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Abstract

Patterned using subtractive processes, conventiondiilthinleposition techiques inevitably require
high-vacuum deposition and photolithography to define functional laperseatea device structure.

Inkjet printing technology has received considerable attention to realizedswandpotentialmass
production of largearea &ectronics at low temperatures using an additive process approach. However,
the materials used in the printing process are based on sdbased electronic inks formulated with
organic electronic materials. Among them, conjugated polymers are widelyasisedemiconductor

for thin-film transistor (TFT) applications, but they possess poor charge transport properties compared
to other single or polycrystalline inorganic semiconductélereover,the inkjet printing method has

a weaknes$or deposiing polymeric solution that fornthin films having ahighly ordered molecular

structure.

To overcome this limitatiomvhen using printegholymers, a hybrid organic/inorganic semiconductor

ink was explored. The hybrid semiconductor ink was prepared by mixingliffesent materials,
molybdenum disulfide (Mo$ nanosheets and solutitmased poly(hexylthiopene2,5diyl) (P3HT),

the former is a twalimensional semiconductor and the latter a conjugated polymer. To enhance the
level of exfoliation and stability of M& nanosheets in P3HT, the surfactant trichloro(dodecyl)silane
(DDTS), was used to functionalize the Masirface. Printed TFTs using the nanosheet suspension
were found to enhance the fiedffect mobility by approximately 3x compared to TFTs without the
suspension. The introduced singlystalline Mo$S nanosheets in the P3HT matrix improved the

electrical and structural properties of the indgented thirfilm polymer.

Based on these findingand insights the observed effectgan beextendedto secod-generation
polymeiic semiconductorsspecifically thedonoracceptor (DA) co-polymers.These materialare
renowned for exhibitingthe highest mobilities among printable polymesdile maintaining
ambipolarity,a desirable traifor configuring complemary metaloxide-semiconductor (CMOS)
circuits. In light of this, novelnanocomposite semiconductor inks wdexelopedo demonstrate the
influence of2D nanoparticles on the electronic propertie®eh copolymers, diketopyrrolopyrrole
thieno[3,2b]thiophene (DPPATT). Printed TFTs using this new hybrid semiconductor showed that
the field-effect mobility of the devices increased by 33 % and 140 % in both httpépand electron
(n-type) transports, respectively. Atomic force microscopy (AFM) restltse printed hybrid thin

film revealed that strongly aggregated polymer domains were observed in films containing the MoS
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nanosheets. In ultraviolatisiblei near infrared spectroscopy (UXs-NIR) measurement, increased
intensity of B0 and 01 peaks fron hybrid film indicates improved charge transport was due to
enhanced intermolecular charge transfer in the microstructure of the polymeFdittnermore, the
incorporation of hybrid nanocomposites proved particularly beneficial for tpkieted TFTSs tilizing
metalelectrodes, as the latter had a tendency to augment contact resistance and thereby compromise
device performance. However, the introduction of hybrid nanocomposites effectively counteracted the
performance degradation arising from the pdnteetal electrodes by enhancing the crystallinity of the
polymeric film. Moreover,these findings also highlight the feasibility of employing lower sintering
temperatures for inkjgtrinted metal electrodes. This is attributed to the fact thaiethet d increased
contact resistance associated with lower sintering temperatures can be effectively niiygdited
nanocomposite semiconduct@@onsequently, an overall enhancement in device performance was
achieveddy applying the hybrid nanocomposite iflis study elucidated the advantageous influence

of solutionrprocessed Moghanosheets on the crystallinity and electrical properties of polymeric thin
films, consequently leading to significant improvements in the performance parameters of inkjet
printed TFTs.
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Chapter 1

l ntroducti on

1.1 Flexible and large-area electronics

As an emerging technology, flexible and laayea electronics a the attractive potential to
bring anindustrial revolutiornto themultibillion-dollar consumer electronics markt, 2]. This
technology will play a key rola the realization ohextgeneration electronics applications such
as wearable devices, fully rollable disptagnd textilebasedelectronicsln the display industry,
especiallythe displaypanelhas been developed for largeale integration enabled by a scalable
manufacturing process. Moreover, flexildsplays are ideally fabricated on polymeric films on
substrates such as polyimide (), polyetylene terephthalate (PEW], and polyethersulfone
(PES)[5] that are intolerant to high temperatures and require low thdratigjet processeAt the
same time,conventional microfabricain techniques have been used to demonstrate flexible
electronic devices and circuitsherethe technology for fabricating these electronic devises
thin-film deposition technique fahedeposition ohigh-quality electronic materials. However, the
conventional method requires costly fabrication preeesuch as high vacuum deposition and
photolithography processes. For the development of flexible -k systems, lowost and
large-area inkjet printinglJP)technology is a promising candidate éplace these conventional

microfabrication techniques for negeneration fabrication processes.



