due to specifically designedonjugation length, in addition to better
solubility due to the incorporation of side chaimhis type of semiconducting material
can utilize solution processable methods for cngademiconductor films, such as spin
coating. Solution processability is a clear advgataf OTFTs compared to inorganic
devices. However, this cheaper fabrication metregpled with complicated molecules
results in poorer molecular order within a finistigaah. As such, polymeric organic
semiconductor layers are almost always pooreraatetal performance compared to
small molecule films. One of the most widely resbad and available polymeric
semiconductors is poly(3-hexylthiophene) (P3HT)HPZan obtain a mobility value of
10° cnf/Vs for an un-annealed film on a plain substratewelver, if processing
conditions are optimized, such as the dielectritase has been modified to promote
molecular self-organization*®and the film has been annealed to promote molecula
ordering, then mobility up to 0.1 éiv's can be achieved. Even at the maximum
obtainable value, it can be seen that polymerienas are poorer semiconductors from

an electrical point of view, but better for statyiland processing than small molecules
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Figure 1.3: Chemical structure of polymeric semiconductor P3Hit) and PQT-12
(right)

The P3HT example also shows how even the sameiaiatan have drastically
different mobility values based on the fabricatocedures. Not only is-conjugation
important along the main chain, but regioregulasityhe side chains and narrow
molecular weight distribution all help improve thr@al mobility by improving
crystalinity and reducing the film band dapAs stated above, the charge transport
between molecules occurs via ‘hopping’, so redutiregspacing between molecules
through improved crystallinity is essential. Onetinoel of achieving this is through
surface modification of the substrate to promotigéeon’ orientation. Additionally,
designing the molecule with regioregularity willlpénterdigitation of molecules and
promote lamellar ordering.

Photoinduced oxidative degradation is a problemfdres both polymeric and
small molecule organic semiconductive materialsefibance the electrical transport
when activated, the extent of conjugation, or htogely packed the orbitals are within
the material, is increased. This large amount afuggation also produces a higher energy
level and smaller band gap, which gives the mdtarigetter mobility but easier to be
oxidized and degraded under UV light. This is wagioregular P3HT has poor stability,
as itst conjugation is extensive and uninterrupted by stikEn distortion or axial torsion

8
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due to the long chain length. To counter this éffsicle chains are often introduced to
improve solubility and distort this conjugationgsltly. One prominent example of this is
with the material poly(3;3didodecyl quaterthiophene) (PQT-12), which hasilsitizing
side chains on the first and fourth thiophene fffgsThis molecule leaves two
thiophenes without side chains, which introduceghstorsion to the backbone. This
disrupts the conjugation slightly, creating a largend gap than other thiophenes making
it very stable in ambient conditions while stilMrag high mobility. PQT-12
semiconductors have a mobility within the rang€.6f7 to 0.18 cffiVs and are very
stable in ambient conditions.

1.2.2 Dielectric M aterials

While not as extensively researched, the dieleataterial is crucial to the overall
performance of the organic thin film transistdie dielectric layer may be most crucial
to the devices success since it electrically irtesléhe gate and source electrodes. It is
obvious to assume that a good dielectric matehialisl have a high dielectric constant.
Additionally, it should have a low trapping denssty that charges are free to move along
the dielectric surface within the semiconduér This requires low surface energy and
low polarity at the surface. Secondly, the dieledayer must be able to be fabricated so
very smooth surfaces are produced. Especiallygrctmtact devices, the surface
roughness of the dielectric layer will greatly inspthe molecular ordering of the
semiconductor. If the surface is very rough or @mevnolecules will not be able to
preferentially orient into lamellar structures atefects of crystal domains will be

introduced. These defects could act as chargeelsor traps, reducing the overall
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performance of the device. Additionally, when tle¥ide is turned on the charge
transport occurs within the area closest to thiediec and semiconductor interface,
where the conduction channel occurs. This condnahannel is usually very small, on
the order of a few nanometers or less dependirfgpenmuch gate voltage is applied.
Having a surface roughness of even a few nanometarkl interrupt the smooth narrow
conduction channel, and require a much larger riddeld to create a conduction
channel to overcome tAfs This would be detrimental to the low cost, lowtage
applications OTFTs are aimed for.

Dielectric materials can be grouped into two nategories; inorganic and
organic. Common inorganic dielectrics are silicaoxale (SiQ) and silicon nitride
(SiN), both of which are used in a test devicefaiheavily n-doped silicon wafer acting
as the gate electrode. These materials come froestablished industry, with these
dielectrics being used for inorganic thin film tsgstors and can be repeatedly created
with very precise thicknesses. These are useckitetiting of new organic materials
because the precision they can achieve in both tmess and thickness reduces any
variability between measurements. Unfortunatelytimomganic dielectrics are a form of
brittle oxide, and they are created using very azpe and complicated procedures like
physical vapour deposition and chemical vapour di¢ipn. To take advantage of the
solution processing methods, polymeric dielectniage been utilized. Polymeric
materials are usually insulating and have a laayelgap which makes them good
candidates for dielectric materials. Defect frémdiwith thicknesses down to a few

dozen nanometers can be created very easily usingio® process techniques such as
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spin coating. Electrophoresis or in situ polymei@acan also be employed to create
very smooth films with very small thicknesses. Epéers of common polymer dielectric
materials are poly(methyl methacyldtepolyimide”, poly(vinyl alcoholf®

1.2.3 Conductive M aterials

One of the major material challenges with orgahio film transistors is the
design and implementation of conductive materi&lsignificant amount of research has
been devoted to this topic in an effort to contintiBzing easy, inexpensive fabrication
methods while still obtaining excellent device pedpes. This intensive research is due to
the fact that the source, drain, and gate not detgrmine whether the device will operate
and turn on, but also the overall device performeasioce these materials connect the
transistor to the rest of the device componentsti@design of a successful conductor
for OTFT application, a few material parametersesmsential. One important parameter
for conductors in OTFTs is electrical compatibiltith the organic semiconducting
layer. Specifically this relates to an optimizatmmmatching of the work functions of the
two materials. As a result of this, gold is oftérosen as the electrode metal for organic
devices, as it has a work function (5.1 eV) vepselto the highest occupied molecular
orbital level of many conjugated polymers (~5 £VJFhe small difference in work
functions results in a very small energy gap betwibe two materials when electrically
connected, meaning there is very little barrieodercome for charge to be injected into
or removed from the semiconducting material. Ibaductive material cannot be chosen
with a work function similar to the energy leveltbe semiconductor, surface treatments

can be utilized to lower the work function of tHeatrode to limit the detrimental effect
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of contact resistance. Once the material chosdaamed to have a sufficiently aligned
work function, the next parameter to consider esittherent conductivity of the material.
The main function of the conductor is to transpbirge. As such, the conductivity value
of the material chosen should be as high as pesstbk this reason the natural choice for
OTFT conductors are metals. With superb condugtixaiues metals such as gold,
aluminum and copper are already widely used iretbetronics industry. Most metal
electrodes are deposited using metal evaporatidarurigh vacuum. This produces very
well defined, high resolution features by utiliziagtablished shadow mask technologies.
Unfortunately this procedure is batch orientedeticonsuming, and quite cost intensive
as both the evaporation procedure and metal asemahly expensive. A challenge when
dealing with the utilization of metals in organievices is to keep the cost down, and try
to incorporate easier fabrication methods. Thathg recent research interests in metal
electrodes for organics have been focused on tfiereint areas; the utilization of metal
precursors consisting of metal salts in solutionlitain a continuous metal electrode
after printing by reduction and anneafihg, and metal nanoparticle suspensions which
form a continuous electrode after printing andesing® ?°. These two methods contain
the metal in a solution or suspension phase, atigior solution processing of both the
conductor and semiconductor materials. This hédpSOTFT device remain relatively
inexpensive, one of the main proposed advantagesyahic over inorganic TFTs. While
the solution processing methods do not producelsdnds with properties that are
exactly the same as the parent metal, they areignif for organic devices. Electrodes

fabricated from metal nanoparticles require antamthl sintering step to render the
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printed electrodes conductive. This step couldigasiincorporated in a roll to roll
manufacturing set up, as the sintering temperasugeite low, usually 120 — 260
dependent on the size and capping agents of thed matoparticles. Using this method
for producing conductors, electrodes can be printéfa reasonable resolution and high
conductivities. Electrodes created from gold namiga suspensions can obtain
conductivities in the range of 4 - 10 x°BIm, and silver nanoparticle suspensions can
obtain conductivities in the range of 2 — 4 X 8im.

While most OTFT devices use metals, either vacdaposited or solution
processed for their conductive components, ther@amerous organic conductors that
could be utilized for the application. Possibly thest widely used material is Poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate BDOT:PSS. PEDOT:PSSis a
commonly used, transparent conductor material @otrductivity up to 1&S/n°. While
this value is acceptable for organic conductoris, still quite low compared to the
solution processed metal electrodes. As such, PEPEH is usually used only when a
transparent electrode is required, such as a catfooarganic photovoltaic solar cells.
1.3 Organic Composites

While the advances in organic semiconductors haea substantial, the value of
mobility in current devices is still quite low. Mowidely used polymeric materials have
mobilities in the range of 0.1 to 0.6 &ivis. Developments with new materials require
advanced chemical synthesis and the design okgntiew substances. One area of
research to improve mobility without synthesizireywomaterials is incorporating an

additive within the organic matrix. By adding a@ed component within the matrix, a
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material with the best properties of both materals be achieved. While there are many
examples of additives for organic semiconductoeda®mposites, carbon allotropes are
extremely popular and widely researched. The $usge of research into carbon
allotropes used as additives in organic compositesthe use of fullerenes and carbon
nanotubes (CNT) with P3HT in photovoltaic solals’eF’ The use of electron rich
carbon fullerene C60 as an acceptor within bulletmginction solar cells was an obvious
choice due to its electrical properties, and theeetcould be distributed due to its size.
With C60 being successful as an additive in phdtaiocells, the next logical allotrope
to study was carbon nanotubes. Due to the one dioesl geometry of CNTs, they were
not as effective in solar cells, but applicatiom®rganic semiconductors for TFT
applications seemed promisifig.

The inherent electrical properties of a CNT areegtional with incredibly high
conductivity and mobility values. CNTs have extetyrhigh charge transport properties
along the length of the tube, as well as low baayal @nd very low threshold voltage for
semiconducting CNTs. Unlike multi walled carbon ottbes (MWCNT) where each
particle is conductive, single walled CNT fabricatimethods create both semiconducting
and conducting tubes, usually close to the amott3semiconductiny Because of
this, CNTs cannot be used in transistors alonecandot make up the bulk of the film
without short circuiting the transistor, renderihgseless. For this reason unsorted
nanotubes must be embedded within a matrix in ecgavices.

As CNTs are entirely composed of carbon, theicteleal properties are a result of

the same phenomenon as that of organic semicondudtdocalization of electrons in
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overlappingr orbitals. The charge transport method is the saneell, occurring via
electrons or holes hopping from omerbital to the next. The similar charge transport
method and both materials having extengiwebitals are reasons why these materials are
compatible for organic composite devices. Thabitals of both materials can overlap
and lead to charge transfer without a significamitact resistance. The large surface area
to volume ratio of CNTs and the extensiveonjugation result in the strong tendency for
CNTs to aggregate into bundles. De-bundling the €MQuires significant energy and a
stabilizer is required to prevent re-aggregatidme $tabilizer is usually a functional
group covalently bonded to the outermost layehef@NT. This functionalization
interrupts the electron delocalization and provideharge trap site on the CNT surface,
resulting in lower overall electrical performafic@hese functional groups can also
introduce an energy barrier within CNT compositgsriberrupting the interaction
between CNT and the host matrix. This is also tougraphene sheets, which are
essentially single walled CNTs unwrapped to forana atom thick sheet. While
graphene is a two dimensional allotrope of carlom same extensive networkrof
orbitals are present on its surface. This leadseésame aggregation of particles, and the
large amount of energy needed to break up the gatge

CNTs and graphene interact with the host polymex stabilizer molecule viaa
orbital overlap method, enhancing the mobility of@TFT. The principal method by
which a high mobility additive enhances the mobpitit a composite OTFT is through a
reduction of the apparent channel length. Pladiegelectrodes closer together results in

a smaller distance for the charge to travel, prodphigher mobilities. Based on the
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mobility equation below it can be seen that redgtire distance between the electrodes

will result in improved mobility.

w
las = uCimr (Vgs = Vi)

Where W is channel width, L is channel lengtls I¥ gate voltage, ¥ is threshold

voltage, C is capacitance, angdis$ drain current. Unfortunately, depending onrtirethod

of fabrication there is a limit to how close yownaaliably place the electrodes.
Incorporating an additive within the polymer lagan shorten the channel length without
physically placing the electrodes closer. If thecalodes are placed 40 um apart, the
actual distance a charge has to travel within tignper is less than that, say 30 um. This
apparent channel reduction is proportional to thditave content, as the charge partially
transports through the high mobility additive.

Another method by which CNT and graphene enhdmeeverall TFT mobility is
by enhancing charge transfer through disordereidmegPolymeric thin films contain
regions of ordered crystallinity, and areas of disoed regions, for example amorphous
regions, between them. Disordered regions act anargy barrier which the charge must
overcome. Incorporating an additive within the nxatan reduce the effect of this barrier
by acting as a bridge through disordered regiaeen schematically in Figure ¥4 A
small amount of CNT or graphene additive can limk érdered region, improving the
overall mobility by eliminating the chance of chargavelling through a disordered
region. However, too much additive can limit thaspfor crystalline domains and
actually interrupt molecular ordering, causing mwdilm crystallinity and poor device
performance. Typically this does not occur becaakdively small amounts of CNTs

16



M.A.Sc. Thesis|Cameron Derry|McMaster UniversityiMials Science and Engineering

embedded within a film, between 10 and 20 wt%, Itesypercolation and TFT short

circuit.

Crystalline Domain

5 =

Figure 1.4: Schematic of CNTs acting as bridges between ctiystalomains.

An additional mechanism by which carbon allotropas increase overall
mobility is by decreasing the band gap of the dv&han. This helps reduce the energy
barrier between the electrode and semiconducter landing to better device
performanc&€. Most polymeric semiconductors have an energgllsghtly above that
of gold (-5 eV), and as such there is a small gnbggrier. Single walled carbon
nanotubes (SWCNTSs) have a work function of betw&eglV and -5.2 eV, placing them
between the semiconductor and the gold electrodmmposite of CNT as the additive
would have an overall film energy level slightlyder than the pure polymer, which
would reduce the energy barrier at the electrodel@mner the energy barrier for injecting

charge.
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A wide range of research has been conducted on @dRiposites based on CNT
and graphene additives. P3HT is widely used asidieix polymer because is has been
widely studied and is easy to fabricate. The mettfatispersing and stabilizing CNTs
and graphene varies dramatically, but most relgt@mical functionalization as the
means of dispersidt®. As such, when using CNTs, multi walled CNTs (MWE) are
used as the additive since the outer layer canmeaibnalized without interrupting the
orbitals and conjugation of the inner shell. Thigiot achievable in the case of graphene,
as there is only one sheet of carbon available.d¥ew utilization of a few stacked layers
of graphene called graphene nanoplatelets (GNPSAdaieve this same effect. For
MWCNTSs, the particles produced are 100% conduatihgh causes the additive content
in the film before percolation to be very low ftiese devices. In an effort to try and add
more CNTs within the film without causing percotetj single walled CNTs have been
studied as an additive since over 66% of the predunaterial is semiconducting.
However, these devices yield poor overall mob#itiiie to the deterioration of the

additives inherent electrical properties when fioralized.

1.4 Current Resear ch

While extensive research has been conducted ogrialatto improve the
performance of organic thin film transistors, therent generation of widely available
devices still falls short of the inorganic standafé@morphous silicon. Composite
materials have garnered recent interest for thidiggiion in the hopes that a material
with the best properties of both components canltrésa material with overall superior

performance. Extensive work has been conductedmpasites with carbon allotropes
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as the additive. Covalent functionalization isalguused to improve the solubility of the
CNTs and render them solution proccessable. Tiistionalization step is also present in
the newer brand of composites based on graphernge @Wemical modification creates
very well dispersed CNT suspensions, the modificatian introduce defects, and disrupt
the delocalization of electrons on the additivéate which inhibits the inherent
properties of the additive. Even with the improsetubility due to modification, devices
using carbon allotropes as a composite additivefganic semiconductors are still
inferior compared to inorganic devices. As an aléive of the chemical
functionalization, studies into the interactioncafbon allotropes and conjugated
polymers have resulted in stable dispersions ofvtleeusing the polymer as a stabilizer.
However, this method of stabilization has not b#moughly examined for applications
in organic electronic devices and as such its piaieior high performance organic
transistors has yet to be examined. The utilizatifomon-covalent functionalization of
carbon allotropes using conjugated polymers caedd ko a stable dispersion for use in
organic devices. With optimization of fabricatiortimods, and stabilizer/matrix
interactions, high performance organic electromieices could be fabricated without the
complicated step of functionalization needed.
1.5 Resear ch Objective

The implementation of carbon allotropes, mainlyTSNind graphene
nanoplateltes, to organic semiconductors to creatmmposite material for organic
devices has produced devices with improved perfoomavhen compared to the purely

organic material. However, these devices aremiibirer when compared to inorganic
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devices. While the methods of stabilizing the atipe dispersion using covalent
modification and the utilization in organic deviedrication is well understood and
studied, the alternative of using non-covalentratéons with conjugated molecules for
stabilization and incorporation in organic devicesot. While both methods are similar
in their aim of improving performance both by makchoice and proposed method of
device improvement, there are slight differenceglvimay result in better performance
from non-covalently functionalized additives.

The purpose of this thesis is to:

1) Determine a suitable method and material for stabg single walled CNTs
using non-covalent interactions between a conjugatdymer and the CNT
surface such that it can be incorporated into TEViaks.

2) Develop a method of implementing the stabilized Gh8persion into host
PQT-12 polymer solution and optimize fabricatinggmaeters such that TFT
performance is improved.

3) Once an optimized CNT composite film can be faleidapreliminarily
investigate the use for the application of chenste& vapour sensors.