1.2 Conventional thin film deposition techniques

a) Photolithography v b) Inkjet-printing
Eil Mask
1m
7 ﬁ> 4 9 o
JSubstrate Substrate
Thin film growth PR coating Exposure D
Developing Etching Lift-off J
Printing

Figurel.1: a) Schematic illustration of theonventional photolithography process with negati
photoresisandb) inkjet-printing process

The conventional process for definings&ructure employs a subtractive approach where
photolithography patterning of the thin fildefinesspecific geometrigon thinfilm layers Fig.
1.1 shows theschematic illustration of comparirtge conventionalsubtractive microfabrication
processwith theinkjet-printing methogdwhich usesnadditiveapproacho deposit and pattern the
thin film simultaneouslyObviouwsly, the inkjet-printing process has relatiyesimple andfewer
fabrication steps thathe conventionakubtractivanethod Figure1.1a showsheentire patterning
process that begins with the application of a photoresist (PR) coating. PRéeaf@Ed a thethin
film, and it is exposetb ultraviolet (UV) light through a photolithography mask. After exposure,
a lowtemperature anneal removes the solvents from the PR to fully cure the PR pattern. The
exposedhin-film field can then be patterned by a dry or wet etching process. As atépatise
remaining PR is washed away by using a resist stripper. This process is usually the most complex
and expensive step in device fabrication and remadwisgprocessvill greatly simplify and reduce

the processing cost3ypical largeareamicrofabication approaches for devigetegrationare
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generally accomplished usingsabtractive process, wherarttilms are first deposited over the
entire surface that is then patterned using an etching process to remove the film to define a given
structure.On the contrarydirect thin film depositon andpattening simultaneouslycan be

achieved byinkjet-printing due to its additiveature

Thin-film depositions one of the most important technakegfor the fabrication dfexible and
largearea electronics such dggic circuits, displays, sensorsadiofrequency identification
(RFID) tags and photovotaics. This method is the basis for the development offillnin
transistord1, 6, 7] Thin-film deposition technique Isdbeen developed tdeposita highquality
thin film by precisely controlling the growth of the materi&dg.12 shows two different types of
thin-film deposition techniquegphysical vapor deposition (PVD) and chemical vapor deposition
(CVD). In PVD, thesourcematerial is typically in a solid state. Through various methods like
sputtering or evaporation, the material is physically transformedhsteapor phase, meaning it
becomes a gas without undergoing any substantial chemical cH8hgeé¥D is different from

PVD, another conventional thin film deposition method, whinlolves chemical reactioret a

PVD CVvD

4y

0
O
o 0
o oo o®o 0o

Figurel.2: Schematic illustration of the physical actiemical vapor deposition methods.
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Figurel.3: Schematic diagram of a) a thermahpuration systerfcommonPVD procesyand b)
a chemical vapor deposition (CVD) system.

high temperatur@n the gas phase to producéhan film on the substrat§9]. The gaseous source
condenses onto the substrate, where it forms a thinTih@se methodsancoat a wide range of
materialswith auniform thin filmontoa large areavith atomicscalecontrol For this reason, both

methods are widely used in the semiconductor device industry.

Fig. 13a shows a thermal evaporation process which is one of the most common and widely
used PVDprocessesAs shown in the schematic, the sedidite target source will be vaporized by
physically induced high energy (thermal energy in this cf&eandits atoms are transported
through vacuum conditions tbe substrate surface and deposited as thinffilitne CVD method,
single or multiprecursor gases are flowing into the chamber through a gas inlet and a chemical
reaction occurs on the heated suefa€ the substrat® form the thin film[9] shown in Fig.1.3b.

Both CVD and PVD methods provide uniforargeareadeposition andhigh-quality thin films.



The deposition rates can be controlled precisely to create reproducible thicknesses for the

fabrication of electronic devices.

Thin-film transistor device fabrication consists of a series of deposition and etching processes to
pattern device structures that are integrated onto a substrate. These devices consiguafityigh
thin films grown byPVD or CVD that are then patterned and defittedugh photolithographic
techniques to form patterned etch masks on thefilninsurfaces. Asubtractive etching approach
is then implemented to remoweaterial in the surrounding field that is not maskaefining a
pattern on the thifilm layer. However, these conventionalibtrative processingtechniques
require ultraclean highvacuum conditions, higtkemperature processing, mustep

photolithography patterning with expensive photomaakd chemicdy hazardous materials.

One method to alleviate these constraints in the device fabrication process is replacing these
complex integration schemes with additivetechnique that can deposit and pattern the device
structure simultaneously. The useld® techniques may be a viable approach to alleviate these
problems, but challenges remain in the development of electronic inkhaingiatterning for
device fabrication that need to be overcome. Overcoming these challenges would pave the way to

enable higkguality thin films that may be scaled to large areas for manufacturing.



1.3 Printing technology
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Figurel.4: a) Inkjet printing as a neoontact printing vs b) a gravure printing as a contact
printing.

The nost attractive feature of printing technology is the capability to directly deposit materials
on the substrate with a predesigned pattern.thiésdditive processing approach that simplifies
the fabrication of electronic devices compared to conventap@ioaches. This method enables a
maskless fabrication process and continuous process in a single assembly linenableloll-
to-roll (R2R)processig thatmay allow device processing &am ambient air environment, making

it a costeffective alternative compared to conventional vacuum deposition processes.

Printing technology is classified by contact and -gontact printing methods. Nesontact
printing methods enable the depositionmnudterial on any surface without contamination on the
substrate. In the necontact printing method, such as IJP, the ink droplet is expelled from the
printing nozzle onto the surface of the substrate. The volume and frequency of the ink droplet can
be contolled by the actuation of the printhead, usually through a piezo or thermoelectric transducer

with the electrical signal shown in Fig. 1.4a. By moving the nozzle or substrate, the ink droplet can
6



be jetted only where needed to make a specific pattera.dfbpon-demand approach minimizes
materials wastesimplifies electronic device fabrication, and potentially reduces the cost of

manufacturing

On the contrary, contact printing methods are another approach to print large volumes that may
be used for device fabrication. As a contact printing method, gravure printing is a widely used
techniqudor printingthin film devices vith high-throughput and highesolution[10]. The carved
metal pattern of the cylinder transfers the ink indylendercavities b the substratsurfaceshown
in Fig. 1.4b. The excess ink from the printing cylinder is scraped off by the doctor blade. This
technique, unfortunately, requirbiyh-viscosityliquids which causdlifficulty of transferringnk
[11] andinherently contact tthe substrateéhat may resulin contamination andemainng surface
residue[10]. In this work, the IJRprocesswas used given its loweviscosity ink usage high
registration accuragyits relatively high reproducibility, and its proven capacity for fabricating

thin-film transistor device§lO0].

Inkjet printing Spin-cloating

\E@

Centrifugal force

Evaporation

R o - I

Highly ordered

Relatively less ordered !
Substrate Substrate crystalline structure

Figurel.5: Schematic illustration of inkjet printing asgin coating process.



While IJP has many advantages as an additive process over convemtiorzghbrication
techniques, there are challenges that still prevent its pervasive use in the electronics Fidustry.
1.5 compaestwo different deposition methods (IJP and spirating) usindiquid materials. 1JP
technology enables the direct deposition of materials on the substrate with high aachraegd
by the ejection of a liquid droplet onto the substrate serf@nce the droplet forms on the surface
it starts to dry and forms a film. During this drying process, several challenges need to be overcome
for the creation of auniform highquality film to form.Onechallenge is poor crystallinity dhe
organic semionductor (OSC}hat is the main challenge of 1JP arising from the evaporation

dynamics of the inkhamperinghe carrier transport properties of the TFT dev|[d23.

The spincoating methodoossessea different deposion mechanism compared to 1JP. By
spinning the substrat a high rotational speed, the liquid materials on the substratepaead
outward by the imposed centrifugal force. Afsginning the liquid uniformly coats the overall
surface. When the solvers fully evaporated, a highly ordered crystalline structure of OSC thin
film forms [12-14]. On the contranthelJP procesproduceselativelypooter crystallinity due to
the absence ofin external force tchelp form crystalline domains in theOSC thin film. This
propertyis a majorreasonfor lower TFT performancdabricatedby the IJP methoddue to the
absence of centrifugal forces for printed drop[é®14]. Crystallinity is an importanaspectn
determiningthe performance of FTs and the deposition methdaas an effect on the ordering

within a thinfilm layer [15].



1.4 Inkjet-printed TFTs
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Figurel.6: a) Schematiof BCBG TFT structurevith applied gate biaarger than threshold

voltage Vs> Vrr). The channel (accumulation layer) is formed underneatimkies-printed

organicsemiconductor filnmhat is depicted by red dashed libgExample oftransfer

characteristics of commontgpe channel TFT.

A TFT in its simplest description is an electrical switch anithe fundamental buildm block
of electronic circuitry. The conventionalkjet-printedbottom contact bottom gate (BCBGFT
structure is depicted in Fig. 1.6a. The current flow through the semiconductor is modulated by an
applied gate biafV/cs) that changes the electrical conductivity of the semiconductor between the
sourceto-drain electrodes. The applied gatdtage inducesn electric field perpendicular to the
surface of the semiconductor through the gate dielectric (gate oxide). Thanfieicesan
accumulation of charges in the semiconductor thin film near the ahidsh forms a conductive
channelayer. A horizontalelectric field is createdcrosghe source and draglectrodes using an
applied bias\{bs) at the source and drain electrod#ich induces charge transport from source to
drain.Onthe contrary, when/gs is removedr reducedthe channeldyer is also diminishednd
the layer conductivity reducesvhich causeshe currentflow to decrease anthe deviceto be

turned off.In this mannerthe TFT functions as an electrical switch, turning on and off depending
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on the appliedatebias The curent flow betweenthesource and drain through the chamesgjion
(Iosorlp) is controlled byapplied biaseszsandVps) andmay be modeled by thggradualchannel
approximationwhich was first proposed by ShockIg6]:

0. (bA .o :
f 0 0w w (1.2)

Oﬁ,—.AoooooooT

(1.2)
wherelps sator in, W, L, andC; are the drain current in saturation or linear regime, width and length
of the channel, and the gate oxide capacitance, respectiiedyorganic thin film transistor
(OTFT) works in two different operating regimdbg linear and saturatioregimes When|Vps|
increases from @nd is smaller thafVed V7|, thelps linearly increasesnd isproportionatto the
applied|Vps| [17, 18] this mode of operatiois calledthelinear regimeThen,at the bias condition
[Vos| ~ [Ved V|, pinch-off occursin the channel regiothen thelps saturates even with higher
[Vbs| defining thesaturationoperationregime[17, 18] The aboveequatiors areonly valid when

[Ved is larger than|Vrul. In this condition, the charge carriers can be accumulatedthend
conductivity of the semiconductor alotlge oxidesemiconductor interfacecreasesforming a
onedimensional potential distribution in the channel redi®]. By usingthis equation the field
effect mobility in the linear A ) or saturatiorregime (A ) can beextracted and they are
independent of applied bias conditiomfsthe semiconductor has highearrier mobility under
active operationit will havebetter charge transport properti®s showingan enhanced current
level (Ips). Therefore field-effect mobility is considered a®ne ofthe mostimportantdevice
parameter$or evaluatingthe TFT performancélhe mobility of OTFT ismostly affected byhe

carrier transport which is in turn dependent theorderingwithin the organic semiconductar
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Hence the crystallinity can bevaried between therganicsemiconductaandis highly affected