4) Develop a novel method of graphene production,usedprevious
stabilization methods to incorporate in PQT-12 TFramproved device
performance.

By using non-covalent interactions between polythene and CNT and

graphene, the mobility of OTFTs can be enhancsgetd high performance

devices without using complicated functionalizatroathods.
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1.6 ThesisOutline

Five chapters are presented in this thesis. Bd@summary of these chapters.

Chapter one is an introduction to the research @freeganic thin film transistors
as well as organic composite semiconductor mageabrief introduction to organic
thin film transistors is presented, including devapplications, methods of fabrication,
and explanation of device operation. A review otenals incorporated in OTFTs is
presented; semiconductors, electrodes and diedentterials, including currently used
materials and their effect on the overall devicerapion. An overview of composites
used in OTFTs is also presented, both on the additiaterial properties and the method
of incorporation within a matrix, as well as theahanism of mobility improvement in
composite OTFTs. Finally, the research objectaresdefined and the outline of the
thesis is presented.

Chapter two presents a method for stabilizing ChJiag conjugated polymers
without covalent functionalization. The method anelchanism of creating a stable CNT
dispersion using various conjugated polymers isgted and compared to reports in
literature. The stable dispersions were added $o0 iaymer PQT-12 to determine which
produces the best mobility. The effect of CNT agdion film morphology, crystallinity,
and absorption are presented. With these parametdesstood, fabrication methods for
creating TFTs with improved mobilities are presdntesulting in devices with very
large mobilites close to the inorganic comparisons.

Chapter three presents the preliminary investigatiocCNT/PQT-12 films for use

in chemiresistive vapour sensors. The same CNT ositgfilms used in Chapter 2 were
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fabricated in a TFT architecture and tested forouasensing. The TFTs were exposed to
various vapours and their mobility and current geare analyzed to see if they are
sufficient for sensor application.

Chapter four presents a novel method for creatimbdaspersing graphene and
graphene nanoplatelets from expandable graphitenfmroved TFT devices. Multiple
methods for creating graphene and graphene naetgitatrom expandable graphite and
their optimization are presented. A novel methodxganding graphite was investigated
by exposing expandable graphite to high temperatutiee absence of air by using a
vacuum evaporation chamber. The resultant expamdeerial was dispersed in solvent
to incorporate in devices. Alternatively, expan@adplaphite was exfoliated directly to
graphene nanoplatelets by sonication in solventh Bbthese methods were compared to
natural graphite. The analysis of resultant matendth atomic force microscopy (AFM)
and scanning electron microscopy (SEM) for matetisensions and appearance, as well
as energy dispersive x-ray spectroscopy (EDX) f@naical purity are presented.

Finally, the graphene nanoplatelets were incorpdratith PQT-12 to create high
performance TFTs

Chapter five presents contributions of this thesisk to the field, as well as

recommendations for further research.
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Chapter 2
Enhancement of eectrical performance of polythiophene TFTs by addition of non-
functionalized single walled carbon nanotubes

2.1 Introduction

2.1.1 Background on OTFT

Organic electronic devices have made tremendagygss in the past decade due
to intense research on a wide variety of fieldshsas organic light emitting diodes
(OLEDSs), organic photovoltaic devices (OPVs) angloic thin film transistors (OTFTS).
OTFTs in particular have had vast improvementstdusdvancements in semiconductor
materials which approach the inorganic standardarobrphous silicoh 23 dielectric
materials which promote self assembly of the adkyer*®, and of printable, solution
processed inks for electrodes with conductivity rapphing bulk metals®** These
advances in materials have put the performanceT®fT® close to, or within the lower
end of the current inorganic TFTs. However, desggaificant advances in materials and
fabrication in past decades, the overall mobilitypd FTs needs to be further improved to
match that of inorganic TFTs for broad applications

The main advantage of OTFTs compared to the inacgatandard is the
simplicity and cost savings of fabrication by takiadvantage of numerous solution
processing technologies. To continue semiconduicbgrovement while utilizing the
simplicity of solution processing, composite matkrihave been recently studied, with

one of the most popular additives for composite ©I Being carbon nanotubes.
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2.1.2 Background on CNT based composites

Since their discovery two decades ago, carbontobae have been meticulously
studied for various applications due to their ebecel electrical and thermal
conductivity?, large aspect ratio, and remarkable mechanicehgtit®>. One of the
difficulties in working with carbon nanotubes (CNTarises from the large surface area
and low volume causing the material to stronglyraggte, making it difficult to attain
individual tubes in solutidft*® As such, the most promising application for CNVas
thought to be embedded within a host matrix, ugualpolymer, to form a composite
material. For OTFT applications, CNTs have been edddo various polymer
semiconductors in solution to form a composite filith the aim of enhancing the films
electrical properties due to the very high mobilggd low band gap of CNTs. As
mentioned in Chapter 1, many successful compokidéee been created with CNTs to
improve the electrical performance, but the ovenadlbility is still not substantial and
does not infringe on the inorganic standard of arhous silicoh’™°. Most research on
CNT composite OTFTs revolves around covalent modglifon of the CNTs to improve
their dispersion within a liquid, as well as prawidteric hindrance between particles to
avoid aggregatioii?’. These surface modifications provide good dispessibut slightly
deteriorate the electrical properties of the CNdv&lent modification usually causes this
deterioration by disrupting the delocalized elegsr@long the CNT outer surface, which
is the source of CNT conductivity. As such, funotibzation is almost exclusively done
on multi-walled CNTs so that the delocalizationedéctrons in the inner tubes is not

disrupted by the functional group on the outer tubeis leads to another problem as
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MWCNTSs are only available as conductive materiats, semiconductive, and that their
band gap is much larger and at a lower energy ttienof SWCNT. As such, research on
covalently functionalized MWCNTSs in composite filthas yet to be remarkable.

A second option in using single walled CNTs (SWQNiJas recently been
researched by utilizing non-covalent interactioe$ween conjugated polymers and the
electron rich CNT surface viar orbital overlap®>. This method does not interfere with
the electrical performance of CNTs, but does naivigle as good of a dispersion
compared to covalently modified CNTs, as some CMiay re-aggregate if there is not
sufficient stabilizer coverage.

2.1.3 Current Challengeswith CNT composites

In order for OTFTs to be used commercially in scapglications they need to
meet or surpass the electrical performance of oturieorganic devices. Composite
materials are one of the promising routes towarsl goal, but efforts thus far on CNT
composites fall just short of that range. This latiperformance may be due to several
factors such as difficulty in dispersing CNT andfidulty in pushing the CNT content
higher within the film. Firstly, the lack of soldiby of CNT in any solvent means the
material will aggregate unless stabilized. Curmnerethods used to counter this involve
chemically functionalizing the CNT, or using congiigd polymers to non-covalently
functionalize CNTs by utilizing-= interactions between the polymer and CNT backbone.
Both of these methods have different drawbacks theinon-covalent method has been
less studied for OTFT applications. Secondly, beeaof the high mobility of CNTs only

a small amount can be added within a film befoee@NTs touch and create a conductive
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pathway between the source and drain. This cahsedavice to permanently be left in
the on state, or short circuit. This percolation @NT usually occurs at very low
concentrations. This is why the addition of CNT sloet create as large of a performance
enhancement as hoped for, because the composfterpance will only be improved
proportional to the additive amount. If a stablemnsion of non-covalent functionalized
CNTs utilizing the full electrical performance dfet material were able to be embedded
within a film at a high concentration, the ovenalbbility might approach the range of
current inorganic standards.

2.1.4 Purpose of study

In this portion of the study the addition of CNWghin polythiophene thin films
without using covalent functionalization was invgated. The effect of nanotube content
on polymer interaction within the suspension, filmorphology and electrical properties
was examined. The goal of this investigation wasnprove the mobility of PQT-12
without sacrificing on/off ratio by using CNTs as additive.
2.2 Materialsand Methods

2.2.1 Surface modification

To enhance the overall mobility of polymeric TFEsibstrates are modified to
promote self assembly of the polymer moleculedatversion channel, or layer closest
to the dielectric surface. Following the procedestablished at Xerox, silicon wafers
were modified with octyltrichlorosilane (OTS-8) ftiris self assembly function. Heavily
n-doped silicon wafers with 200nm thermally growxide and polished surface layers

were used as received. The wafers were cut tbdishadow mask (1cm x 2cm) and then

31



M.A.Sc. Thesis|Cameron Derry|McMaster UniversityiMials Science and Engineering

cleaned in a solution of isopropyl alcohol (IPAy i minutes. The substrates were then
dried with compressed air and plasma treated ifoa?2 minutes. After plasma clean, the
substrates were rinsed with water, and again viath. I[After the cleaning procedure the
substrates were immersed in a solution of 3wt% @TiStoluene at 61C for 30 minutes.
After immersion, the substrates were again rinséth woluene and then IPA. After
modification, each substrate was tested for waiatact angle to ensure that modification
had occurred. Each new investigation was conducted batch of substrates from the
same modification procedure to reduce experimerdeahtion caused by difference on
degree of modification.

2.2.2PurePQT-120TFTs

All OTFT devices were based on PQT-12 as the mawmiconductor material.
This material was used as provided by the XeroxeReh Center of Canada without
further purification.  For reference comparisongQTP12 was diluted in ortho-
dichlorobenzene at 0.3 wt% and spun at 2500 rpn®®8-8 modified Si wafers with
200nm SiQ thermal grown oxide layer for 120 seconds. Affgnsoating the films were
dried in a vacuum oven for 30 minutes afGdollowed by an annealing in vacuum at
14@°C for 10 minutes.

2.2.3 Singlelayer CNT composite OTFTs

Single walled carbon nanotubes (BU-203, BuckyU®#&)e used without further
purification or separation. The method used forattng single layer CNT composite

films is shown schematically in Figure 2.1.
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Probe Sonicated

R

Spin Coating

Stabilized C‘DP(‘.IT Dispersion Pure PQT-12 PQT-CNT Mixture PQT-CNT Composite Film
0.1wi% PQT-12 )
Q 0.5 wi% in DCB 0.3 wi% PQT-12 1% to 15% CNT by weight
0.1wi% CNT 0.03 to 0.045 wt% CNT

Figure 2.1: Schematic of steps used in single layer compoiiteférmation

CNTs were added at 0.1 wt% to a solution of 0.1 WVAQT-12 in dichlorobenzne
to create a 1:1 by weight ratio. To create a stabkpension of CNTs the mixture was
probe sonicated at 50% power for 5 minutes (ColenBg 750W). In order to create
suspensions with varying degrees of CNT with resgec PQT-12, this stabilized
suspension was further added to another pure PQ3elition. The concentration of
PQT-12 for the final suspension was always kepd.atwt% and CNT concentration
ranged between 0.003 wt% to 0.045wt% (1% to 15%hef PQT-12 weight). The
stabilized CNT suspension was added to a 0.5 wt%-P®solution at various ratios to
obtain the final suspension. After the suspensias somplete it was bath sonicated for
30 minutes to ensure homogeneity and that any ggte were de-bundled. After
sonication the solution was spin coated at 2500 figpgni20 seconds on OTS-8 modified
Si wafers with 200 nm Sithermally grown oxide layer. The film was thenedriin a
vacuum oven at PC for 30 minutes, followed by annealing at 3@@or 10 minutes.

2.24Dual layer CNT composite OTFTs

The method used for creating single layer CNT aositp films is shown

schematically in Figure 2.2.
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Probe Sonicated

Spin Coated Spin Coated
—=> y_-\ | = !

First Layer Composite Film Pure PQT-12 Top layer of PQT-12

0.1 wt% PQT-12 20 to 33wt% CNT 0.3 wt% in DCB Bottom Composite Layer
0.02 to 0.033 wi% CNT

Stabilized CNT Suspension

Figure 2.2: Schematic of steps used in single layer compoiiteférmation

Single walled carbon nanotubes were dispersed0i avt% PQT-12 solution at
various polymer:CNT weight ratios. These solutiarese probe sonicated for 5 minutes
at 50% power to break up the CNT aggregates. Afbenication the solution was spin
coated at 1000 rpm for 120 seconds on OTS-8 madBiewafers with 200 nm SO
thermally grown oxide layer. After the first coaasvspun, the sample was dried in a
vacuum oven for 15 minutes at°@0 After the first drying step a 0.3 wt% pure PQZI-1
solution was spin coated at 2500 rpm for 120 ses@mdtop of the first layer. After the
second layer was coated, the sample was again idriegcuum at 7€ for 30 minutes,
then thermally annealed at £@for 10 miuntes.

2.2.5 Characterization

All OTFTs were electrically characterized usingKaithley Semiconductor
Characterization Systen (SCS-4200) with a 3 poiob@ station in ambient conditions
under UV protected lighting. Unless noted, all degi were characterized using
evaporated gold electrodes with 1 mm channel wadtti 90um channel length using a
shadow mask. Solution stability and concentrati@s characterized using a UV-Vis-

NIR spectrophotometer at a concentration of 0.0% \wblymer. Film morphology was
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characterized using X-Ray Diffraction (XRD) at XRCé&nd atomic force microscopy
(AFM) at McMasters CCEM.
2.3 Results and Discussion

During the course of this study many parameter® warestigated on how they
affected the electrical performance of composité&Qbased on PQT-12. These include
dispersion method, stabilization type, additiveteaty and device architecture. Below is
a discussion of how these parameters influencenttglity and on/off ratio of PQT-12

TFTs.

2.3.1 Dispersion method and Solution and Film Stability

2.3.1.1 Stability and analysis of bath sonication disper sion method

The first important attribute to create a composite for TFTs based on solution
processing is the stability of the composite susyenbefore film fabrication. To
characterize the extent of dispersion NIR-UV-Viedposcopy was used to observe any
change in the absorbance spectra of suspensiorfdrasd For the initial investigation
simple bath sonication was used as the dispersethad to create a stable CNT
suspension by utilizing-n interaction between PQT-12 and CNT to hinder re-
aggregation. Two different methods were utilize@ttempt to stabilize the CNTs within
dichlorobenzene (DCB) for device fabrication. Thstfwas to sonicate CNT in DCB at
0.1 wt% for 30 minutes without PQT-12 to stabiliadter this sonication, the suspension
was added to 0.3wt% PQT-12 solutions at variougmteito create from 1% up to 50%

CNT concentrations with respect to polymer. Afteg CNT suspension was mixed with

35



M.A.Sc. Thesis|Cameron Derry|McMaster UniversityiMials Science and Engineering

the PQT-12 polymer, it was further sonicated irhidat 30 minutes. Without the polymer
to stabilize the CNTSs, the additive quickly aggloated and settled out of the suspension
in a matter of hours. This method was not the rpaesttical from an engineering point of
view as the CNT suspension would have to be cootisly sonicated every time when a
device was to be made. The second method usedhitizt the CNTs was to add CNT
directly to 0.3wt% PQT-12 solutions and then sat@dar 30 minutes to stabilize in one
step. Qualitative investigations of the suspensgheaved no settlement of the CNT over
the course of days, which demonstrated that the-P®molecules were in fact
interacting with the CNTs and providing some sigbtb the suspension. However, upon
film formation it was evident that this was not ttese, as large agglomerates were
visible to the naked eye as spots or dots througtheufilm. A representative UV-Vis
spectrum of bath sonicated PQT-CNT suspensionbeaeen in Figure 2.3. The pure
PQT-12 spectra appeared as expected from literatittethe main peak close to 490 nm
and a secondary peak at 610 nm. This secondaryipealesult of PQT-12 molecules
self aggregating within solution due to the strefertron withdrawing nature of the DCB
solvent. This aggregation can be exploited to er€&QT-12 nanoparticles having
molecular ordering within the solution phase, whecinances crystallinity and thus
mobility within the film phase. This secondary pésiklestroyed within PQT-CNT
suspensions, which means the benefit of molecutisrimg is absent. Interesting to note
is that there seems to be a reverse correlatiaveleet CNT content and suppression of

the secondary peak.
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Figure 2.3: Normalized UV-Vis absorbance spectra for bath stet PQT-CNT
suspension at various PQT:CNT ratios. Solutionsewdduted from 0.3 wt% PQT-12 to
0.02wt% PQT-12 in DCB.

It would make sense that the higher CNT conterhiwisuspension would
suppress the PQT-12 self aggregation the mostjsathe CNT that causes the
interruption. One explanation for this fact is tha CNT does interrupt the molecular
ordering regardless of CNT concentration, but aleses PQT-12 aggregation at the
CNT wall at high enough concentration, counterimgnegative effect of molecular order
interruption. This explanation would take into asgbwhy such a high CNT content is
needed before the secondary peak absorbance appsdaat of the pure polymer. The
secondary peak suppression can be seen in Figur&te competing effects on the
secondary peak can be seen better here, as anya@hfion using bath sonication causes
the absorbance to initially decrease drasticalsynmfore CNT is added, the secondary
peak slowly increases, in correlation with CNT @t implying that adding more CNT
starts to improve the secondary absorbance batk itgoriginal. Unfortunately,
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between these competing effects, the benefit frddi Content is not enough to
overcome the deterioration and the secondary psakever recover to its original

position.