by thedeposition methdand surface condition ¢iie substrate

This thesisintroduces a novelmethod to improve therystallinity of organic semiconductsr
itself, esgcially polymeic semiconducta; by using hybrid nanocomposisemiconductomks.
By applying this methodthe improved field-effect mobility of the inkjetprinted OTFE was

demonstrated and analyzed withine researctpresented in this thesis

To analyze the transport properties of the TFTs formed using different ink formulations, the
currentvoltage (-V) characteristics of the devices westeidied. The transport properties were
investigated irthe linear or saturatiomode to extract théeld-effect mobility {uin Or psa) using
equatiors 1.1 and 12. Thethreshold voltageMr+) was extractedrom the transfer characteristics
(Ios vs Vgs) of the TFTsas shownin Fig. 1.6b As depicted in the figuré/rw is estimated by the
linearextrapolation methodrom the |-V data in thesquare root of théps vs. Vgs plot. The
extrapolatednterceptwith theVgsaxisgives thevry. Ideally, the linear and saturation fieddfect
mobility should besimilar in the rage However,in real devicetheA is usuallysmaller than
A due toa contact resistancerf) [18, 20] which can appedior various reasons such as the
formation of a Schottky barrier[21], poor device process andstructure[22], and undesired

nonuniformstructural disorderingf the organic materialf23].

In the linear regimélow Vps, Ved V1 >> Vps), the device operates as a resigidhe channel
region and theresistance othe channel RcH) mostly depends on the gate biaés§) (las, iin =
Vbs/Ren(Ves)). Since he total resistancdf) in TFT includes botltthannel andontact resistanse
which are connected in serieRr(= Rcnh + 2Rc), the voltage drop occurs across the

semiconductor/electrode interface due toRseand theVps applied inthe channel region should

11



decreasén the linear regim¢24]. On the contrary,n the saturation regim@cd Vrh < Vbs), the

Rc is usually considered to beegligible since thelps is independnt of Vps from the gradual
channel approximatioequation(eq. 1.1) Hence, the saturation fiekffect mobility is more
adequate to describe the intrinsic chacgerier mobility of the organic semiconductor materials
[20, 25] However, recent studies have reported the impa&cah the saturation regime and
reportedRc candegrade the drain currel@6, 27] It may become a more severe problem in irkjet
printed metal electrodes for TFT applications. Téffect and its analysiwill be presentedh the

last chapter of this thesis

The other electrical parametertbe TFT is thesubthreshold swing®S.) which is expressed in
units of mV/decade

i 6 w

BB R AAARG ED (13)

In the range oVgs underVry defined asa subthreshold region, th&witching speed of the
transistor can be evaluated by B8 which is the reciprocal value of the slope of the cijlog
scalelps-Ves, Fig. 1.6 in this region The heoretical minimum limitation at room temperature of
theS.Sis 60 mV/decad@n(10)kT/q). It is mostly affected byhedielectric capacitanceZ(), so to
minimize the S.Sandincrease the switching speed of TFT, higkiielectric materiad (e.g.
hafniumbased oxide materiatavebeenappliedin related worksisingpentacendasedOTFTs;
the deviceshoweda low S.S. 00.13 V/decad¢28]. On the contrarySS. is degraded by theap
statesat the interface between organic semiconductorstiaadjate dielectri¢29]. The charge
carriers can be trappedthin these states and immobilized, but the trap states should be filled
beforehangdas this enabkthe accumulation of charge carridigally leading to the formation of

thechannel regiof30]. Thereforetheincreasegresence of trap states at the interface adversely
12



affects the switcmg speed of OTFTand contributes to a degradation in th&rS [31-34].
Although this work does not focus on the investigation isfatectrical feature of TFTs, iemains

an mportantaspecof the TFT performanceand its electrical stability

1.5 Printable materials

The TFT is made of three different tgp of materials, includinghe semiconductorthe
dielectric, andthe metal contact For additive processes using IJP, thes&erials should be
solutionprocessetb beprintable. Conductive irdhave been produced with a variety of materials,
including etal nanopatrticles (Au, Ag, C{85-37], carbonbased ink (CNT or graphen@8, 39]
conductive polymer (poly(3;éthylenedioxythiophene):poly(styresulfonate) (PEDOT:PSS)
[40, 41] and more, for use asetal electrodes in electronic circuifeveral dielectric materials,
such as polyvinylphenol (PVI¥2], polyvinyl alcohol (PVA)43], fluorous polymer (Cytog$4],
polymethylmethacrylate (PMMAW¥5], and ion ge(electrolytegated TFTs}46], have received a
lot of attentionfor printing technologyFor the gate dielectricit is desired for dielectric material
to havehigh capacitance with thinner layeasd barriera high electric fieldo withstand high
breakdown voltage. Furthermore, the interface state betweeletketric and the semiconductor
should be considereaind evaluatedo improve device performanceand get a stable electrical
characteristic of devices sintteepresence anterface trap chargesiversely affectS.Sandleads
VH variation[30]. However, while both metal and dielectric materials hold significance in device
performance, it is essential to emphasizat teemiconductors play the most critical role in

substantially influencing device performanespecially carrietransport

For printable semiconductors, OSC is widely used and studied for its good solution

processability. OSC is classified into small pmile and polymé semiconducta; i.e.,
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conjugated polymersSmall molecule semiconductors generally have better charge transport
property and show higher mobility than polymer semicondacfdv] since it has better
crystallinity as semcrystalline structuree.g. pentacene. However, it is commonly not easy to
deposit and form a uniform higduality thin film by inkjet printing[48], requiing several
parameters to beptimized(where the surface conditionstbk substrate, geometry of the feature
and printing conditions play a role in the final printed feat{4€$). Onthe contrarypolymeric
semiconductors present numerous advantages when employed in inkjet priiteygare
generally more processable from solution than small molecule semicondsicioepolymers
have higher molecular weights and longer chain strastwhich result in improved solubility in
common organic solvenf®0]. Moreover, hese polymers are capable of being deposited on
surfaces withcontinuous thin film smooth anduniform surface owing to their inherently

amorphous structure and higlseosity relative to small molecule semiconductptg].

1.5.1 Semiconductor inks

In this work, two polymer semiconductsy regioregularpoly(3-hexylthiopene2,5-diyl) (rr-
P3HT) anddiketopyrrolopyrrole thieno[3;B]thiopheng(DPPT-TT) wereused for inkjefprinted
TFTs First P3HT has been studied and developealdmnnel material for TFT applicationser
the last few decadeherefore it is suitable as a prototype host materialfor novel hybrid
nanocompositsemiconductor inkP3HT isa p-type and conjugategbolymeic semiconductor,
and it hasa selfassembly property to form highly ordered samyistalline films with good air
stability [51]. After developing and studyingybrid ink based on P3HT, (discussed in Chapter 3),

the concept othe hybrid semiconductor was applied to other polysn&PPT-TT which has
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Figurel.7: Organic polymer semiconductgP3HTand DPH-TT. a) The chemical molecule
structure and b) stacked structure of P3ejTMolecuhbr structure of DPPATT.

receivedgreat attention as a negéneration polymer (also known as deaoceptor copolymer),
has showrhigh field-effect mobility inthe order of 10 cnf/Vs [52]. Moreover, it has ambipolar
characteristic which is beneficial focomplementary metadxide semiconducto (CMOS)

electronic circuits. This study will be presented in Chapter 4.

Polymeric semiconductorgypically have poor charge transport property even though it has
various benefits and advantages for IJP TFT applications. To address this challenge, the
fundamental understanding tiie charge transport mechanism in polymmesemiconductors

should be necessary bese it has differentstructural features compaed to inorganic
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semiconductor whicthas single crystallinéattice structure such as silicoRig. 17 shows the
chemical molecular structure agnonomer and schematic illustrationstb& microstructureof
P3HT. In the stacked structure of this conjugated polymer (Fip), Imonomers are repeated with
“-conjugation and alkyl side chain (top and bottom) by fornammplymer backbong53]. The
highest charge transport property is related to these molecule chdingu@@gh the backbone
[54]. The orange box indicates the 2D P3HT |dyesa stacked lamellar structurtntermolecular
charge transport i -§ d0 mmck® annthgs criyskaltine stgidturgsd]h e
Moreover, the molecules are lying paralletite edge of the substrate which is known as ealge
orientation which ighe desired orientation for the charge transporbtigh (&0) [55, 56] The
charge transfer through the alkyl stacking direction is negligih®®)([57], but it isa good
indicator to evaluate the crystallinity d¢iie polymer structure. In the mesoscale structtine,
polymer has crystalline and amorphous domamultaneously[57] even if, schematically
presented in Fig. Ib, conjugatedpolymer chainsare stacked in highly orded structureas
crystalline region. Thenin the better crystalline structuneter- and intramolecular interactions
can be improved tbugh all axesqd), (0k0), and H00). This microstructurecharacteristic can be
analyzed by using spectroscopystemssuch as UWis (ultravioletvisible) and XRD (X-ray
diffraction). However, charge transport properties are degraded in amorphoussregioajor
difference to single crystallinedrganic semiconductewhich can have very high mobility (larger
than ~10 crilVs). Therefore gnhancedrystallinity of the polymeic film is keyto improvingthe

field-effectmobility of OTFT.

As descriled inthe previoushapter, ield-effect mobilityis an important electrical parameter
of the TFT since it is closely correlated to device performance and efficiency. Pichbpased

TFTs have relatively poor fieldffect mobility compared to inorganic semiconductor materials.
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Figurel.8: Atomic structureof layeredVoS,.

Since thinfilm polymelic semiconductors hav®th semicrystalline and amorphous structure, the

low crystallinity of the polymeiic microstructure limits the charge carrier transporth@whole
polymer matrix. In other words, P3HT fibrhave good charge transport properties through the
molecular chains, but it has very poor charge transport through the disordered molecules in the
amorphous region. On the contrary, single, or polychysta(silicon) inorganic semiconductor

TFTs generally have higher fiekffect mobility than polymer channelFTs, but these
semiconductors are not as adaptable for low temperature and solution probtsseshile,

graphendike two-dimensional (2D) materials have been developed to be used in the form of a

a) b) ‘ DDTS
Cl
Cl_SII_CHz(CH2)1()CH3

y
cl @ ) MoS, monolayer
DDTS

Figurel.9: a) Chemical structuref DDTS and byschematic illustration dDDTS treated on

the MoS surface.
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nanoparticle suspensiofRecently, there have been many attempts to print transition metal
dichalcogenides (TMDs) itself, also known a2D semiconductorssince 1 has superior charge
transport propeids compared toorganic semiconductdi58, 59] Among the 2D materials,
molybdenum disulfide (Mo has been studied most and attracted great attention for its various
merits of electrical, optical, and mechanical mxes[60, 61] It also has very high carrier
mobility from monolayeMoS, (50~200cm™/V's) [62, 63] FurthermoreMoS; has hole transport
[64], few-layer and monolayestructureshaving carrier mobilitieof 480 cni/Vs [65] and 26