0 T T T T 1
0% 20% 40% 60% 80% 100%

CNT wt% (compared to PQT)

—o— After Prep == After 12 days

Figure 2.4: Plot of secondary peak absorbance compared to ©NfEwt within the
suspension. Taken from 0.02 wt% PQT-CNT UV-Vis datthe maximum absorbance of
the 610 nm secondary peak. Samples tested initifthy bath sonication and again 12

days later

It has been studied that PQT-12 will tend to gebatn temperature over time,
further increasing the secondary peak absorbane¢odncreased molecular ordering.
Figure 2.4also shows the secondary absorbance of the PQTg0bldension over time,
to show that the gelling of PQT-12 molecules stturs, and that it seems to be
independent of CNT content as the entire graphiftesl almost equally to a higher
absorbance. This demonstrates that given time? @12 molecules do not
preferentially gel at the CNT surface as hoped,iastdad gel within the bulk solution as

previously reported.
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The molecular ordering of PQT-12 molecules was migestigated in thin films
by using UV-Vis spectroscopy. These spectra deshow as drastic a deviance between
different CNT content compared to the solution U-Wvestigation. The pure PQT-12
peaks are the same as found in literature, and thefery little change with addition of
CNT content. The main peak shoulder at 585 nm dbasge with CNT addition in
Figure 2.5 A, following the same trend as seen satlution UV-Vis that lower CNT
content corresponds to the lowest absorbance.tinid can be easier seen in Figure 2.6.
This difference in absorbance is almost entireiyiglated when the sample is annealed
following the same procedure that would be usediéwice fabrication. These spectra
demonstrate that any difference in absorbance mvitie film is eliminated upon normal

processing procedure.
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Figure 2.5: UV-Vis of PQT-CNT films at various PQT-CNT ratidsilms were spin
coated at 2500 rpm from 0.3 wt% polymer soluti@). $pectra of film dried in vacuum.
(B) Spectra of film dried in vacuum, then anneaed40C for 10 minutes. Curves are,
from bottom to top: 10to1, 5tol, 2tol, 1tol.
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Figure 2.6: Plot of 585 nm shoulder absorbance as a functid@®NdF content in the film.
Taken from UV-Vis data for un-annealed PQT-CNT 8Ispun from 0.3 wt% polymer
suspensions
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To further understand how the CNT affects theiktalof PQT-12 suspensions
and films, X-Ray diffraction was performed on filmgh varying CNT content to
understand the relation between CNT content arstaliiye size and crystalline content.
Figure 2.7 shows the spectra for four differemh§ilranging in CNT from pure PQT-12 to
25 wt% CNT within the film. The spectra are stackegdhow comparison, as the peaks
are almost identical in each case. This is in ages with the UV-Vis data that there is
very little difference between films at any CNT direg after they are annealed. The
peaks for each sample are at the same positionsssettially the same intensity. This
contradicts the visual observation of poor stapdihd suspension of CNTs within the
film as large agglomerates on the order of a fearoms are visible to the naked eye. This
phenomenon may be explained by the fact that nfdeedCNT content aggregates
within these dots in the film, leaving the majoritfythe surface covered by pure PQT -12,
which shows up in XRD and UV-Vis film investigati@s little to no change from the
pure polymer reference. This then establisheshiddt sonication is unable to produce an

effective suspension of CNT, starting from visugdbor dispersion within the solution.
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Figure2.7: XRD spectra of PQT-CNT films with various CNT conttgvithin. Bottom to
top: Pure PQT (black), 3tol Ratio (red), 10tol &éblue), 100tol Ratio (green).

Finally, the poor dispersion of bath sonicated RCNTF suspensions were
confirmed by fabricating OTFTs, shown in Figure.Z:8e overall mobility was over 100
times worse than that obtained by pure PQT-12, vhal an average of 0.09 ¥Ns.

The on/off ratio depreciated close to 100 timewel; into the range of T0which is poor
for PQT-12 devices. The same trend is observeldemtobility as in the dispersion of
CNT within PQT-12 seen by UV-Vis. As CNT contentdeases, so too does the
performance of the device. However, due to théainitrop off of the mobility, similar to

the UV-Vis investigation of secondary peak absockathe values do not return to that
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of pure PQT-12 polymer. This gives thought that GN&n enhance the overall solution
phase ordering, and mobility of the PQT-12, budtfthe inherent deterioration caused by
the poor CNT dispersion needs to be addressedva@@ome this deterioration, probe
sonication was used as the second dispersant méthisdmethod still utilizes the similar
approach as bath, and still aims to utilize the-covalent interaction between PQT-12
and CNT to create a good dispersion. The only diffee is the power between the two

devices, as probe sonication is a much more powadu

0.090 ¢ A 1.E+06 B
0.080
1.E+05
0.070
g 0.060 - 1.E+04
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£ 0.0507 5 LE+03-
i 0.040 E
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Figure 2.8: (A) Mobility and (B) On/Off ratio of OTFT devicawade from bath
sonicated PQT-CNT suspension from 0.1 wt% to 20 Wid

2.3.1.2 Stability and analysis of probe sonication disper sant method

While the sonication method was changed, thenali goal and proposed
stabilization method remained the same. Similaeerpents were conducted using the
probe as that of the bath. Initial investigatiors@ measure the absorbance of

suspensions with different PQT: CNT weight ratibise typical absorbance can once
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again be seen for pure PQT-12 in Figure 2.9, witlha&n peak close to 495 nm and a
secondary peak at 610 nm. The main differenceignsipectra compared to bath
sonication is the absorbance of the secondary piethle suspensions containing CNT.
The secondary peak, which again corresponds tocualeordering within the solution
phase of PQT-12 molecules, is enhanced with any &d\dition. This enhancement is
dependent on the amount of CNT added to the sugpehis shows that as with bath
sonication, the more CNT you add to the suspertbi@more you promote PQT-12 self-
aggregation, but probe sonication removes thaalmeterioration caused by poor CNT
dispersion. This spectrum demonstrates that CNT awags an aggregation site for the
polymer stabilizer, which would be the mechanisntli@ stable suspension. Further
supporting this theory is the enhancement of thim p@ak shoulder at 585 nm in Figure
2.9. This peak corresponds to very large amounBpif-12 self aggregation, as seen in
literature when PQT-12 forms ordered nanopartiali#isin suspension. The last evidence
of polymer stabilization and good dispersion préseffrigure 2.9 is the slight shift of the
main peak to a higher wavelength shown in the.ifdlbis shift signifies interaction
between the polymer and CNT confirming that prafi@ation does cause a non-
covalent interaction between the two species. Mobtmer nanotube interactions show a
shift to a lower wavelength of about 10 or 15 ntud&s on this phenomenon show this
shift signifies the polymer wraps itself around ttanotube in the direction of chirality.
The spectra shows a less commonly found shifthiglaer wavelength of the order of 10
nm. This shift seems independent of nanotube cgntezaning that any amount of CNT

investigated showed an interaction with PQT-12. 3i& represents the polymer
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aligning itself with the CNT wall linearly in thdréction of tube length. This correlates
well with the fact that PQT-12 is a linear polyntleat is very rigid and would not be able
to wrap around the tube like a more flexible staeilsuch as P3HT. Although PQT-12
demonstrates a different stabilization methodravps this method creates a good

interaction and good dispersion within suspensgngiprobe sonication.
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Figure 2.9: Normalized UV-Vis absorbance spectra for probacaiad suspensions with
differing PQT:CNT weight ratios. Polymer concentvatremained constant at 0.02 wt%.
Bottom to top: PQT Reference, 10tol, 2tol, 1tol.

With confirmation that the suspension contained sgbarated CNT, the lifetime
was investigated to quantify how long we could teesamples. The same solutions were
left to sit for 7 days and tested again. The exguegelling of PQT-12 molecules took
place in every sample, shown as the increase omsglacy peak absorbance and
appearance of main peak shoulder in Figure 2.18.prbbe sonicated samples show less

of an improvement in the secondary peak after ,dafich might be due to the fact that
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a portion of PQT-12 molecules is already adsorb#d the CNT surface, and unable to
easily aggregate and gel with free PQT-12 moledualsslution. However, it shows that
the degree of PQT-12 ordering is still higher fdééTCcontaining solutions, and thus a
good suspension even after 7 days. This UV-Vis gafiarther confirmed by visual
observation, as the solution showed no precipitadioCNT aggregates at the bottom of

the vial even after 3 months sitting on the shelf.
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Figure 2.10: Normalized UV-Vis absorbance 7 days after probecsded suspension,
with differing PQT-CNT weight ratios at 0.02 wt%lpmer. Bottom to top: PQT
Reference, 10tol, 2tol, 1tol.

Similar to the bath sonication investigation, thsgensions of PQT-CNT were
spin coated on glass to investigate the UV-Vis dimmace of films at various CNT
content. The absorbance spectra can be seen ireRdiLl showing similar peaks to what
is observed for bath sonicated samples. The maik igeclose to 550 nm and the right

side shoulder which is representative of molecoltdering is prominent in both cases.
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The spectra are of an annealed film, followingghme processing conditions that would
be undertaken for transistor devices. Due to thetfat the sample was annealed we see
very little change in the position or magnituddle main peak shoulder, signifying that

just like bath sonication, film absorbance is ueetiéd by CNT content.
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Figure2.11: Normalized UV-Vis absorbance spectra for PQT-CNmdiwith differing
CNT content. Films were spin coated on glass a02pfh from probe sonicated PQT-
CNT suspensions at 0.3 wt% polymer. Bottom to fopt% CNT, 10 wt% CNT

To characterize if the good dispersion found inghgpension can be carried over
into the film for devices, X-Ray diffraction wasaig performed on films spin coated at
2500 rpm from different PQT-CNT suspensions atvt% polymer. Initial investigation
with bath sonication showed no drastic changeemdiffraction pattern at various CNT
content within the film. Figure 2.12 shows that poobe sonication that is not the case, as

the relation between peak intensity and CNT congenery strong. The peak positions
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are relatively similar for each case, but devidighy from pure PQT-12. The distance
between polymer chains in the d direction is slightcreased for the PQT-CNT cases.
This may be due to the increased spacing betwdgmpochains that are adhered to the
CNT surface, and not necessarily a true refleabioan increased spacing between
molecules within the bulk. The intensity of the mpeak is drastically lowered upon
CNT addition, and is approximately half the oridimalue when at 10% CNT within the
film. Seeing as the background of the spectra isnmeased, and there is no prominent
amorphous peak appearing at higher theta, thiasitiedecrease can be attributed to the
reduction in crystallite size upon higher CNT amdfit This assumption follows logically,
as the larger the CNT content, the more tubesbgilbresent at within the film causing an
interruption of polymer crystallization. These CMill act as barriers to crystal growth
and inhibit their size proportional to the surfaczerage of CNT. This phenomenon
could be detrimental to the performance of OTFTseHdaon these solutions because
smaller crystallite size increases the energy &afor charge carriers in that they must
overcome a grain boundary and hop from one donoaamother over a disordered region.
This reduction in crystallite size is only drasticextremely high CNT concentrations
close to or surpassing the percolation threshad.TIFT applications, CNT content over

the percolation threshold would be avoided.
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Figure 2.12: XRD spectra of films spun from probe sonicated RCNT solutions at 0.3
wt% polymer. CNT content is, top to bottom: 1% @dp 10% (blue), 20% (red), and
50% (green) by weight within the film

From UV-Vis absorbance data and XRD diffractiongats it was established
that the probe sonication was the be st dispersatiiod that successfully created well
dispersed suspensions of PQT-CNT. This fact ihé&urconfirmed by AFM investigation
on thin films created from probe sonicated solwgidfigure 2.13 shows two films spin
coated on silicon wafers at 2500 rpm. As notedhéMaterials and Methods section, the
films for TFT devices and UV-Vis investigation wemeated from a starting solution of
0.1wt% PQT-12 at 1:1 by weight ratio of PQT-12 t4TC This was the probe sonicated
solution which was added at different amounts teRQT-12 to create the final desired

PQT-12 concentration of 0.3wt% at various CNTawtiThis starting probe sonicated
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suspension is what is imaged in A & B of Figure3 This film is representative of the
starting solution for every device; the solutioattls probe sonicated, and thus should be
well dispersed. Individual CNTs can be easily sedvoth the height (left) and phase
image (right). These tubes are quite long, as deddcom the starting material, and thus
are not rigid. Most of the image is covered bywimtlial or overlapping tubes, but there is
a large agglomerate in the left portion of the issgrhis agglomeration is almost
unavoidable at the high concentration present withé suspension. It is unclear whether
the agglomerate is formed in the suspension orddrduring the spin coating or
annealing process. Either way it is undesired aedna should be taken to ensure there
are not many present. The bottom images C & D giiféi 2.13 correspond to the same
0.1 wt% 1:1 solution after mixing with pure PQTt2create a 10 % CNT film from a

0.3 wt% polymer solution. Again, mostly individUaNTs are seen in the images, but at a
lower surface coverage. This film has a large degfecrystallinity, seen as domains
within the phase image, when compared to the (0°4 Wil stabilized CNT solution. The
increase in crystal domains can be attributededigher overall PQT-12 concentration,
but even a 0.1wt% solution PQT-12 should form @ydbmains. It is proposed that the
decrease in amount of ordered domains results roine sonication deteriorating the
PQT-12 or reducing its molecular weight and thustglto interdigitate and form
domains. This theory was tested by creating filnth wimilar CNT content by two
different methods. One adopted the similar twaittoh method described above. A

second method added CNT directly to 0.3wt% to ergatious PQT-12 to CNT ratios.
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Figure2.13: AFM images of PQT-CNT films. (A) Height profile irga of 50% CNT
film from 0.1 wt% polymer solution, and (B) correspuling phase image. (C) Height
profile image of 10% CNT in film from 0.3 wt% polynsolution, and (D) corresponding

phase image. Images are 2.5um by 2.5 um.

When adding CNT to 0.3wt% PQT-12 solution direethd then probe sonicating,
the device performance is decreased with longdcaton time, even though the
dispersion is still very good. This is shown in trig 2.13 for a 1 wt% CNT film. The
initial data point of zero seconds correspondspara PQT-12 solution, since the
addition of CNT to the polymer solution without smation would not create a suspension
and thus would not affect the electrical perforn@aridter just 5 seconds the mobility is
drastically improved from 0.09 to 0.16 #ivis which is quite good considering the low

CNT content within the suspension. Further sonicatif 20 seconds shows a dramatic
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decrease in mobility to 0.08 éfx’s, which is a decrease of 2 times from 5 second
sonication, and even lower than the pure PQT-11& décrease in electrical performance
is thought to be due to possible deterioratiorhefgiolymer molecules when exposed to
the high powered sonication. This high power maaeé the PQT-12 molecules and
reduce their overall molecular weight, which wodktrease the overall mobility as the
two are dependent on each other. Further sonictiiéf seconds shows more of a
decrease in mobility as well as on/off ratio, fertlsupporting the hypothesis of polymer
damage with extended sonication time. This hypahemnnot be confirmed however, as
it is extremely difficult to measure the molecuhagight of PQT-12 molecules in addition
to the fact it would be difficult to separate thHT> from the polymer to accurately
measure any change in molecular weight. Anothelaagtion may be that the high
powered sonication could be providing enough entvgyeate defects within the CNTs
or to cleave edges or ends off, causing them tedseelectrically conducting. If this were
the case, then the additive would act less likraage transfer enhancement and more
like an impurity and insulator inhibiting chargewt. In all likelihood the damage to
CNT is unlikely as stabilized 0.1 wt% 1:1 CNT saduis have been shown to improve
mobility of films after mixing with pure PQT-12 &it 10 minutes sonication. As a result,
the initial fabrication method of mixing a dilutegbe sonicated stabilized CNT
suspension with pure PQT-12 solution was retai@gdimizing the dispersant method in
regards to sonication time for the stabilized CM¥Iuson of 1:1 by weight 0.1 wt%
polymer was left to be considered. Figure 2.15 shtihe mobility of devices fabricated

by the initial method of combining the stabilizeMTsuspension with pure PQT-12 in
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comparison to how long the stabilized solution wasicated. The initial data point of O
minutes again corresponds to pure PQT-12. Theptatds for 1, 5, and 10 minutes are
drastically improved when compared to pure PQTah2, even higher than that obtained
from Figure 2.14. The mobility values of 1 and Stues are quite close, and it can be
concluded that they are the same within error. mbbility at 10 mintes however is
noticeable lower. This suggests that with longelication times, the mobility would
begin to decrease as observed with the secondiztibn method. With this data in

mind, a sonication time of 5 minutes was estabtidbe each subsequent device created.
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Figure 2.14: Mobility on On/Off ratio of devices created fronrelitly probe sonicated
0.3 wt% polymer solutions at 1% CNT by varying fumication time before spin
coating. Suspensions were sonicated at 50% powd#ndandicated time, then spin
coated at 2500 rpm on silicon wafers.

By utilizing UV-Vis absorbance as a characterizatiool, AFM images to
guantify the separation of CNTs within the film, RRo observe the change in crystallite

size, and mobility data for the dispersing procedarstandard procedure for creating
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well dispersed, stable suspensions of CNTs wasblesdtad to be utilized in device
fabrication for the enhancement of TFT devices.
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Figure 2.15: Mobility of devices fabricated from solutions prokenicated at various
times. Solutions of 0.1 wt% polymer with 1:1 by glei CNT were probe sonicated for
the indicated time, then added to pure PQT-12 tainl®.3 wt% polymer for device

fabrication. Devices were spin coated at 2500rmmfthis solution

2.3.2 Singlefilm CNT composite filmsfor enhanced TFT devices

As noted above, the objective of this investigat®oto create a CNT composite
with PQT-12 acting as the matrix material for endehTFT performance. The work
above quantified how to establish a stable suspergiCNTSs by utilizing noncovalent
interactions between CNTs and conjugated polyntéwaever, as a result of that
investigation it was found that two solutions weeeded to create the final working 0.3
wt% solution for spin coating. As a result, it wad necessary for the stabilizer polymer
to be the same as the matrix, if a better conjugatdymer could be employed to

stabilize CNTs and enhance device mobility. Thig p&the investigation will quantify
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the stability of suspension based on different pags. The natural choice for
stabilization was the matrix polymer itself, PQT-The data for the stability and how

well dispersed the CNTs are can be found in theipue section.

The other polymers chosen for stabilization werelP.3ue to its close chemical
structure as well as in depth investigations eréture, and polystyrene due to its
inexpensive cost. UV-Vis absorbance spectroscoggy again performed to qualify how
well the polymer was interacting with the CNTs aftenication. Figure 2.16 is a
normalized spectra for P3HT used to stabilize CNIe main peak for pure P3HT is
close to 440 nm, which is expected in dichlorobeez@®CB) solvent. Upon addition of
CNT and sonication the spectra remain relativelghamged. There is a slight appearance
of a shoulder or secondary peak at 630nm, espgaiaihe higher CNT concentration
samples. This is not widely seen in literature, anudt likely is a result of the P3HT
wrapping around the CNT and interacting stronglysirag a shift in the energy levels.
This increase may also account for the large catbange of the solutions. P3HT in
DCB has a yellow colour that is transparent, bubW@NT addition the suspension turns
dark green with a significant loss in transparefdye other feature in the UV-Vis spectra
is a shift in the main peak, which is widely rejakin literature as an indicator the P3HT
molecules are wrapping around the nanotube tolgilinem. This blue shift of the main
peak is only 5 nm for 1:1 ratio, and less for theeo CNT content suspensions. This is a
very small change, and depended on CNT contemtifgigg that there is only a limited
interaction. This is different than the case of PI2Idiscussed above, where there is a 10

nm red shift and almost no dependence on CNT cobfdethe magnitude of the shift.
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These absorbance spectra show that the proposédanastusing probe sonication does

produce a stable CNT suspension in the same wabplissted by literature.
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Figure 2.16: Normalized UV-Vis absorbance for P3HT stabilizedTCat various
P3HT:CNT ratios. Polymer concentration kept contséa®.02 wt%. Bottom to top:
P3HT Reference,10tol, 2tol, 1to1l.