cné/V's [66], respectively

In Fig. 18, the atomic structure of Me$s shown with the interlayer bonding between each
layer made with weaker van der Waals farf&]. Due to these weak Vanmdé/aals forces, t
vertically stacked structure can be easitachedy mechanicaéxfoliation[68]. However, it is
hard to make a liquid form of M@Since itdoesnot dissolve in any solver@ne approacko use
this materal within a solution is to disperse thin layers of Mo@anosheetdhto the liquidas a
suspensionlf the MoS nanosheetare uniformly suspended in the liquid, it may be possible to
deposit the suspension over a large area of uniform thickness ilosgtacessible applications.
Recent work of printed MaShased devices showedlatively poor electrical characteristics
having low on/off current ratios[69, 70] The result was attributed to undesired impurities
introduced as traps in the liquid phase proced&@p It may be addressed by improving the flakes
arrangement in the film during the dejimm procesq70], but it still suffers froma very poor
on/off ratio and carrier mobility (~1¢ cm/V:s). For ths reason, in this workMoS; is
incorporated into a semiconducting mixtaean additiveTheMo0$; is added as suspension into
a polymer solution to enhance the charge transport property of the polymer for printed TFT

applications.
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It is important to have a stable MoSuspension to improve the Mp&rrangement in the
deposition patterrand to avoid reaggregatiomhich may result in nondesiredissuesduring
fabrication such as nozzle cloggiriche functionalization of the MeSurface isa wayto maintain
a welkdispersed suspension of Md8 a solvent. A recent report by Yet, al.revealed that alkyl
trichloroslanes (ATSs) surfactants prevent to reaggregation of.NMoSolution processingy1].

The other previous study alseported that the ATSs are used to treat the surface of the WS
(Tungsten disulfidehanosphere (another TMD material) to enhance the tribological properties of
the material[72]. In Fig. 19, trichloro(dodecyl)silangdDDTS) one of the ATSs to modify the
surface of the MoSayermay beused to make a stable MgSispensionTo beused for electronic

inks in inkjet printing the restacking of MoSayersin the suspension needslie preventedand
DDTS is suitable for this role. Iill be addedto MoS suspensioras a surfactant during the
process and its silane group bonds ®dhngling bonds of the Me&onolayer surfacg/1]. The
enhanced stability of MaSsuspensior(increased dispersion levellelps © form a uniform

distribution of MoS flakes in the polymer solution.

1.5.2 Metal ink

Printablemetal ink isnecessaryo fabricate TFTs imroll-to-roll (R2R) manufacturing process
which enables continuousigh-speedproduction over large ared§73]. In comparison to other
conductive materials utilized in ink, silver nanoparticle (Ag NPs) inks stand out as the most
appealing candate. This distinction arises from their commendable electrical conductivity, even
in the presence of conductive silver oxides, while copper oxide, on the other hand, does not display

such conductivity. Moreover, Ag NPs are economically advantageouswsatbd more cost
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Figurel.1G: (a) Schematic illustrations of colloidal solution of silver nanopatrticles and (b) a
printed silver nanoparticle ink on the substrate. (c) During annealing process, solivent an

additives are removed and organic shells are sintered.

effective than precious metals like gold. Additionally, Ag NPs exhibit superior adhesion to

substrate surfaces when contrasted with other materials like carbon nanotubes (CNTSs) or graphene.

[74]. Variousshapes of silver nano paresl can be synthesized suclapkanarstructure(triangles,

5 or 6 diagonalandround surfacg andathreedimensionaktructure(cubicandpyramidal) [75].

The morphology of nanoparticles significantly influences their optical, elattmagnetic, and

catalytic propertiesAmong different shapes of NPqlerical particles, characterized by minimal

surface area for a given volume, demonstrate enhanced thermodynamic §t@jility

20



Figure 1.10 shows how Ag\NPsink can be used in printing metrsoand forms intaa thin film.
Ag ink consists of silver nanoparticles encapsulatedriyrganic shell suspending in the solvent
with additives which help make stablespersionsand separate particles from othéthen this
printed ink is annealed ahe sinteringtemperaturgor reaction temperature)he solvent and
additives are removed. Then the renvagnorganic shellalsobreaks downandthe core silver
nang@articlesstart toagglomeratendmergewith neighbomg particles[77]. Finally, continuous
silver thin film forms during this sintering processdthe electrical conductivity of the printed ink
begins to chage.However,printed metal electrodes haugherent challenge It hasrelatively
poor film qualityi structural featuresuch as surface roughnessnpared tanetal films deposited
by conventionamethods such as PVD or CVD (introduceddimapter 1.2). Mreover it is hard
to obtainafine edge pattern ithesolutionprocessed metal thin filcompare to theconventional
photolithography process. These structural deficienciggintedthin-film metalswill result in
increased contact resistand&) when itis used asource and drai(S/D) electrodesn TFTs.
Nevertheless, printing thifilm metalsis a critical componentto realize thefuture electronics
which requiredully inkjet-printed TFTs and roll-to-roll processwhich is one goal of inkjet-
printing technology The effect of the process conditions and the geometry of the printed metallic
lineswill be described in the last chapiarmore detail Above all,the enhanced carrier mobility
of printable semicorngttorsby using novel hybrid nanocompositehgprimary goal of this thesis
Therefore, novel hybrid ink isivestigatel thoroughlywith vacuumdeposited gold electrodes for
preliminary researchlhe study of the effect of inkjgtrinted Ag S/D will befollowed in chapter

5.
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Chapter 2
Met hods

2.1 Semiconductor ink

In this studyahybrid nanocomposite semiconductor ims developedy blending polymec
semiconductors ashostwith MoS; as an additive. Both polymeemiconductorand Mo$S are

prepared irasolution phase for inkjet printing.

The polymeic semiconductors P3HT and DPHT are dissolved in 1;8ichlorobenzene
(DCB) in this study, and the active layer of the TFT will be created by inkjet printing this solution.
The organic sefent used for these two polymers was carefully chosen because, according to earlier
studies[78], DCB has a high boiling point that causes polymer solutions to dry slowly. This

characteristiavill allow for improved crystallinity in the dried thin film.

Using an amber glass viao avoidexposure to ambient lighit9], solid polymer powder that
had been precisely weighed was plawegith anestimated amount of DCB poured into the same
glass vial to create suspensiowith a 10 mg/ml concentration. Afterwarthe glass vial was
thoroughlycapped and wrappewith parafilm Thenthe polymer solution in the vialas annealed
on a hot plate at 85 °@r 1 hourunder ambient condition&ll the solid polymer powder in the
vial was thoroughly dissolved into DCB without any sediment after the annealing proddukse.
are ready to be put onto an ink cylinder to be printed with an inkjet prdeéore being used in
the inkjet printing process, the polymer solutiafter 1 hourof annealing was stored on the
hotplate to ensure that it remained well dissolved &m prevent any aggregation at room

temperaturg30].
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2.1.1 MoS; suspension

Figure2.1: SEM image of inkjeprinted MoS nano powder and fedayer MoS nanosheets

A glass vial containing 1 mg/ml Me®CB was sonicated for two hours to puocé the
nanosheet suspension (08D Digital Ultrasonic  Cleaner Bath, Limplus). Due to the
mechanical force generated during the sonication process, the bulk efdvo®liated into thin
layersduring this processThe generated MaSlispersion could é& inkjet printed under these
exfoliation conditions, andcanning electron microscog&EM) analysis of its structure was
performed (Fig. 2.1)Micrographs shovbulk MoS nanopowder stacked large clumps having
diameters ofa few micraneters(Fig. 2.1a).They were thenseparated into layers during the
sonication process, and the féayered nanosheet can be obserg@&EM with a lateral size of
about Imicromeer, as shown in Fig. 2.1@hereforethe MoS nanosheets used in inkjet printing
have varying thicknessemdicating a fewlayers) and lateral widths. For electronics, thinner and
larger lateral MoSnanosheets are desired in ordesdale down futurelectricaldevicesscalable
fabrication andthe creation opristine surfaces of MoS,. However, there is a traddf to get
thinner nanosheetsicreasinghe sonication power redslin smaller size of nanosheets due to the

scisson of the flakeq81].
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Figure2.2: The photography of the MeSuspensions with or without DDTiitial state of the

suspension was captured after 2 hr wdaication.

As stated in Section 1.5, tifenctionalized Mo$surfaces were made using the sefembled
monolayer DDTS in order to increase the few layers of thin M@®osheet (or, to improvbe
exfoliation process)o obtaina stable suspensiom the sonicationprocessthe silane group of
DDTS forms a bondwith dangling bondsat the surface of Mo§S layers [71]. 0.5%
(volume/volume) DDTSs used to create MeSuspen®n in DCB. The functionalized surface
inhibits the structures from stacking up agaimd produces welldispersed and stable MpS
suspension in liquid over a period of dayke effect of DDTS orthe MoS; suspensiomesulted
in anobservable visiblehanggFig. 2.9. Both MoS suspensions with and without DDTS appear
to have a dark black color in their initial stagmlit after ultrasonication for two hours), which
shows that the MaoShanopowderare evenly distributed throughout the dispersion. However, the
Mo$S; suspension prepatavithout DDTS had sedimeandthe liquidbecame transpareatter 48

hours This observation wabecause the éaliated MoS flakesagglomerateaver time and fell
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out of the suspensipwhereas the suspension prepared with DDTS maintaineltslispersed
state.The findings of this study demonstrated that DDTS actually stabilized and coated the MoS
nano powder. As a result, the initial condition of the DDTS treated.MisPersion may contain
more nanosheet layers with thinner layers thendther. InChapter 3, this assumptiomill be
verified with UV-vis analysis and determine whether or not this prepared Natsheet is truly
useful for polymes to have improved charge transfer projgstThe effect otthe surfactant on
device perforrance will be covered in Chapter 3 in order to look at the relationship between the

density of MoS nanosheets aralpolymer semiconductor in greater detail.

2.1.2 Hybrid nanocomposite ink

As described, a hybrid nanocomposite ink was created by combining thargueMo$S
suspensiornto the polymeic solution. The entire procedure for the formulation of hybrid ink is
depicted in Fig. 2.3. A different volume bfoS; suspensiomvas mixed with a fixed volume of the
polymer solution, as shown schematicatythe battom rightin Fig. 2.3, to produce suspensions
with various concentrations of Me$ the solution.A higher concentration of MeSn the
solution, such as 6 wt%may bea limitation for inkjet printing, sincat this concenttan, theink
frequently causes nozzle clogging (8@ orifice) andvasdifficult to inkjet. The MoS nanosheets

werethen thoroughly distributed in the polymer solution by sonicating the mixtures for 30 minutes.