The third stabilizer investigated was polystyrefiee choice to stabilize using an
insulating polymer was also done to show whetherstabilizer had a dramatic role in
charge transfer, or if it mainly acted as a dispetisPolystyrene was additionally chosen
due to its optical transparency, as a conducteugsirarent film could potentially be
created using this stabilizer. The UV-Vis absorleadata was uninformative due to this
fact however, as polystyrene in DCB solvent hapemks present in the 1200 — 300 nm
range. As such, measuring the absorbance of PSgONifions just showed the gradual
intensity increase due to the CNTs alone, and gavedication of whether the polymer

and nanotube were interacting to definitively iethe suspension was well dispersed.
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It could be visually observed that each stabil@eated a good suspension of
CNTs simply by observation. There were no visilgglamerates present, films formed
from each were smooth, and there was no precipitath the short term. P3HT was the
poorest stabilizer with CNT settling out of suspensafter 1 week, while PS lasted 1
month before CNT aggregated and settled out. PQW&k2the best stabilizer from a
visual standpoint as there was never any CNT aggilated and settled from the

stabilized solution, even after 3 months from ti&al sonication.

Once it was established that each of the thredigtals chosen were able to
produce dispersed CNT suspensions, they were @jedrain how well they would create
a TFT device with PQT-12 as the matrix. Naturallywas hypothesized that PQT-12
would be the best stabilizer in this regard, asatheould be no energy mismatch between
the host and stabilizer. The three stabilized Cbllitgons were added to PQT-12 at the

following ratios to create solutions that were tispin coated on modified silicon wafers.
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Table 2.1: Formula for 0.3 wt% PQT-12 based solutions withotags CNT content for

use in TFT fabrication. Formula is per gram of fisalution produced.

Desired CNT Stabilizer PQT-12 DCB solvent Final PQT-12
wt% within film | (0.1 wt% CNT) | (0.5 wt%) wt%

1% 0.031g 0.594 ¢ 0.376 g 0.3 wt%
5% 0.167 g 0.567 g 0.267 g 0.3 wt%
10% 0.375¢ 0.525¢ 019 0.3 wt%

After these solutions were created, they were spated on silicon wafers and
tested to see if the TFT properties were enhanideel mobility of several devices for
each type was averaged and compared to the reéeREE-12 sample cast for each
modified substrate batch. As expected, the PQTr@%iged the best improvement of
mobility when compared to a pure polymer samples €stablishes that PQT-12 is the
best stabilizer of the three chosen, as the degre®bility improvement is reflective of

degree is suspension, as confirmed by literatudetlasm bath sonication investigation.

Table 2.2: Improvement of PQT-12 mobility due to CNT additioased on stabilizer

type
PQT-12 PS P3HT
10% CNT 262% 153% 217%
1% CNT 167% 76% 131%

PQT-12 has an improvement of 2.6 times when 10% @hNTembedded within
the film, whereas P3HT is close with 2.2 times ioy@ment, and PS only has a 1.5 times
improvement. To test whether or not the degradaifd?S was due to the insulating
nature of the molecule and whether it acted asnuiity, PQT-PS suspensions were

tested with the same amount of PS that would beepiten the CNT containing films. In
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these cases the mobility of PQT-PS was unaffectedning that the decrease in mobility
of the PQT-PS-CNT sample is due to poor dispersid®NT which act as charge
trapping sites. The slight difference between PQTaid P3HT stabilized CNT films
again can be attributed to PQT-12 acting as thersupstabilizer and the best dispersed
CNTs due to its different stabilization mechani®ased on this data it was chosen that
only PQT-12 would be utilized for further devicev@stigation to further enhance the

mobility of PQT-CNT films.

With PQT-12 chosen as the stabilizer for devicenagation, numerous devices
were fabricated from stabilized PQT-CNT solutioriab, 10 and 15% CNT in the film
by weight. The processing conditions for the PQT¥GMNvices were kept the same as
those for pure PQT-12 so reduce any differencefétmication could have caused. Figure
2.17 A shows a plot of mobility and on/off ratioa$unction of CNT film content. The
data follows the logical trend that more CNT contsithin the film will result in a better
mobility. The mobility increase is relatively linelhetween 0 and 10% CNT films,
leveling off slightly close to 10% CNT content. Toe/off ratio for all PQT-CNT films
was an order of magnitude less than that of puré-PZ)Xfilms. This is due to the
increased off current caused by the incorporatidnghly conducting nanotubes within
the film. The ratio stays almost constant &t fb® all PQT-CNT devices, even though the
amount of additive is increased. This stagnantesédia result of both the off current and
on current shifting when more CNT is added wittha film. The higher on current is
reflected in the mobility data, as it is drastigathproved with higher CNT content. As

more CNT is added, the trade off of leakage cura@nton current is the same, but both
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are increased. The mobility of PQT-CNT devicesiamgroved compared to pure PQT-12
(0% data point) in all cases. 10% CNT within a PQXTHImM resulted in a maximum
mobility of 0.34 cni/Vs and an on/off ratio of fOA representative transfer curve of a
10% CNT film compared to a pure PQT-12 film is simaw Figure 2.17 B. The mobility
value is very good for organic devices and showh hiobility can be achieved without
sacrificing on/off ratio. Unfortunately, the rangkvalues for each device is quite broad
and the average value is 0.27%vs. While still good, this value shows that thire
some discrepancy between either the fabricatiooge®that causes a difference in CNT
dispersion and surface coverage, or how the eldesrare oriented with respect to the
nanotubes embedded between them in the film. Ibkas reported that aligning the
CNTs perpendicular to the electrode length willfes higher mobilites than aligning
parallel, as charge transfer happens along thelémggh and thus reduces the channel
length dramatically. However, using spin coatingfeate the film and shadow mask to
produce the electrodes it is not possible to make the CNTs are aligned in any way.
Regardless of the large error bars in the datanibiglity is improved by a factor of over
3 for the 10% CNT films and puts it in a compegtnange for organic electrical devices.
15% CNT films showed a drastic drop off in both ntigpand on/off ratio caused by the
percolation of the nanotubes to create a condutitime At 15% the devices essentially

short and become useless as transistors.

60



M.A.Sc. Thesis|Cameron Derry|McMaster UniversityiMials Science and Engineering

1.E-03 5 B
— . —
1.E-04 -~
1.E-05
Q < 1E061
2 o E
N =] g 1.E-07
5 S:: o 1.E-08
< 1.E-08 4
g 2 g
8 O O 1e09]
= — - =Single
1.E-10 ; Layer 10%
1E-11+
0054 =—4—Mobility 1E+01 - PQT-12
== |on/loff
0.00 . . L 1E+00 1E-13 , . , ,
0 5 10 15 -60 -40 20 0 20
CNT wt% Gate Voltage (V)

Figure 2.17: (A) Mobility (#) and On/Off ratio k) data for top contact PQT-CNT
devices at various weight percent CNT within the fiData taken from transfer curves
measured at -60V bias. (B) Representative tramsiees of PQT-12 and PQT-CNT
device used for data in A.

From the transfer curves of the devices the mgluhbin be easily attained, but the
output curves must be analyzed to characterizenfact resistance occurs in the device.
Figure 2.18 shows output curves for top contactadsvfor (A) pure PQT-12 and (B) a
10% CNT device. In the top contact devices thepears to be little evidence of contact
resistance occurring. It has been reported thaaddé@ion of CNTs can enhance mobility
due to a reduction in the energy barrier betweeatelde and organic layer by shifting
the energy level. This effect does not appear toiiom the PQT-CNT devices as there is
no contact resistance in either case. This datAroenthat the addition of nanotubes does
not create an energy barrier and inhibit chargestex of the already optimized energy
barrier of PQT-12. The effect of current satumnatrathin the films seems to be reduced

upon nanotube addition when compared with pure RQTFor the negative voltage
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sweeps the current continuously improves evenvabias, which does not occur in the
pure film. This increase is due to the highly cactthg nature of the nanotube additive

but goes to show the maximum current attainablevat/oltages is higher in the PQT-

CNT films.
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Figure 2.18: Output curves for top contact devices from (A) p@T-12 and (B) 10%
CNT films. Legend represents different Gate voltage

To clarify if fabrication had a large role on matyy) bottom contact devices were
also fabricated using the same suspensions. Fyli®eD shows mobility and on/off ratio
data of these bottom contact devices which disptayer performance than comparative
top contact ones. The mobility of every devicel@se to half of the value of its
corresponding top contact data point. This is ngprgsing, as top contact devices for
PQT-12 based films always yield better mobilitiegeresting to note is the on/off ratio
of bottom contact devices are slightly higher th@gmcontact, and seem to trend upwards

as more CNT content is added. The error bars in 9@phs are very similar; signifying
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that changing one device architecture for anothkmnet yield narrower mobility results.
Figure 2.19 A, B and C show output curves of thitddmo contact devices to observe any
possible contact resistance. The pure polymergtimws no contact resistance just like
the top contact version. Although these resultsiates good as top contact devices, they
highlight the inherent weakness of bottom contasicks based on spin coated organic

layers.

Finally, since PQT-12 has very little contact resmge with gold electrodes due to
its tailored energy levels, different metal eled&s were investigated to see if the CNT
addition helped charge injection. Metals with diffiet work functions were used as
electrodes in top contact TFTs based on pure PQanii2ZL0% CNT films shown in
Figure 2.20. The electrodes and their correspongimty functions investigated were
gold (5.1 eV), copper (4.7 eV) and aluminum (4.98 eompared to 5.14 eV for PQT-12.
CNT addition enhanced the mobility by at leastadraof three for each metal electrode.
As expected, the larger the energy gap betweetrediecand active layer, the lower the
mobility in the case of both PQT-12 and PQT-CNm&I It seems that although mobility
can be enhanced when using different electrodelspétarises from the reduction in
channel length, and not due to a reduction in gneagrier between the active layer and
electrode metal. If the energy barrier reducticayptl a large role in the mobility
enhancement, the improvement of mobility would Im®so similar for each metal
investigated. This is caused by the stabilizing PIQTsurrounding the CNTs resulting in

the charge still being injected into PQT-12 dingethd not the CNT.
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Figure 2.19: Output curves from 10V to -40V with -40V bias fasttbom contact devices
of (A) Pure PQT-12, (B) 1% CNT, and (C) 10% CNTfd. (D) Summary of transfer
data from the same films. Legend represents diifegate voltages.
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Figure 2.20: Mobility of top contact TFTs with different electte metals.

2.3.3Dual layer CNT compositefilmsfor TFT devices

While the investigation of single films based onTRONT composites was a
success and higher mobility was achieved withocttifsging of on/off ratio, the absolute
value of mobility was still not yet at a competéivalue compared to the inorganic
standard or organic small molecules. In an attémptaximize this value even further, a
second device fabrication method was used. Thisodattilizes two different layers of
polymeric semiconductors to achieve the benefitsodi highly concentrated CNT film
without causing short circuits. The materials facle film were already investigated in
the sections above, being a 0.1wt% 1:1 stabilized@ €& PQT-12 suspension for the first
layer, and a pure PQT-12 solution for the secowperlarhis method was used to take
advantage of the dilute yet well dispersed CNT sasn and put most of the CNTs

very close to the dielectric surface where the gh@onduction layer occurs. In the single
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layer film, the CNTs are dispersed throughout th@&e thickness of the film, yet charge
transfer only occurs in the first few nanometeoselto the dielectric surface. Putting
such a thin layer with high CNT concentration wocédise the on/off ratio to be quite
poor, so the second layer is deposited on topIilmgprove molecular order of PQT-12
molecules between CNTs at the interface, as wadkasentially insulate the CNT layer
from the electrodes in a top contact device laygtitizing this new fabrication method
much higher CNT content was attainable within ih& fayer, up to 33 wt% compared
with only 10% in single films before the devicesprghd. As well, the overall mobility
achieved using this method was much higher, regcisrhigh as 0.58 éiv's with an

on/off ratio higher than 0

While ultimately providing better mobility, the duayer fabrication approach
was initially very unstable and hard to repeattiggd mobility values. The purposed
reasoning was due to the more complicated natutteedbrication, as the materials and
suspensions were already studied and utilized ahogdound to be very stable and
reproducible. The first parameter investigatedriprove reproducibility was the spin
speed of the first layer. Because this is the kzabi CNT suspension, the overall
concentration was low at 0.1 wt%. This resultedurte thin films, so it was of concern
how the spin speed, and thus the layer thicknesgdaadfect the mobility. The second
layer of pure PQT-12 was spun at a constant sperdttaffect its role in overall
thickness. The spin speed was varied from 500 gp&D00 rpm to investigate a wide
variety of first layer thicknesses, shown in Figdr2l. At very high spin speeds the

mobility drops off drastically, due to the film lngj very thin. Too thin of a film and the
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amount of CNTs will be low, so the overall improvemh of mobility will be low
accordingly. The values between 500 and 2000 apgpdwve very similar mobilities,
while 1000 rpm seems to have a slightly betterealihis may be a result of optimal film
thickness, while still being able to create a sthawtented film. Whereas a film spun at
500 rpm may be too disoriented and a film spurD@02pm may result in too thin of a
film. As expected, the on/off ratio of all deviosas relatively unaffected due to spin
speed, as the second layer of pure PQT-12 on tojdvwave helped any areas with
poorer molecular order. Based on the data fromrEigu21 1000 rpm was chosen as the

spin speed for the first film for all dual layeniees.
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Figure 2.21: Mobility (#) and on/off ratio ) of dual layer TFTs when the spin speed of
the first layer is changed. Data based on 33% CHNfimthe first layer

After the first layer is coated it is dried in acuam oven before the second layer
can be spin coated on top. The effect of dryingeton final device mobility was
investigated in Figure 2.22. With no drying betwdes layer coatings, the mobility is
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quite poor at 0.08 cffi/s which is very close to the value of pure PQT-This seems to
negate any beneficial effect of the first CNT camtzy layer. Probably, the first layer
was washed off when the second layer was coateddmih time drying the vacuum
oven results in a poorer device performance as walikth is quite puzzling. It would be
assumed that once the film is dry, more time inadbhen would not cause the mobility to
decrease as the sample would remain unaffected.dBgrease in mobility at 1hr dry
time might suggest that this is in fact how lontakes the first layer to dry, and that after
30 minutes there is still some solvent within tinstflayer. Regardless, it is clear that
drying the first layer for 30 minutes produces ¢ipgimal mobility for dual layer devices.

Again, the on/off ratio of the devices remains @eetbed with changing parameters.

Mobility (cm”"2/Vs)
On/Off Ratio

=0— Mobility - 1.E+01
=—On/Off Ratio

1.E+00

0 0.2 0.4 0.6 0.8 1
Dry Time (hr)

Figure 2.22: Effect of drying time of first layer on overall dee performance of dual
layer TFTs.

Once the first layer is dry the second layer olepgRQT-12 is then spin coated to

help improve mobility and prevent short circuithielspin speed of this layer was not
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investigated as an optimal spin speed for PQT-%2bkean established in other
investigations. The factor investigated in thigpstéthe procedure is the time between
applying the solution and spinning the substrakee data in Figure 2.23A shows the
mobility of a finished device decreases as thetmes of the solution increases. The
exact cause of this decrease is not entirely knasmonger time should still help
promote self organization of the molecules andltésunigher molecular order. The
reduced mobility could be caused by dissolutiotheffirst layer upon longer rest time of
the second. The dissolution could either decrdaseblecular order of the first layer
obtained from the first spin coating, or the dissioh could cause the CNT additives to
be lifted and removed from their close proximitythe dielectric surface and into the
bulk of the film similar to the single film deviceBither of these reasons results in poorer
mobility and are thus to be avoided. To attempgirtuve the dissolution of the first layer
was the cause of poorer mobility, two different pematures were used for the PQT-12
utilized in spin coating the top layer. Figure 2B8learly shows that the hot solution (at
60°C) resulted in poorer performance when compareddm temperature solution, even
under the same processing conditions. To assurévahange in mobility was caused
by the dissolution of the first layer and not aharent degradation of PQT-12 when spun
from hot solution, a comparison reference was cotedlwith pure PQT-12 at room
temperature. Both reference samples had very simitdility meaning the decrease
shown in Figure 2.23 B is a result of the dissolutdf the first CNT containing layer.
Based on this, the smallest possible time for theti®n to rest on the substrate was

chosen for further device production to help maxemnmnobility.

69



M.A.Sc. Thesis|Cameron Derry|McMaster UniversityiMials Science and Engineering

A 0.40 - - 1.E+08 0.5C -
: r 1.E+07 0.45 -
‘; 0.40 -

o 030+ - 1.E+06
§ % ;,; 0.35 -
' E Y K030
.20 4 - 1.E+04 i
3 o1s] 1.E+03 = 0.20 |

= g

.10 4 F 1.E+02 =015~
- 0.10 -

0.05 4 == Mobility | L EvoL
~——On/Off 0.05 -

0.00 . . . 1.E+00

0.5 15 25 35 0.00 - ' !
. . Room Temp Hot
Time (min)

Figure 2.23: (A) Effect of time between applying solution andnspoating on mobility
of dual layer TFTs. (B) Effect of temperature of tecond layer PQT-12 solution on
overal device mobility. Data based on 33 wt% CNftfiayer film

Incorporating the effects of spin speed, dryingetimnd rest time of the second
solution, the reproducibility of the dual layer d=s was improved so that all devices
had mobilities within the same range. Figure ZRdws the data for multiple dual layer
devices varying in CNT content within the firsifil The best performing device was
0.58 cni/Vs at over 18 on/off ratio for a 33 wt% CNT in the first filmyar. This is over
3 times the CNT content than attainable with alsitayer film but only a 2 times
mobility improvement. Again, this increase in CNdntent is thought the be a result of
the second PQT-12 layer acting as an insulatordeivthe electrodes and CNT film, as
well as enhancing the molecular ordering of the AQTnolecules within the first layer.
Overall the on/off ratios of the dual layer devieesre less than that of single layer films
due to the higher concentration of additive intpting the polymer crystal domains.

Although lower, the absolute value of the ratistif above 18 for all cases which is
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good for organic devices. Over 33 wt% CNT withie first film caused the device to
short, even with the PQT-12 second layer. The lgakarrent is only 100 times less than

the on current which renders the device inoperabteal world applications.
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Figure 2.24: Mobility and on/off ratio for dual layer devices\atrious first layer CNT
wt%

2.4 Conclusion

This study has resulted in the development of hatkto stabilize CNTs within a
suspension without covalent functionalization biizibg = -r interactions of PQT-12
polymer. Two different dispersant methods were eygd and showed the role of
sonication and stabilization on the extent of disjp®. Probe sonication proved to be
powerful enough to break up CNT aggregates andeceewell dispersed suspension.
This stabilized CNT suspension was shown to digp€idT better than the widely
examined molecule P3HT and provide stability foero8 months. This improved

stability is thought to be a result of the differstabilization method where PQT-12
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interacts with CNT along the length of the molecageopposed to wrapping the tube.
This fact is demonstrated in the promoted aggregatf PQT-12 molecules in the
presence of CNTs. Ultilizing this stabilized CNTsgansion for device fabrication
yielded a single layer device with 10% CNT and iayed mobility up to 0.34 cfvs.
Utilizing a more complicated approach of two layerslevice with a mobility of 0.58
cnt/Vs was created. This research pushes the absoahity of polythiophene based

transistors much higher into a competitive rangedfvice applications.
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Chapter 3
Utilization of PQT-CNT composite filmsfor chemiresistive and FET chemical
sensorsfor gas detection.

3.1 Introduction

3.1.1 Background on Composite Chemiresistive and FET chemical sensors

The incorporation of carbon nanotubes (CNTs) inngbal sensing devices has
garnered significant research recently. Not onlgsdthe very high conductivity and field
effect within these materials make them good catds] but the sensitivity of the
electrical properties to the adsorption of speaificlecules to the outer wall make them
interesting for the application of vapour sensiflgis sensitivity not only arises from the
electrical properties, but also due to the extrgmatge surface area present on an
individual tube, which would enable detection atyvemall quantities of vapour. The
absorption of a molecule on the surface of a CNslilts in a change of conductivity in
several ways. One way this can occur is by the radsomolecule changing the band
structure of pristine tubes, thus affecting thedwmiivity when operating in a FET The
mobility of a material is quite sensitive to anyaolge in the energy levels or band
structure. The degree of the mobility change wdudddepended on the nature of the
adsorbed species. For example, some electronpeaties might cause the gap to increase
more significantly than a less electron rich specidlternatively, the chemical species
may act as a dopant or charge trapping site whearbed on the CNT. If an electron-
donating or electron-withdrawing species is introetll to a CNT, it may change the

density of charge carriers in the CNT, causing ange in conductiviy While a wide
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variety of chemicals can affect the conductivitymfre CNTs, such as nitric oxitie
nitrotoluene or ammonta, it is difficult to impart selectivity to pure CNT Embedding
CNTs within a polymer matrix can take advantagesinesing ability of the CNT, as well
as the selectivity of permeability to a specifiestical from the polymer matfix.

3.1.2 Current Challenges

Existing chemical sensors based on CNT nanocongpogitterials have proved
quite efficient at gas detection at extremely lowpeour concentrations and with
reasonable response times. These sensors relyofficgly tailored polymer matrices to
allow selectivity to one particular chemical vapoiany examples can be found in
literature of polymers incorporated to allow perti@aof a specific vapour for detection.
Another method of sensing is to design a film whire polymer will swell or shrink
upon vapour exposure which will increase the sppdirtween CNTs and decreases
conductivity by reducing the amount of connectioings’. Designing such molecules for
optimal selectivity and incorporating them with CN#@ form well dispersed
nanocomposite films for FET chemical detection s many difficulties.

3.1.3 Pur pose of study

The purpose of this study is to demonstrate traptieviously reported PQT-CNT
stable solutions can be utilized as a chemiresisgigs sensor. The effect of various
vapours on mobility, current, and other electripabperties will be investigated. A
purposed reasoning for detection enhancement du€N@ incorporation will be
included, and further works for optimizing the dmien of various vapours will be

included.
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3.2Materialsand Methods

3.2.1 Surface modification

To enhance the overall mobility of polymeric TFBsibstrates are modified to
promote self-assembly of the polymer moleculedatversion channel, or layer closest
to the dielectric surface. Following procedure klshed at Xerox, silicon wafers were
modified with OTS-8 to enable the self-assemblya¥illy n-doped silicon wafers with
200nm thermally grown oxide layers were used assthstrate. The wafers were cut to
fit the shadow mask (1cm x 2cm) and then cleaneal $olution of IPA for 10 minutes.
The substrates were then dried with compressedradr plasma treated in air for 2
minutes. After plasma cleaning the substrates wesed with water, and again with IPA.
After the cleaning procedure the substrates weredrsed in a solution of 3wt% OTS-8
in toluene at 6% for 30 minutes. After immersion, the substratesenagain rinsed with
toluene and then IPA. After modification, each drdie was tested for water contact
angle to ensure that modification had occurred hEew investigation was conducted on
a batch of substrates from the same modificatiamcguure to reduce any chance of
experimental variation caused by difference on eeg@f modification.

3.2.2 PQT-CNT composite films

Single walled carbon nanotubes (BU-203, BuckyUSA&yawsed without further
purification or separation. The CNTs were dispergggrobe sonication at 50% power
for 5 minutes (Cole Parmer, 750W) in a DCB solutomtaining 0.1 wt% PQT-12 at 1:1
by weight ratio. A final mixture of 17% CNT dispe&ms, 57% PQT-12 solution (0.5 wt%

polymer) and 26% DCB was used to obtain 5% CNTdikfter spin coating. After the
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mixture was made it was bath sonicated for 30 remid ensure homogeneity and that
any aggregates were de-bundled. After sonicatienstilution was spin coated at 2500
rpm for 120 seconds on OTS-8 modified Si waferhwi®0 nm Si@ thermally grown
oxide layer. The film was then dried in a vacuunemat 76C for 30 minutes, followed
by annealing at 14C€ for 10 minutes.

A second type of film was fabricated where a 5%0veight ratio of PQT and CNT
was sonicated to create stabilized CNT dispersibe. solution was spin coated on OTS-
8 modified wafer as described above creating a wcinee film. For UV-Vis
measurements of thin film, the same procedureessritbed in Chapter 2 were used, but
OTS-8 modified glass substrates were used.

3.2.3 Characterization

All OTFTs were electrically characterized using aitkley Semiconductor
Characterization Systen (SCS-4200) with a 3 porobe station in ambient conditions
under UV protected lighting. Unless noted, all degi were characterized using
evaporated gold electrodes with 1 mm channel wadttt 90um channel length using a
shadow mask. UV-Vis-NIR spectrophotometer was cotetlion films spin coated on
glass in the same procedure above.

3.3 Results and Discussion

Single layer films created in the same fashiomaShapter 2 were tested for
chemiresistive sensor applications, specificalimapour detection. The same device
fabrication was used and electrodes were produt#dttisame way by evaporating gold

through a shadow mask. Films were exposed to v&ugas vapours by incorporating the
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device and a droplet of solvent in a Petri dishisThethod intends to only show a
correlation and a potential for such devices taged in gas sensing applications, and not

to systematically determine the detection limit acduracy.

To demonstrate the application of gas detectioh Wi¢ single film PQT-CNT
composite two different parameters were chosen fif$teset of devices would be
fabricated in a TFT manner. These devices wouldstigate the degradation in mobility
with respect to type of vapour, and time of expes@econdly, a conductive film of
PQT-CNT would be created at a high enough CNT curiteinduce percolation. This
type of device would demonstrate how the condugtivi such a film could change upon
vapour exposure. Various solvents were used basédth their vapour pressure, as well
as their polarity. Three types of common solvergsenused; aromatic, alcohol, and
chlorinated solvents as these were thought to septesapours of interest for detection
purposes. Each solvent was tested by placing@etrim close proximity to a fabricated
device in a closed Petri dish. As the solvent evated the vapour would be mostly

trapped within the dish and interact with the THkifface to affect the mobility.

Pure polymer PQT-12 TFT devices were first expdedtie vapour for 20
minutes to determine a baseline response to thaichks. Of the solvents tested (see
Figure 3.1) dichlorobenzene, toluene and xyleneewee only ones that caused PQT-12
to exhibit a response. The response was significanghly 25% mobility degradation for
toluene and xylene, and roughly 40% mobility degtemh for dichlorobenzene after 20
minutes. While other solvents caused a slight @deserén mobility, they were not drastic.

The three solvents that caused the largest respotise PQT-12 TFTs are all suitable
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solvents for the polymer itself. Dichlorobenzenea iery good solvent for PQT-12,
which may be why is exhibited the strongest respomsluene and xylene are weaker
solvents, so the response for those vapours waasnmonounced. Exposure to vapours
from suitable solvents for PQT-12 may cause the filorphology to change and inhibit

charge transport.

After establishing how pure PQT-12 TFTs would regpto different vapours,
PQT-CNT TFT devices were exposed to vapours frarsdme solvents. The composite
TFTs had a response to three additional vapourpawed to PQT-12 devices. Composite
transistors again showed mobility degradation thidrobenzene, toluene and xylene. In
the case of toluene and xylene, the compositeHdoha larger response than the pure
polymer film, though more so for the composite féxposed to xylene. The composite
film exposed to dichlorobenzene showed less mghikgradation than the pure polymer
film. Three additional solvent vapours caused aititplbesponse in the PQT-CNT TFT
devices. Nitrobenzene, n-butanol, and chlorofornsalsed significantly more mobility
degradation in the composite transistors than e PQT-12 transistors. This
demonstrates that for certain vapours, PQT-CNT d@é&lices show selectivity in sensing
due to an increase in mobility degradation compé&rgalire PQT-12 devices. The sensing
of nitrobenzene is significant since it is hightxic, as well as demonstrating the possible

detection of a similar chemical, trinitrotoluene.

In the case of the three solvents that elicit angfrresponse for PQT-CNT
composites, the exact mechanism of mobility dedradas not fully understood. It was

initially believed that the vapour molecules peatgd within the film bulk and caused the
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polymer film to swell, interrupting the CNT netwoakd increasing CNT distance which
ultimately would hinder mobility. In an attemptvalidate that theory the TFTs were
annealed again in vacuum after exposure in ho@gstinealing would remove vapour
molecules that caused the film to swell. Howeueanas found that the mobility of the
annealed TFTs after gas exposure did not changfee Eause of mobility degradation
was in fact the vapour molecules causing the fdrawell, then it should be reversible
with thermal treatment in vacuum. As a result, disvbelieved that the vapour molecules
were diffusing down the CNTs and adsorbing or extng with the CNT, an interaction
strong enough to be irreversible. This could caudecrease in the mobility by limiting
ther orbital overlap of the CNT and shift the partiblend gap as described above. This
could potentially be an explanation as to why tbeposite film exhibited a stronger

response to nitrobenzene, n-butanol and chlorofbem just PQT-12 TFTs.
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Figure 3.1: TFT mobility degradation after 20 minutes vapoup@sure with reference to
original mobility.
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While it was demonstrated that composite PQT-CNidishow mobility
degradation upon exposure to chemical vapoursashect of selectivity and detection to
specific vapours needed to be addressed. As thpasite TFT sensors showed mobility
degradation to three vapours that pure PQT-12 diigdinwould be practical to develop a
way of differentiating between the various vapdtican detect. One such proposed idea
would be to incorporate a device with both a pu@d L2 transistor array in addition to a
composite PQT-CNT transistor array. Utilizing thedtsemiconductor films it could be
estimated what vapour was detected by knowingdtie of mobilities between the
composite and pure polymer transistors. Table I3olvs the mobility ratios of pure PQT-
12 to composite PQT-CNT film. By knowing the ratibmobility between the two TFT
films and the overall extent of degradation, thieedied vapour can be estimated. For
example, if you detected a mobility degradatiomanfghly 20% for the composite, and
roughly 2.5 times more mobility degradation of tuenposite than the pure PQT-12, you
could estimate that the vapour detected was nitrzdree. While this detection method
and device operation does not represent a defsgnsor with high selectivity, it
demonstrates the possible application of comp®&Q@&-CNT films for sensing

applications.
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Table 3.1: Ratio of PQT mobility to PQT-CNT mobility after paur exposure

Mobility degradation ratio Composite Mobility Degradation
(Composite : PQT-12) Value
Nitrobenzene 264:1 20%
Dichlorobenzene 0.68:1 29%
n-Butanol 1231:1 14%
m-Xylene 1.05:1 25%
Toluene 155:1 25%
IPA 1.49:1 9%
Ethanol 209:1 7%
Chloroform 6.31:1 44%
Dichloromethane 0.89:1 6%
20% -
= Control
15% - m Dichlorobenzene
m-Xylene
10% - = Toluene I
§ 5% -
0% I il
_5% i
-10% -

Figure 3.2: Degradation of current in a conductive PQT-CNT fafter vapour exposure.
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To characterize whether the difference in mobiliégradation of the PQT-12 film
and the composite film was due to the nanotube orétva conductive composite film
was created. Current and resistance values wersumeebhbetween two electrodes
without application of a gate voltage. Exposing¢baductive film to the same three
vapours caused a very similar reaction to the atiokthe film as it did with the
difference in mobility between the composite andlPQ film. Dichlorobenzene has less
degradation, or in this case improvement of curramd both toluene and xylene illicit
more degradation. This suggests that the reasopasita films exposed to the three
solvents show different mobility degradation th&pTP12 is due to the vapour also
interacting with the CNT network to affect its carativity. In the case of DCB, this
interaction positively affects the current of tlenductive film, which might be an
explanation why the mobility of a PQT-CNT film e)genl to DCB degrades less than a

pure PQT-12 film.

Figure 3.3 shows the results of an investigatiaa the promptness of the vapour
response. 20 minutes seems to be the saturatesh igben sensing at the vapour
pressure of the solvents. The degradation increaglesime up to this point, then
plateaus. For noticeable detection however, onlgrl@ss minutes seems to be needed
based on this study. At this time, around a 20%ihtpldegradation would occur which
would be significant enough to detect beyond effbrs is far from the instantaneous
result of some chemiresistive sensors, but agredsmth response times of other

polymeric sensors which show response in the 1Qit@irang&. With further
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optimization of the film, perhaps decreasing thekihess, quicker response times and

larger mobility reaction may be achieved.
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Figure 3.3: Degradation of mobility for two substrates with eefnce to the original
mobility, as a function of time.

Finally, UV-Vis absorbance was used to quantify thke the exposure to vapour
causes an interaction between the vapour moleculgéree PQT, or the vapour molecule
and the CNT within the film due to diffusion thrdughe CNT network. The UV-Vis
absorbance was measured for 5% CNT films before aftel exposure to various
vapours. The results can be seen in Figure 3.4UMW¥is spectra of the thin films show
that there is a blue shift of the peaks to a lowavelength after vapour exposure in the
case of toluene and dichlorobenzene. These tweestvcaused appreciable mobility
degradation in pure PQT-12 devices. This blue githe main peaks suggests that there
is an interaction between the vapour and the palymethe film which causes the
degradation of mobility. This blue shift is notwveesible with annealing, similar to the

irreversible behaviour of the mobility data.
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Figure 3.4: Thin film UV-Vis spectroscopy analysis of variouQP-CNT films before
and after 20 minutes vapour exposure. (A) Dichlerdene (B) Toluene (C)

Nitrobenzene and (D) Chlorofrom

The irreversible behaviour of the mobility agreagwhe UV-Vis spectroscopy that the
vapour molecules strongly interact with the PQTah® do not just simply penetrate the
film. Figure 3.4 C & D show no blue shift of the m&QT-12 peaks in the absorbance
spectra. These graphs are of nitrobenzene andobbior, two of the solvents that caused

significant mobility degradation of composite PQNT devices. The overlap of the
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exposed and un-exposed spectra suggests theraliffe@nt mechanism causing the
mobility degradation other than vapour-PQT intaomact This supports the theory above
that the vapour molecules are interacting with @\T particle itself, and inhibiting
charge transport within the additive material apaged to the polymer layer. Recovering
original electrical properties of CNTs after expasuequires very high temperature
annealing, roughly 500K and extremely long tim&s Both of these recovery conditions
are not favourable for polymeric based CNT compessias the polymer will degrade at
such high temperatures, and inherent mobility wégrade in oxygen over such long
recovery times.

3.4 Conclusion

It has been shown that PQT-CNT composites carilieed as chemiresistive gas

sensors for numerous vapours. While pure PQT-12vshesponse to some vapours,
PQT-CNT composites also show response to additivapburs. For the PQT-CNT
composite films, the method of mobility degradatismue to vapour interaction with the
CNT causing a change in its electron density. €hanges the electrical properties of the
CNT, which affects the mobility of the entire filrAttempts to recover original mobility
values after exposure were unsuccessful, suggetstengapour CNT interaction is quite
strong. This investigation only provides the evitethat these films could potentially be
utilized to detect various vapours. More study égded to fully optimize the detectors

and to assess the detection limit.
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Chapter 4
Preparation of Graphene nanoplatelets by exfoliation of graphitic materialsfor use
in OTFTsas active layer mobility enhancers and conductive films.

4.1 Introduction

4.1.1 Background on Graphene

Graphene, a one layer thick sheet of bgbridized carbon molecules densely
packed in a hexagonal honeycomb structure has rgairee large amount of research
lately due to its very high electrical conductivind its very large surface atéd
Graphene has come to be known as a one atom tiésk sf this honeycomb structure,
but stacks of sheets several atoms thick, callagiggme nanoplatelets or GNPs, are also
of interest as they too possess impressive elatpioperties Most research conducted
so far on graphene has studied single graphenesskesated by micromechanical
cleavage of graphite. This mechanical method presluery good quality samples of
graphite, but has incredibly low yield and is venmye consuming. As such, another
popular approach is to utilize a modification o tHummers method to create graphene
oxide, and reduce it to graphene using various o’ This procedure can create
reasonable quantities of mostly individual layergmaphene, but results in poorer quality
material, as the reduction step does not alwaysptigly reduce the material back to
graphene.

4.1.2 Background on expandable graphite

Expandable graphite is a commercially availabledpobd primarily used in

thermal barriers due to its high expansion ratmrénder this material expandable under
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exposure to high temperatures, natural graphiteeflaare treated with various acids to
intercalate the acid molecules between the graghiets, similar to the steps undertaken
in the Hummers methdd. The type of acid and extent of treatment may \@pendent
on the treatment procedure. Typically the matesaireated in a solution of sulphuric
acid and then nitric acid. The extent of interdalatdepends on how long each step is
conducted, and how strongly acidic the solutionTisis degree of intercalation is what
affects how much the graphite will expahd Figure 4.1 shows a representative cartoon
of how graphite expands during high temperatureosupe. The acid molecules
intercalate between the graphene layers durincadiek treatment, and are gasified and
expelled during heat treatment. Expandable grapwile typically fully expand at
temperatures between 750 and 1Q@with initial expansion taking place around 200
The expulsion of the intercalated molecules forttes graphene layers farther apart,
increasing the surface area and weakening thectiimaforce between adjacent layers.
This increased surface area is of interest forntlaen purpose of expandable carbon, as
this results in easier oxidation and much lowernrtta@ conductivity. In the case of
graphene production, this increased graphene kgya&cing is very opportunistic as the
larger spacing requires much less energy to exéoliae material to mostly individual
sheets. This method has been utilized in otherhgnag studies to successfully show
graphene can be exfoliated from expanded graphitéowever, these studies have
incredibly low graphene concentration within théuson and are almost unusable for

real world devices.
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Figure4.1: Schematic of graphite flake before and after exipanat high temperature.

In addition to low material yields, normal expamsiprocedure must utilize a
forming gas in the expansion chamber as graphité easily oxidize at the high
temperatures needed for expansion.

4.1.3 Background on Graphene based composites

Similar to CNTs and fullerenes, one of the moshpsing current applications of
graphene and graphene nano-platelets (or GNRsjths a polymer matrix as an
additive to form a nanocomposite material. Whileréhare many examples of GNP
nanocomposite materials in literature, the genaethod for producing these materials is
by incorporating a stabilized dispersion of graghenGNPs with a solution of the
desired polymer. As with CNT composites, this reggithe functionalization and
stabilization of the graphene or GNPs prior to fibrmation. This functionalization step
is usually incorporated in the synthesis when clbahmethods are used for graphene

production, so no additional step is required. Hasveusing mechanical or expansion
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methods to produce graphene or GNPs does not funadize the material, meaning an

extra step is required before incorporating thgpeir.

While many examples of graphene or GNP nanocortgsokave been reported in
literature, many were utilized for conductive pobmfilms and did not focus on the
application of TFT¥?°. Conductivity of these films vary from Qo 10 S/cm depending
on the quality of the graphitic additive, as wellthe quality of the dispersion or if the
GNP is dopeth > As with any nanocomposite the better dispersedjtaphene within
the film, the better conductivity the nanocomposde achieve. In the case of graphene
and GNPs this is achieved by functionalizationtab#ization with ions. Additionally,
graphene or GNPs can be modified to improve thadactivity through various
chemical routes. Regardless of treatment, it haa Baown that graphene nanocomposite
films can achieve conductivity at very low additisentent, usually lower than 5 wt%.
While conductive films are the main research fotluste have been examples of
graphene nanocomposite TFTs reported in literatansonstrating mobility
improvement, but still obtain a value relativelwlat < 0.1 crffVs. This leaves an area
of research for the production of GNP nanocompdsites based on a simple, novel

fabrication method for incorporation in OTFTs fargroved mobility.
4.1.4 Current Challengeswith Graphene

Currently there are many different fabrication esuto synthesize graphene
sheets. The most popular of these methods is krevwhe Hummer method, which is

well established in literatuteThis synthesis route treats graphite flakes witiphuric
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acid and oxidizing agents to create graphene owdeh is an individual graphene sheet
that contains oxygen and hydroxide molecules oretlge and face dislocations.
Graphene oxide must then be reduced back to grapitrer chemically by using
hydrazine, or thermally by annealing in forming gasemperatures in excess of 1800
Either of these methods can create graphene, éyitity of the product is never
immaculate, as the reduction step will always leaaeind residual oxide. As a result, it
is increasingly difficult and involved to createrpigraphene or graphene nanoplatelets.
Additionally, even once the graphene is creatéliiicredibly difficult to disperse in any
solvent without the use of heavy covalent functi@masion or large amounts of
surfactant. This fact again deters the final matérom reaching its theoretical potential
of material properties. As such, creating a stabkpension of graphene with a
considerable material concentration is challentpaignecessary for its utilization in

electrical device fabrication.

4.1.5 Purpose of study

To overcome some barriers of graphene productimoval method for graphite
expansion and exfoliation is investigated utilizinguction heating in a vacuum
evaporation chamber. Using this ubiquitous laboyag¢guipment, graphite can be
quickly expanded at the necessary high temperatutbe absence of oxygen to deter
oxidation of graphite to graphene oxide. It wa® dsped that due to the presence of a
vacuum, the expansion of the graphite can be eehdune to increased likelihood of acid
molecules being expelled from between graphenaday#ilizing this method of

expansion and comparing to exfoliation of unexpangl@phite and natural graphite, it is
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hoped individual or few layered graphene sheetdeamasily fabricated and incorporated
in active layers of TFT devices for mobility enhantent, or utilized as an inexpensive

electrode material.

4.2 Materialsand Methods

4.2.1 Expandable Graphite

Expandable graphite was purchased from an industiiace, Asbury Carbon Co,
and used as is without further acid treatment oifipation. The material was exposed to
an acid treatment of sulphuric acid and nitric ageighosure. Unfortunately due to the
material being a commercial product the exact gtoce is not known. But the final
guoted expansion ratio was reported as 250 timésme expansion. The starting
material flake size was kept similar with both exgable sources and the natural graphite
comparison being a 100 mesh size, or roughly 30@yenage size.

Expandable graphite was expanded in two ways topeoenthe produced
material. The first was the novel method proposwdiliis research investigation using
induction heating in a vacuum evaporation chamblee. expandable graphite was loaded
in a tungsten boat only enough to cover the botturface of the boat leaving the
remaining volume empty to accommodate expansiorteQhe boat was placed in the
chamber, it was pumped down to a vacuum of 2xhbar. Once this vacuum level was
reached, current was applied to the boat to iner¢hs temperature and expand the
material. Different currents were applied to examimow different expansion

temperatures would affect the final sheet exf@m@mténd size shown in
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Table 4.1. 7 Amp was chosen as the maximum expamsiogent due to the fact
the vacuum evaporator shorted at any current higfaer this value, causing interruptions
in expansion and inconsistent data. The boat veaglysheated to the indicated current at
a rate of 8 amps/minute and held for one to fiveutes, afterwards being slowly reduced
back to zero at the same rate. The boat was lefbabin the evaporator for 15 minutes
before the vacuum was released and the materiah talst cooling to room temperature.

Table4.1: Expansion conditions used within the vacuum chambe

Current (A)

Expansion Time (min

Estimated Terf)(

Vacuum Level (mbar

4 1 450 2x16
6 1 700 2x10
7 1 850 2x10

4.2.2 Exfoliation of Graphite

All three graphitic materials were exfoliated in similar way. Expanded,
unexpanded and natural graphite were added torgsNECB, NMP and DMF at various
concentrations and bath sonicated for 30 minutesitially break up the large particles.
Once bath sonicated, the expanded solutions wetgegonicated in DCB at 50% power
for 3 minutes to better exfoliate and separate itttdvidual graphene layers. The
unexpanded and natural graphite samples were fubidil sonicated up to 3 hours in
NMP and DMF solvents. After both sonication proaeduwere completed the vial was
then centrifuged at 3500 rpm for 10 minutes to reenany large particles that were not

successfully exfoliated.
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4.2.3 Graphene PQT Devices

To create TFT devices incorporating graphene asacditive for mobility
enhancement two different fabrication methods weised similar to the CNT
investigation. A single layer device was tested ieHfeQT-12 powder was directly added
to an expanded graphite suspension before cerdtigand then further bath sonicated
for 30 minutes before device fabrication. The PQHEE(PQT — Exfoliated Expanded
Graphite) solutions were spin coated at 2500 rpmOdis-8 modified silicon wafers.
After spin coating the film was dried in a vacuuwen at 76C for 30 minutes, then
annealed at 14Q for 10 minutes.

The second device was fabricated similar to tred yer CNT devices, where an
initial layer of graphene without stabilizer wagtbspin coated on silicon wafers at 1000
rom and also drop cast. After this layer was dee@CC for 30 minutes, a second layer
of pure PQT was deposited on top by spin coating580 rpm and then dried for 30
minutes at 78 followed by annealing at 120 for 10 minutes.

4.2 4 Characterization

Concentration of graphene solutions after exfaiatvas calculated from UV-Vis
absorbance spectra at 660nm using the Lamberti&eewxith the extinction coefficient
calculated by Hernendez ef®al The UV-Vis spectroscopy was performed using se@a
UV-Vis-NIR spectrophotometer. Height of the proddicheets was measured using AFM
images conducted at McMasters CCEM. Surface coearad sheet shape were analyzed

using low voltage SEM without a protective metéhfoverlaying the substrate. EDX
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chemical analysis was also conducted in the SEMstigation to assess the purity of the
sheets produced. All OTFTs were electrically chimgmed using a Keithley SCS-4200,
equipped with a 3 point probe station in ambiemtdittons under UV protected lighting.
Unless noted, all devices were characterized usiagorated gold electrodes with 1 mm

channel width and 90 um channel length using askadask.

4.3 Results and Discussion

During the course of this study three differentquction methods were employed
with the goal of successfully creating individuat few layered graphene for the
incorporation in organic devices. These three nughavere exfoliating expanded
graphite, exfoliating expandable graphite and eafivlg natural graphite to see how acid
treatment affected the exfoliation and ultimateppiene production. Within each of these
three methods many parameters were investigatdabanthey affected the expansion,
exfoliation and formation of graphene, purity ofetlyraphene, as well as how the
incorporation of this material would enhance thefgrenance of composite OTFTs.
Below is a discussion of how these methods andpetexs.

4.3.1 Exfoliated expanded graphite

The initial part of the investigation was to wédi a novel expansion method to
expand graphite and subsequently exfoliate to iddal sheets. The goal was to utilize
the larger interlayer spacing between graphenetstedter expansion to enhance the
effect of exfoliation and result in a higher concahon of graphene within solution. The
initial part of this investigation was to optimi@e novel expansion method with regards

to temperature, vacuum level and exfoliation coodg. Extensive research into the
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expansion of the sources of graphite under higlpégature has shown that the material
will fully expand at 756C. Further temperature increase would result infurther
volume expansion, but no negative effects. With gbal of over 758 in mind, the
current used during expansion was quantified byigighe maximum temperature
achievable in the boat at a given current setfliige current value quoted in the material
section is the applied current to the transformigictv operates the boat voltage. Based on
the previous boat investigation, it was found thsihg currents between 4 and 8 amps
would give a temperature range of 450 to“@aJnfortunately, applying a current larger
than 7 amps resulted in a blown fuse within theigg\setting 7 amps as the upper limit.
Visually observing the material before and aftepansion, it is quite clear that a large
volume change occurred which is demonstrated inrEig.2. The left side of the image
is the unexpanded graphite flakes in contrast &right side which shows the same
material after expansion. This image does not shgual weights of material, as roughly
5 times more unexpanded material was included feual purpose. The resultant
expanded material from different expansion curremése indistinguishable based on
visual observation. Even at an estimated°@5h vacuum it seems that the material is
expanded as much as it can which helps establsltidim that expanding in vacuum

may assist removal of acid molecules and thus estpan
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Figure4.2: Image of expandable graphite (left) and expandegtgte (right) after
expansion in the vacuum evaporator at 4 amps.

In addition to expanding the graphite using theuuac evaporator method, a
comparison expansion of the established oven elpangsing forming gas was
conducted. The same graphite source was heaté€d6é and 756C in an atmosphere of
H/N (5%/95%). Observing the resultant expanded natehowed very little difference
when compared to the vacuum evaporated sample eWibil able to differentiate based
purely on optical inspection a clear difference veatablished after exfoliation of the
material.

After expansion each material was exfoliated udimg same procedure. The
material was added to DCB solvent at a concentraiio0.1 wt% and sonicated in bath
for 30 minutes. This bath sonication step was tbalty break up the large expanded
graphite pieces. Further sonication was performsdgua probe sonicator at 50% power
for 3 minutes to provide enough power to sepamayeramaining multiple layers, as well
as cleave the large flake sizes into smaller sh&éts suspensions were then centrifuged
to remove any remaining graphite particles and enthe remaining material would be
mostly individual graphene sheets. A comparisosadfitions obtained from the different

expansion conditions after exfoliation and cengétion is shown in Figure 4.3. It can be
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seen that the vacuum evaporated samples are befltdiated and retain more material in
the suspension than the comparative oven expandeerial based on how dark the
solution is. This helps to support the hypothebat £xpansion in vacuum produces a
larger degree of expansion as this material wowddeneasily exfoliate to produce a better

suspension.

Figure 4.3: Vials containing exfoliated expanded graphite aftamtrifugation. From left
is 4 amp expanded, 6 amp expanded, pure DCB spb@#C expanded and 780
expanded.

Measuring the absorbance spectra of the solutiossigu UV-Vis-NIR
spectrophotometer, it is possible to calculate siimated concentration of graphene
within the solution. The extinction coefficient gfaphene has been reported as 2460
L/g-cnf3. Using this value and basing calculations on th&oebance at 660nm we can
estimate the concentration based on the LambentiBeeA=¢lc whereg is the extinction
coefficient, | is the length of light travelled (cell length) awcdis the concentration.
Estimates of concentration based on this equatiendisplayed in Table 4.2. The

estimated concentrations are comparable to vaksrted in literature as upper limits
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for graphene dispersed in solvéfitdnitial reports using expandable graphite repbrte
less than 1% material remained in the supernaet &kfoliation and centrifugation.
Based on the calculated concentrations 13% matestained within the solution is
achievable using the vacuum evaporation methodaacmhcentration of 0.017 mg/mL is
obtainable. These concentration values are muchehighan the conventional oven
method using forming gas, and further prove thaiuat method yields better results.

Table 4.2: Absorbance and corresponding concentration catxlilasing the Lambert-
Beer law using 660 nm absorbance from UV-Vis spectr

Material | Absorbance at 660nm Estimated Concentration Percent Material
(a.u.) (mg/mL) Retained in supernant
4A2m 0.258 0.010 7.7%
6A2m 0.399 0.016 12.3%
7A2m 0.412 0.017 13.1%
500°C 0.157 0.006 4.6%
750°C 0.169 0.007 5.4%

With visual and calculated evidence demonstratiogenmaterial within the
suspensions exfoliated from vacuum evaporated ragtiirther microscopy was needed
to characterize the difference in sheet size, tiésk and substrate coverage. Initial
microscopy was to assess the amount of surfaceagyand sheet size after exfoliation.
The above solutions were drop cast on silicon veaded analyzed as is without a
protective or conductive metal coating. Figureghdws the initial SEM micrographs of
the first batch expanded at 4 amps for 1 minutefi@oation of successful exfoliation of
graphite to smaller graphene sheets is achieved aadety of sheet sizes are visible,
with most being within the 2 to 5 um range. Thia igrge reduction in sheet size as the

starting material has an average flake size ofi3@0Interesting to note from this image
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is the fact that not all graphene sheets lay fladss the substrate as would be thought the
most energetically favourable position. In both gasiit is evident some sheets have
edges or facets that protrude away from the subsstaface. In the left image this is seen
as the sheet almost wrapping over itself and irritite side image it looks like the sheet

is creased or bent so that the edge is folded wswvar

Expoliated Graphite on SiO2/Si: [ZXel Expoiigggd Graphite on SiO2/Si: PQT

I I |
8G 0.5kV-D 3.0mm x13.0k SE+BSE(TU) l 4.(|)Oulm 8G 0.5kV-D 3.2mm x18.0k SE+BSE(TU) 3.00um

Figure 4.4: SEM micrographs of graphene sheets expanded apg faim1 minute. (Left)
shows the material from DCB and (Rig?iﬁnshows tlademal embedded within a PQT-12
Further investigation using SEM analysis reveal/\s#milar graphene sheets
throughout the samples based on different expamsoameters. Figure 4.5 A shows a
large sheet almost broken in two but still connedtg a small portion and the two
corresponding pieces rotated around the connedlius.feature demonstrates the large
variation in sheet size and shape throughout thples as different flakes of expanded
graphite will be exfoliated in different ways. Figu4.5 B is a close up image of one of
the graphene sheet edges and shows what appdersteorphous carbon on the surface.

The presence of amorphous carbon is interestitigeastarting material is almost purely

crystalline graphite flakes. This material couldsbeesult of the high temperature
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expansion in which some carbon could be burnt angkd into amorphous structure.

This feature is again seen in the sample exparatesihinutes in Figure 4.5 D and the 6
amp 2 minute sample in Figure 4.5 F. This amorplieatire only appears near the edges
of the graphene sheets and appears to only ocamgdanger expansion times, as it is
omitted from the initial 4 amp 1 minute sample.ilsstrated with images A, C and E
there is a variety of sheet sizes ranging from 2 gm which is quite small of a

distribution and very repeatable. The coverage atenmal on the substrate is also quite
good, considering the starting solution is in téwege of 0.01 to 0.017 mg/mL. However,
for a device fabrication the solutions would neathé¢ spin coated and thus result in much

lower surface coverage than what is seen heredyy @sting.

To again compare the vacuum evaporator expansitimhéo conventional oven
method, the solutions of 500 and 76G&xpanded samples were also analyzed by SEM.
These images can be seen in Figure 4.6, with ABacoiresponding to 56C expanded,
and C and D corresponding to 7680expanded samples. Figure 4.6 A is a lower
magnification image showing the low surface coveratjained by drop casting this
solution, mostly due to the low solution concemntrat The sheet size average is similar to
the vacuum expanded samples, as this propertyssiyrdue to the exfoliation conditions
which were kept constant between the two expansiethods. Figure 4.6 A also shows
some colour intensity variations in the image altrgsubstrate besides the graphene
sheets. This is due to the evaporated solvent glaiiop casting. DCB dries extremely
slowly in ambient conditions, and as such, the satessmay have had residual impurities

from the drop casting. The surface coverage o78tEC expanded material is slightly
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higher due to the higher starting solution conadin. During the SEM investigation of
this material a broken edge of the graphene shagtgible. This edge, shown in Figure
4.6 D, shows the few layers of graphene that makihe platelets found on the substrate.
This helps to confirm the material is not in faadividual graphene, but may be a mixture
of particles with different amount of graphene shetacked together, known as

graphene nanoplatelets.
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Figure4.5: SEM micrographs of graphene sheets expandedrapd for (A & B) 2
minutes and (C & D) 5 minutes and (E & F) 6 amp<2foninutes.
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Thermally expanded graphite: 500C
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Figure4.6: SEM micrographs of graphene sheets expanded tigngpnventional
method at (A & B) 508C and (C & D) 75€C.

With an estimate on the average sheet size, anfiroation that GNPs were
created, analysis with the AFM was performed tosueathe particle thickness. The first
material studied was the 4 amp 1 minute materibé feight of the graphene sheet is
13nm, which is quite large considering an individgaphene sheet is under 1nm. This
confirms what was suspected during the SEM invastg that the material created is
GNPs, or a few layers of graphene. This materiakdmmt have as desirable of properties
as graphene, but still will be able to act as aittglenhancer due to its relatively high

conductivity.
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Figure4.7: AMF image (Left) and corresponding height profiidht) for sheets from
the 4 amp 1 minute expansion condition.

Further AFM investigation on various expanded mateeveals differing sheet
thicknesses. For the vacuum expanded materiabtiesk thickness attained was 4 nm
and the largest being 16nm. This is a large variat sheet thicknesses and results in
GNPs with stacks in the range of 10 to 30 graplsheets. The expansion conditions had
an effect on the concentration of the startingtsmtubut it seems that it has little effect
on the sheet thickness, as all vacuum expandediesumgd thicknesses in the same
range. This thickness may be a result of how theisg graphite was treated with the
acid, as the remaining 5 layers of graphene mayaet had acid molecules penetrate
between them, so no molecules intercalated andigghsipon expansion. The thickness
of the vacuum expanded material was significamtydr than the comparative thermal
expansion method. In addition to lower solutionaamtration, the 75C expanded
material had larger average sheet thickness obo4@ hm. Since the starting material and

exfoliation conditions were kept constant, theetiince in sheet height can be attributed
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to the vacuum evaporation method expanding thermabteore completely and resulting

in easier exfoliation

Section Analysis Section Analysis

Section Analysis Section Analysis

15.698 nm

cd-may9-1-flt

Figure4.8: AFM images and height measurements for various expaosiaditions. (A)
4 amp 5 minutes. (B) 6 amp 2 minutes (C) 7 ampriutei (D) 756C expansion.
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The final characterization performed on the expdndgfoliated graphite was
done to measure the purity of the material produ&dce the starting graphite was
treated with both sulphuric acid and nitric acidere was a large chance that these
molecules could be present on the final productwd, graphite and graphene easily
oxidize at the high temperature experienced in egijoa so an oxide material could be
produced. EDX was performed to observe if thereewdremical impurities within the
final product. Figure 4.9 shows the EDX spectralisent of peaks corresponding to
sulphur and nitrogen, meaning the expansion prosessessfully burns off any residual
acid molecules. The large oxygen peak and siliceakpcorrespond to the SI©Of the
substrate that the material was drop cast on. Tiwove this peak and assess if the
graphene had oxidized, the same material was adep cast on silicon nitride
substrates. Figure 4.10 shows the spectra of the saaterial drop cast on silicon nitride
substrates which has a very low peak correspontingxygen. The oxygen peak is
actually lower than the background noise seen dosthe Si peak. This peak is most
likely due to contaminants within the expansionrohar or within the film itself, and not
present within the produced EEG. This helps suppuet assumption that the novel

expansion method and subsequent exfoliation pro@es with high chemical purity.
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Figure 4.9: EDX spectra of exfoliated expanded graphite drop aasilcon wafer with
an oxide layer

Spectrum 3

Figure 4.10: EDX spectra of exfoliated expanded graphite drcgt oa silicon nitride
wafer.

Utilizing various techniques to analyze the exfigithexpanded graphite, it can be
concluded that our novel vacuum expansion procedwoduces GNPs with thicknesses
ranging from 5 to 15 nm, and sheet size varyingffioto 5um that are chemically pure.
This procedure produces thinner graphene nanogiatéhan the conventional method,
and produces higher starting solution concentratidhilizing this method could lead to

the utilization of GNPs within polymer TFT devicésr mobility enhancement. A
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summary of the different batches and their expansionditions, physical features
including amorphous carbon, and their average ti@sk is seen in
Table 4.3.

Table 4.3: Summary of expansion conditions and correspondirygipal features from
SEM and thicknesses measure by AFM

Expansion Amorphous Carbon Content Thickness (nm)
4 amps 1 min High surface coverage
6 amps 1 min Smaller surface coverage
7 amps 1min
5-15

4 amps 2.5 min
Very little surface coverage

4 amps 5 min

6 amps 2.5 min

500C oven
None 40-50

750C oven

4.3.2 Exfoliated unexpanded graphite

The previous work was based on the assumptionettiznding the graphite and
increasing the distance between adjacent graphawersl would facilitate easier
exfoliation of the material. As found through thogh investigation the final material
was quite pure but was not individual grapheneiasttad had a thickness of 5 to 15nm.
A secondary approach to creating graphene fromrtagerial was to simply exfoliate

before expansion. The hypothesis in this case Waisthe presence of acid molecules
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between the two graphene layers would reduce #tgactive force and result in easier
exfoliation. In addition to possibly enhancing t#ect of sonication during exfoliation

the acid molecules could potentially act as iomab#gizers within the suspension helping
to improve the overall concentration of graphenegoaphene platelets within the
suspension.

The procedure for this investigation, as outlinedhie methods section, simply
requires the sonication of the unexpanded graphitevarious solvents. Initial
investigations were performed using 3 hours soindtme. This time was chosen due to
the level of material visually observed within thaespension, as well as the material
collected at the vial bottom after centrifugatiddased on literature reports, DMF and
NMP were additionally chosen as solvents as these eeen reported to achieve high
concentrations during graphite exfoliation. Otheplvents such as toluene,
dichloromethane, dimethylamine and chloroform was® investigated, but not reported
here due to the insolubility of graphene withinnthémmediately after sonication it could
clearly be seen, as in Figure 4.11, that exfolgatthe unexpanded graphite source

produced a much darker, and thus higher concedtsatetion.

!
:

A B C

Figure4.11: Vials containing unexpanded graphite exfoliateApNMP (B) DMF and
(C) DCB. Starting from a 2 mg/mL solution of expabte graphite.
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From this visual comparison it could be seen tim&xpanded graphite produces a
much darker solution, and a higher concentratian the comparative expanded
material. This supports the hypothesis that the amlecules between the graphene
layers reduce the attractive force and enable itifmh to separate the layers even easier
than when the layers have been forced apart. Exidadraphite was exfoliated at
different starting concentrations in both NMP andbto see what final concentration is
achievable after sonication and centrifugatiortheprevious investigation, expanded
graphite was exfoliated and had a highest finateatration after centrifugation of 0.017
mg/mL corresponding to 13% material retained withia suspension. For the
unexpanded source, a final concentration of 0.1Amhgn NMP was achieved, and 0.08
mg/mL for DMF. These concentrations are quite hegren larger than the best values
reported in literature from ion stabilized natuyedphité®. The weight percent of material
retained within suspension after centrifugatiolowger than that of the expanded source,
but using the acid treated unexpanded startinghggg@ higher retention percent is
achieved when compared to natural graphite sourckigraturé’. The values for final
concentration and retained percent for each NMPDavi# at different starting
concentrations are shownTable 4.4 In this investigation, only bath sonication was
investigated as it was found that probe sonicalieteriorated the stable dispersion of
graphene. Under any circumstance probe sonicaguited in almost no material being

retained within the supernant. The cause of thssilisunknown.
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Table 4.4: Concentration and the percentage of materiaimedan suspension of
unexpanded graphite in both NMP and DMF. Literatesailts corresponding to ion
stabilized natural graphite are shown for compari€oncentrations are calculated using
the Lamber-Beer law using the UV-Vis absorbana@6@nm.(EUEG = Exfoliated un-
Expanded Graphite)

P D
Concentration | Concentration
Literature (5 mg/mL) | 0.06 mg/mL 0.05 mg/mL
EUEG (2 mg/mL) 0.08 mg/mL 0.06 mg/mL
EuEG (5 mg/mL) 0.11 mg/mL 0.08 mg/mL

To find the optimal sonication time which providee maximum concentration in
the shortest time, unexpanded graphite was exédliaver the course of 4.5 hours with a
sample taken every 45 minutes and the concentrateasured in both DMF and NMP.
Sonicating for too long after this maximum pointlwibt deteriorate the material, but will
result in smaller sheets sizes which may not bemgptfor device fabrication. The results
are shown in Figure 4.12, which show the maximumceatration is achieved at 3 hours
of sonication for NMP, and 3 hours 45 minutes féd Anything beyond that does not

increase the concentration any further.
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Figure 4.12: Concentration of sonicated and centrifuged suspaest various
sonication times in both NMP (A) and DMF (B). Stagt material is unexpanded
graphite. Concentrations calculated using UV-Visabance values at 660nm.

Characterization of the resultant graphene matesaal conducted similar to the
expanded graphite investigation. SEM was initialijized to obtain an estimated
average sheet size and overall surface coveragiefsncentration of the starting
solution was quite high the amount of material obs@ and the extent of surface
coverage was significantly more than the origina{3Envestigation. Large areas of the
surface contained bundles or aggregates of thdiaedd un-expanded graphite (EUEG)
material seen in Figure 4.13. Within these conegetkr areas, the sheet size is seen to be
very small, significantly under 1 um. These graghsimeets do not seem to have the same
smooth surface as seen in the EEG samples, améihseem oddly shaped and oriented.
While the surface coverage is increased, the effieitte new sheet shape and size on
performance or quality is not well understood. #ar desired application of mobility
enhancer due to channel length reduction, botlasertoverage and sheet size would
come in to factor. The larger sheets would helpicecchannel length more than small

ones as there would be less contact resistancewlith film since there would not be
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many small sheets needed to make up the same ¢hemgil reduction of a large sheet.
However, the larger sheets in the EEG samplespaieed farther apart, whereas the small
EUEG sheets are quite concentrated, which mighiceedhannel length more consistently

throughout a film.

1. Exfoliated un-Expanded Graphite in NMP 0.2%wt \7"
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Figure4.13: SEM images of un-expanded graphite exfoliated inf\ddlvent. (A & B)
are from a 2 mg/mL starting concentration and (O)¢are from a solution with 5 mg/ml
starting concentration.

Similar images of small graphene sheets closelggzhtogether can be seen in
Figure 4.14, when EUEG is exfoliated in DMF. Thasnple seems to produce even more

densely concentrated bundles of very small grapkbeets, as the entire image of Figure
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4.14 Ais covered by the material. Higher magntfmain Figure 4.14 B shows a
different structure present than just graphenetshé&ais structure is most likely
amorphous carbon retained from the starting mate8&M has confirmed that both
NMP and DMF can produce highly concentrated sohstiof EUEG material. The sheet

size is quite small and the higher concentrati@mupces much larger surface coverage.
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Figure4.14: SEM images of un-expanded graphite exfoliated infFDddlvent. (A, B &
C) are from a 5 mg/mL solution and (D) is from en@/ml solution.
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Figure4.15: AFM images and corresponding height profiles dokated uEG material
drop cast on silicon wafer.

Additional characterization was conducted using AMroscopy to analyze the
sheet thickness and profile. From the EEG invatitg above it was found that the
material was not individual graphene, but a fevetayof graphene called nanoplatelets.
These large sheets had relatively smooth surfagdsthe occasional large ‘step’ in the
profile caused by more graphene layers stackedmrihe AFM images obtained from
the EUEG samples confirm the very small sheetseea in the SEM images, with most

sheets well under 1 um in size. The height imagésgure 4.15 show the surfaces of the
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small sheets to be relatively non-uniform basetherninterpretation of the colour which

represents various heights. This is further corduirby the height profile of the image

In Figure 4.15 A there is a small section whereydull sheet can be seen at the
top left. When measured in the AFM it was found thés sheet was just under 2nm
thick, which would correspond to 3 to 6 layers cdghene, the thinnest sheet thickness
found in the investigation. Unfortunately, this yéhin sheet is either attached, or
underneath a very large chunk of graphite withkiess larger than 20 nm. While it
seems that very thin sheets of graphene can beigeddising this method, the majority
are not individually separated and contain thigiats to them. This is seen again in
Figure 4.15 B where one side of the sheet hashkrtess of 4.6nm and the opposite has a
thickness of 3.1 nm. It seems using bath sonicati@xfoliate EUEG can produce GNPs

which are very small in size but with a high degoésurface roughness.

Since the starting material for the EUEG samples wWe same expandable
graphite as the previous section, it was of intetesquantify if any residual acid
molecules or ions were present within the finalenat. Since the starting graphite was
treated with sulphuric and nitric acid, the podgipbbf these molecules remaining on the
GNPs after exfoliation seemed high since they wetesubjected to high heat treatment.

EDX analysis was performed in situ within the SEM.
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Figure 4.16: EDX spectra for GNPs from DMF solution cast on Si@&fer. (A) is
material from 1 mg/mL EEG in DMF solution, and (B material from 1 mg/mL EUEG
in DMF solution

Figure 4.16 shows a comparison between spectranedtrom expanded and un-
expanded material at the same concentration, casteosame substrate from the same
solvent. Figure 4.16 A corresponds to the EEG natemd shows what is expected from
the previous investigation that there are thregndispeaks for silicon, oxygen, and
carbon. The oxygen peak arises from the,Siibstrate because the penetration of the
electrons in EDX is deep enough to detect the obager beneath the particle since the
accelerating voltage required is high. Figure Bl$hows the spectra of a similar
suspension made from un-expanded graphite. The thaén peaks present are again
silicon, oxygen, and carbon. However, there ardlgmaks present which correspond to
sulphur, meaning that without heat treatment tafg#ise acid molecules, some will be
retained within the final product. The presencswphur within the material leads to the
idea that the reason un-expanded graphite is aldehieve such high concentration is

partly due to the presence of ions within the sofufrom the acid treatment. However,
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the effect of the presence of sulphur in the fpralduct remains to be quantified, as it is

no longer chemically pristine and may be a poooadactor.

|
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Figure 4.17: EDX spectra for graphene nanopletelets from 2 mghtiMP solution cast

on SiO2 wafer. (A) is a spectra from a low magaificn image incorporating many
sheets and the base substrate. (B) is a spectra &ohigh magnification image
incorporating only a small area of a graphene niatelet.

A difference in chemical purity within the same gdensubstrate can be found
depending on the area covered by the EDX anallygjsre 4.17 is a comparison spectra
of nanoplatelets cast from a 2 mg/mL EuEG startmigcentration in NMP solution.
Figure 4.17 A shows the spectra for a low magniocaimage, where many sheets are
incorporated and a substantial amount of subssaibserved. In this spectrum the
typical impurities or ions from the acid treatman observed. However, there is also
presence of chlorine and sodium, indicating thatehmay have been a small amount of
contamination from exposed skin. Increasing themiggtion and focusing only on a
small area of one nanoplatelet, almost all of theurity peaks disappear and only

carbon, silicon and oxygen remain within the sgeas demonstrated by Figure 4.17 B.
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The oxygen peak is drastically larger than the @antieak in this spectrum. It is believed
to be caused by the larger accelerating voltage insEDX analysis and the thinner
graphene nanopletelet accounting for more of ttexaction volume of the beam to be
within the oxide layer. A similar phenomenon isetved when analyzing substrates
with EUEG coated from DMF. At lower magnificatidmetimpurity ions are present, but
at higher magnification they disappear, as in FBgud8, and it appears the material is
rather pure. This could demonstrate that the sulphd nitrogen found in the original
EDX spectra are indeed ions within the solutioslwemically bonded to the GNPs at the
edge of the sheets. This comparison shows that ofitisé ions are present on the

substrate, and very little is found on the surfaicany given nanoplatelet.
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Figure 4.18: EDX spectra for GNPs from 5 mg/mL DMF starting centation cast on
SiO2 wafer. (A) is a spectra from a low magnifioatimage incorporating many sheets
and the base substrate. (B) is a spectra from fa miggnification image incorporating
only a small area of a GNP.

To quantify whether the oxygen peak was originatrogn the substrate alone, or

partially from the material, more EDX was perfornedmaterial drop cast on silicon
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nitride substrate. Figure 4.19 shows a represeetapectrum of the material, showing a
very large silicon and nitrogen peak which corregpto the substrate. The two additional
peaks are carbon and oxygen, which provides eveltrat not only is the material not
completely pure due to the retained acid ionsaktad from the fact that a small portion of
the material is oxidized due to the acid treatmehis is in contrast to the expanded

graphite which had higher purity and less oxidigesbhene.

Spectrum 5

Figure 4.19: EDX spectra of GNPS drop cast from a 5 mg/mL EEA&tisig
concentration in NMP on a silicon nitride substrate

Through extensive investigation it has been founad the original starting
material of expandable graphite can be successufiyliated to GNPs without the high
temperature expansion. This exfoliation occurstdube decreased attractive force
between adjacent graphene layers within the graglhiising easy exfoliation in an
appropriate solvent with the application of simpéth sonication. The size and thickness
of the nanopletelets were analyzed by SEM and A& et smaller and thinner than
observed with the expanded material, leading td#ief that this method may be more

promising in ultimately reaching individual grapleesheets. However, assessing the
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chemical purity of the final product the unexpandeaterial is less pure due to residual
acid molecules or ion species present within thalfproduct. The effect of these residual

species on electrical performance has yet to benieeal.

4.3.3 Exfoliated natural graphite

While investigating the expandable graphite sourceghe above sections, a
comparison was made to natural graphite flakes uantify the extent of improved
exfoliation due to the intercalating acid moleculés literature, the natural graphite
comparison yields very poor concentrations with&tabilizers or surfactants. One of the
highest reported concentrations of natural graphitein a solvent, in this case NMP,
was 0.01 mg/mt> 24 Starting our investigation it was believed tha toncentration of
natural graphite within the studied solvents wobkl similar. However, as shown in
Figure 4.20 that was not the case with high comagohs observed and calculated using
the material as purchased. This result is contt@mublished literature results and basic
intuition, as material without intercalating molési should have stronger attractive
forced between the layers and thus be harder toliatd. Additionally, without the
intercalating molecules there is no ion specieiwisuspension to help stabilize the
graphene which should result in more material beiegtrifuged out of suspension. A
concentration of 0.7 mg/mL in NMP and 0.5 mg/mLOMF were obtained after almost
8 hours sonication, with signs that the concemnatiould be improved with more time.
This is close to a 70 times improvement over tlghést reported value in literature, and
7 times higher than what is achievable with theaexjable graphite source. To get such a

high concentration, long sonication times are ndefs the sonication time increases the
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sheet size decreases due to the prolonged exposusang the sheet to cleave and break
multiple times. To investigate and compare the sk of the natural graphite AFM

and SEM analysis were again performed.
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Figure 4.20: Concentration of natural graphite flakes as a foncof sonication time in
(A) NMP and (B) DMF. Starting concentration was §/mL.

To compare the exfoliated natural graphite (ENGh®previous EUEG material,

AFM analysis was performed on samples sonicate8 fwurs. From the AFM images in

Figure 4.21 it can be seen that a similar sheetdizinder 1 um is obtained in the

exfoliated natural graphite (ENG) sample. Fromftbgght images of Figure 4.21 it is

seen that the small sheet sizes do not yield vapoth platelet surfaces. Figure 4.21 A

has many steps and ridges, and image B has adlactprofile. This agrees well with

the EUEG investigation that unexpanded graphiteefzan be exfoliated to platelets, but

the surface of the sheet is not very smooth anghket size is very small. The thickness

of the ENG sheets range from 7 -16 nm dependinfy@m@area measured.
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Figure 4.21: AFM images and corresponding height profiles ofamateletes drop cast
on substrates from ENG in NMP solutions with steyttoncentration of 5 mg/mL
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Figure4.22: SEM images of material drop cast from ENG in NMRigon at 5 mg/mL
starting concentration after 3 hr sonication time.

In addition of AFM imaging, SEM was again perforntedjive an estimate of
surface coverage and a larger range of sheet &igpse 4.22 shows four images taken
from the same ENG batch drop cast from NMP sole¢stmg/mL starting
concentration. The calculated concentrationd@fsblutions are incredibly high, which
explains why the substrate is completely coveredeiny small GNPs in Figure 4.22 A.
Further magnification of the substrate revealsardr image of the small nanoplatelets
most well under um in size for all investigated cases. As the stgrihaterial was

sonicated for such an extended period it is redderihat the nanoplatelets are such a
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small size. It is interesting that they appeardaeien smaller than the EUEG

nanoplatelets which underwent a similar bath saizicdareatment.

To assess the natural graphite purity EDX speabmgsevas again performed on
material drop cast on a substrate. For this ingastn, only silicon nitride was used as
the substrate, to eliminate any oxygen peak caogdide substrate itself. Upon analysis
of the material, it can be seen that the major mealesponds to silicon from the
substrate. There is also a fairly strong carbork pe@responding to the material
covering the substrate. However, there is alspthsence of an oxygen peak seen in
Figure 4.23, which is quite puzzling as the stgrtimaterial was pure graphite. This
oxygen peak may be due to the oxidation of the GidRgaphene oxide, but the low
temperatures in the investigation would most likalyibit this chemical transformation.
It is puzzling to understand why this oxygen peauld appear considering the starting
material should be pure graphite, but it leadfieoassumption that since there is presence
of oxygen in this sample, the unexpanded graploitédcnot be expected to be oxygen

free, as both those samples originate from part@lldized graphite material.

Spectrum 2

Figure 4.23: EDX spectra of NG drop cast on silicon nitride drdde.
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4.3.4 Preliminary investigation of composite TFTswith Graphene additive

After the three different starting materials wenalgtized for their chemical purity,
platelet thickness and size, and relative surfameerage they were incorporated with
PQT to create TFT devices for enhanced mobility tihese were different solvents used
to suspend nanoplatelets not all solutions wertalslg for addition with PQT, as NMP
and DMF would not be suitable solvents. To fadiitthis fact, both the single layer and
dual layer approaches of Chapter 2 would be utlliZzeor the expanded material, single
layer devices would be created since PQT-12 coaldissolved in the suspensions. For
the EUEG and ENG suspensions in NMP and DMF, aldyal approach would be used
with pure un-stabilized GNPs used as the firstiaye

Dried PQT-12 powder was added to EEG in DCB suspegado obtain a 0.3wt%
PQT solution. Two different concentrations of EEGEDCB were used to obtain 0.5 wt%
and 1 wt% EEG compared to PQT. The two EEG conaiemts were chosen based on the
highest attainable concentration of EEG PQT-12tgmla before material was collected
during centrifuge. This was done to make sure ttieeeprocedure was using solutions of
EEG, as drying and re-dispersing within a solveas wntested and unproven to retain the
GNP dispersion. These solutions were spin coatethadified silicon wafers to create
TFT films. Figure 4.24 shows the electrical perfanoe of EEG-PQT devices expanded
in both the vacuum evaporator and conventionalntbéoven. In both cases the on/off
ratio remains relatively similar at over®@hich is good for OTFTs. The mobility of the
vacuum evaporated EEG shows a large increase baent pure PQT-12, attaining a

mobility of over 0.2 crfVs at 1 wt% EEG within the film. This value is eveigher than
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the mobility of a CNT single film at comparable #de content. Unfortunately, as
discussed the overall concentration cannot be publgher while still remaining at 0.3
wt% PQT, otherwise the absolute mobility could lvere higher. For the comparison
thermally evaporated EEG sample the mobility isriomed upon EEG addition, but not
as large of an increase. The mobility in this cesly achieves 0.14 citVs at 1 wt%
EEG within the film. The difference in mobility ofvo expansion conditions is thought to
occur from the thinner, more chemically pure EEGieed with vacuum expansion.
Thinner sheets may have better charge transpoptepties, as would chemically pure
ones. Additionally, the thinner sheets may inhibdlecular ordering of the PQT-12 less

than the very thick sheets of thermally expandeGEE
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Figure 4.24: TFT mobility and on/off ratio data for single lay@ms of EEG in PQT for
both (A) vacuum evaporation chamber expanded gmapand (B) thermally expanded
graphite.
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The second TFT fabrication method using the duarlapproach did not yield
very good results. The hope of using the high cotnagon GNP solutions to create the
first layer did not come to fruition. Using spinating as the film formation method
yielded very little material on the substrate,teshighly hydrophobic nature of the
modified substrates, and the high boiling pointhaf solvents require a high spin speed
and thus caused very little material to adheré&¢osurface. This fabrication method
resulted in no mobility improvement. Incorporatimpolymer or stabilizer to help with
film formation could have helped rectify this prebi, but was not incorporated due to
time limitations of the thesis investigation. Utitig drop casting as the method for
depositing the GNP material on the substrate fefitist layer resulted in too high of
graphene concentration, and resulted in devicedisb@nd not being applicable for TFT
applications.

Finally, the GNP suspensions were vacuum filtecei@st their conductivity in
hopes of being applicable for an electrode matentdin TFTs. Table 4.5 shows
resistance values of different materials after vactiltration and drying. Surprisingly
low resistances were measured considering the a&siihfilm thickness was in the range
of 60 nm and the glass fiber filter paper had § veugh surface. The vacuum expanded
material provided the lowest resistance of 10 Obross the 1 cm diameter filter paper.
ENG and EUEG material had similar resistancesarBd+50 Ohm range. All graphitic
materials had superior conductivity when compace@NT, which had a resistance value
over 10 times higher. Based on filtered films tlaéadshows that GNPs produced by any

method have superior conductivity over CNT, whiels been extensively studied as a
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conductive material. This provides evidence thatrtfaterial could be optimized for
conductivity and incorporated in high concentragiavithin a polymer film for an
electrode material in OTFTSs.

Table 4.5: Resistance of vacuum filtered material on glassrfifiaper, measured across
the 1 cm diameter.

ENG EEG EUuEG CNT

Resistance (ohm) | 10-50 5-1C 1C-3C 20C-60C

4.4 Conclusion

This study has resulted in three different methafdsbtaining graphene
nanoplatelets each with their advantages. Thialimtethod of exfoliating expandable
graphite utilized a novel approach by using a vatewaporation chamber to expand
without oxidation in vacuum. This method producelétively large, flat sheets with 5-
10 nm thicknesses that were able to improve mglhtPQT-12 by 2 times. Utilizing
these materials for devices, a mobility of over @#/V's was obtained for EEG single
films. The second method was to exfoliate the edphle graphite directly, which
achieved very high concentration as measured bwig\spectroscopy. This material has
small, uneven sheets with some residual acid mtdechat dilute the chemical purity.
Finally, a comparative exfoliation of natural grégptdemonstrated the highest
concentration with small, uneven sheet sizes btlt ghemically impure oxidized
material. These materials also produce extremeaiguective films for use in electrodes.

Ultimately, individual sheets of graphene were taiaable in this investigation, but
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based on the above analysis it is believed thédt fuither investigation it is achievable.
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Chapter 5

Contributions, Per spective and Recommendations for Future Research

5.1 Contributionsto thefield

Thiswork has contributed to the field of organic thin film transistors and
nanocomposite materials in anumber of ways. Thiswork investigated the incorporation
of ahighly conductive additive within a polymer matrix for the improvement of electrical
properties. For the implementation of this goal, the interaction between polymer
molecules and allotropes of carbon, both CNT and GNP, were investigated both in
solution phase and within aformed film. Previousto this study, the majority of work on
nanocomposite films for CNT TFTswas based on chemically modified CNTs and host
polymer P3HT. For graphene the majority of previous work was based on chemical
methods for graphene production with very low yields, and very few examples of
graphene being incorporated in a host polymer for TFT applications. This work
approached the subject from a different perspective, trying to simplify the fabrication
methods to limit chemical synthesis stepsinvolved in both the additive preparation and
formation of composite material. As aresult of thiswaork, very stable dispersions of single
walled CNTs could be easily produced by stabilizing with a pol ythiophene polymer. The
stable dispersions could be incorporated in TFT devices for enhanced mobility.
Additionally, this work demonstrated a novel method for quickly and easily producing
GNPs at very high concentrations which could be used in nanocomposite films to

enhance the mobility.
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This work has made several contributions to thefield. They are listed below.

5.1.1 Development of nanocomposite film using non-covalently stabilized

CNTswhich exhibit excellent stability resulting in improved mobility.

Previous to this study, most work into the incorporation of CNTs within a polymer
matrix as a nanocomposite material had been based on chemically functionalizing the
CNT to disperse the additive within the solution phase. Studies had shown that
interactions between CNTs and conjugated polymers could stabilize the CNT without
chemically functionalizing the material. This|eft areasin the utilization of non-covalent
stabilization for TFT applications unstudied. This work addressed those areas and
reported avery stable CNT dispersion could be achieved with the polymer PQT-12, and
utilization of this non-functionalized dispersion could achieve extremely high mobility

transistors.

It was found during this study that the polymer PQT-12 could be used to non-
covaently stabilize CNTs to create avery stable dispersion. It was found that the extent
of agitation, or de-bundling, of the nanotubes had a drastic effect on suspension stability
aswell asfilm morphology. Thisisthefirst time this polymer has been shown to stabilize
CNTsand thiswork demonstrates that it could provide a more stable dispersion than the

widely used P3HT.

This stabilized suspension was used in two different device architectures to

produce transistors with excellent mobility values. While not as large of an improvement
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when compared to chemically functionalized CNTSs, the absolute value of mobilitiesin

thiswork are larger than most reported for polythiophene CNT nanocomposites.

5.1.2 Development of GNP fabrication methods with various size and purity from

expandable graphite flake, and their incorporation in TFTs

A large portion of this work incorporated the development and characterization of
a GNP fabrication method from expandable graphite. While there are many examplesin
literature of GNP production, most do not take advantage of expandable graphite.
Chemically created GNPs employ difficult procedures in the fabrication, and thermally or
mechanically creasted GNPs usually result in very low yields. Thiswork utilized a novel

fabrication method for the quick fabrication of GNPs using expanded and expandable

graphite.

Thiswork presented a novel method for GNP production by using avacuum
evaporation chamber to heat treat expandable graphite. It is believed to be the first time
this method had been used to expand graphite. This method provided a quick process to
yield chemically pure GNPs after exfoliation in solvent. While on the laboratory scale this
method produced small quantities, it could potentially be scaled up to accommodate

larger amounts.

Thiswork also demonstrated very high concentrations of GNPs could be achieved
by exfoliating straight from expandable graphite. The exfoliation of this material has not
been widely reported in literature. This method produced extremely high concentrations

of GNPs within suspension that are relatively stable without any additional components.
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The residual acid species within the suspension was believed to be responsible for the

increased stability.

Finally, this work showed that improved mobility could be achieved by
incorporating the GNPs within PQT-12 to form a nanocomposite material. When
compared to CNT at the same weight percent, GNPs showed better mobility in the

nanocomposite film.

5.2 Per spective

Electronic devices based on organic components have tremendous potential.
These devices could be utilized in existing devices to reduce cost by taking advantage of
roll to roll processing and ambient conditions. Novel applications that are not applicable
to inorganic materials, such as devices on flexible substrates, or low cost applications
could also be potential areas for organic e ectronics. While some areas like organic light
emitting diodes or organic photovoltaic materias are already utilized in mainstream
devices, others such as thin film transistors need further advancement before being

applicable to rea world devices.

The main factor holding back organic devices from main stream application is the
lack of device performance. While there are many advantages to organic electronics, the
real world applications will not find success out of niche markets unless the performance
could match or come close to the inorganic devices currently in use. With the emphasis
on high computing power in todays el ectronics, most people would rather have better

performance than lower cost. With current printable electrodes exhibiting conductivities
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close to the parent metal, and dielectric layers demonstrating large capacitance, the
remaining device optimization from a material science point of view isthe

semiconducting layer.

This project has focused on improving the properties of current organic
semiconducting layers. The hope was to incorporate nanoparticles of carbon nanotubes
and graphene nanoplatelets within a polymer layer to easily and successfully increase the
mobility to approach the current inorganic devices. While the study was successful in
improving the mobility of the semiconducting layer, it was not successful in matching the
mobility of inorganic materials. However, this study presented a new method for CNT
stabilization, as well as methods for producing high concentration GNPs for embedding
in polymer films. Using this knowledge, and based on the factor of improvement within
PQT-12, it is believed that atransistor with mobility matching that of amorphous silicon
could be achieved by using a different polymer matrix. PQT-12 was chosen as the matrix
polymer dueto the air stability and good mobility valuesit could achieve. However,
PQT-12 isarather old molecule, developed in 2004, and since that time new advancesin
organic semiconductor synthesis have yielded materials with mobilities much higher. By
choosing a host polymer with a better mobility than pure PQT-12, it isbelieved asimilar
factor of improvement could be achieved, and thus a composite mobility matching

amorphous silicon.
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5.3 Recommendations for futureresearch

5.3.1 Implementation of PQT-12 stabilized CNT with new polymer matrix.

The area of semiconductor synthesisin the world of organic electronicsis
constantly creating new materials with improved properties. This study focused on the
implementation of stabilized CNT within a singular type of polymer matrix. In order for
this type of nanocoposite layer to match or surpass the mobility of amorphous silicon,
other semiconductor materials need to be examined as the matrix. Since the resultant
property of acomposite material relies on the property of each individual component,
selecting a polymer matrix with an inherent mobility larger than that of PQT-12 will most
likely result in improved overall composite mobility. By utilizing the PQT-12 stabilized
molecul e, or another polymer by using the method of stabilizing described in thisthesis, a

nanocomposite materials surpassing amorphous silicon could be achieved.

5.3.2 Optimization of GNP production

The incorporation of few layered GNP into a polymer matrix increased the
mobility of the composite film. As previously stated, the overall composite mobility will
be depended on the mobility of each component. If the mobility of the additive could be
improved, then the mobility of the entire composite will improve as well. One way to
achieve thisis reducing the thickness of the GNPs and ultimately reaching individual
graphene sheets. With further optimization of the expansion and exfoliation process

described in Chapter 4, it isbelieved individual graphene sheets could be achieved.
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The resultant GNP size and thickness are depended on both the expansion and
exfoliation of the material. To render the material expandable, graphite istreated with
acids that intercal ate between graphene sheets. Changing the conditions of the acid
treatment could increase the degree of expansion and reduce the chance of unexpanded
areas causing incomplete exfoliation and thus GNPs. This could be achieved by changing
the parameters of theinitial acid treatment. Additionally, by treating already expanded
material with acid again, the chance of intercalation of any remaining stacked layersis
increased. This procedure could be repeated multiple times to ensure the entire material is

expanded before exfoliation.
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