In this hybrid semiconductor systeaplymerwas the host solutioend MoS nanosheatwere
theadditive. Electrically in the band diagram of each material (see Fig. 2.4)igthestoccupied
molecular orbitaHOMO) level of polymerdP3HT and DPPATT) [82-85] and valance band
maximum (VBM) of MoS nanosheetf86, 87]lie in around’ 5.1 ~ 5.3 e\that was an advantage
for p-type transportSinceDPPT-TT is anambipolar semiconductor;type transportlso need

to be considered The lbwestunoccupied molecular orbitdLUMO) level of DPPTFTT and
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Figure2.3: Schematic illustrations of theverall fabrication process of inkjgtinted hybrid channe
TFTs. MoS suspension is prepared by adding bulk Mp&~vder in DCB as a solvent and 0.5 v/
DDTS in a glass vial. The suspension is sonicated for two hours in the ultrasonic bath. Well
disperged MoS suspension is mixed with P3HT solution with different volumes (frartoW,) to
make different concentrations of a suspension in the hybrid ink. The ink isjmikjetd on an arra

of S/D electrodes with a single ejector printhead

conduction Bnd minimum (CBM) of Moglie in around 4 eV [88], thus this hybrid sstemhas
such a smaknergy barrieof 0.07 eVfor electron tranfer between these two mategaFrom the
band diagramshe energy level is well aligned for carriers to transfer between the semiconductor

materials in this hybridemiconductosystem.
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Figure2.4: Energy band diagram of materials used for inkjétted TFTs showing energy
level offset between contact electrode (gold S/D) and sawliconductar

Moreover, Mo$ ideally has a single cryalline structureon its pristine surfacbecause it is a
two-dimensional inorganic materialhis property may be employed itacrease the crystalline
domains of polymers when it is introducasia suspensian the polymer matrixFunctionalizng
thesuifacewith a selfassembled monolayer (SAM) (see Appendixrizly enable thpolymersto
form better crystalline structusalong the interface between the M@®d the polymeric solution
creating a morehighly orderedfilm. The schematic images othe polymer and hybrid
microstructure are shown in Fig. 2'Hhe coexisting amorphous and seystalline domains of
the polymer are schematically illustratenh the figure Due to its pristine surface and single
crystalline latticeMoS; nanosheetsiayenhance the number of crystalline domairthé@polymer
when they are added to the structlreerefore welexfoliated Mo$S nanosheets which has large
lateraldimension are desired for nanocompodiie film. A higher degree of crystallinity in the
polymercanresult in better charge transport characteristicseahdncedeviceperformanceThis

effect will be investigated and described in the subsequent chapters of this thesis.
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Figure2.5: Schematic illustrations of mesoscale microstructure of polymer matrix and hy
thin film.

2.2 Fabrication process of Inkjet-printed TFTs
2.2.1 Overview of TFT fabrication process

The fabricated devices hav&BG TFT structureThe substrate is thermally grown 100 nm
thickness Si@on aheavilyp-d o p e 4 0.00lpY-cmand 0 . (Gneasured byqur-point
probemethod silicon wafer(thickness is 500 um)he capacitance dhe SiO, dielectric was
evaluated bycapacitancevoltage (C-V) measurementhich is shown in Fig. C1The cleaning
process for the Svaferwas accomplished lyipping in isopropyl alcohglacetoneandsonicated
in deionized water (BWwater) for 10 minutes each. After the cleaning, 3 and 30 nm thickness

chrome/gold (Cr/Au) contacta/ere deposited using thermal evaporation and patterned using
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Figure2.6: A fabrication process of inkjgirintedP3HT channel TFT

conventional photolithography processes to form the sourcdramd(S/D) electrodes of the TFT.

A thin Crlayer wa used aan adhesiotayer for goldthin film electrodesThe channel dimensign

were defined by the width to channel length ratio (W/L) and was ~ 1,000 pm /10 um. The contacts
were then cleaned in an ozone environment generated by ultraviolet light followed by a solvent
cleaning process using an ultrasonication bath consisting-aflr, acetone, and isopropanol to

remove residue on the surface of the substrate

To create a hydrophobic oxide surfaued avoidthe formation of theoffeering effect the
substrate is dipped inteexamethyldisilandHMDS) in a sealed glass petri digind submerged
overnight. Then, the substrate is rinsed with toluene and driéxdblayng dry N». To verify the
surface energy oHMDS-treated SiO,, DI-water is dropcast onto the substrate, using a

micropipette with microliters volume, and the contact angle of the droplet is meaghigdis

a) Bare SiO, b) HMDS/SIO,
0,=45° 6.=90°

Figure2.7: Contact angle measurement by droppingiater on(a) bare onlb) HMDS treated

SiO; surface.
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shown in Fig. 2.7Since bare Si@surfacehashigher surface energy thatne HMDS treated
surfacealower contact angles observed indicating laydrophilic surfaceThe reproducibility of
the HMDS treatment was confirmed by this measurenfemtreased contact angle after HMDS
treatment on Si®[89]), anddeposited polymés semiconducta@ on this surfacavere found to
haveimprovedcrystallinity [90] anduniformity [91]. In this work, the contion of the substrate
was systematicallyrepared to avoithecoffeering effect and achievauniform thickness of thin

film which is discusse@ith more detaiin Appendix A

The prepared semiconductor ink was inlgeanted oo the channel region #t has pre
patterned S/D electrodes (Cr/Au) on HieIDS-treated substratéfter printing,the samples were
annealed at 120 °C for 1 hour and cooled dowa wacuum. Then the fabricated devices were
ready to be electrically characterized Iy measurement in a vacuum environment, under dark

conditions.

2.2.2 Detail of inkjet printing process

The inkjet printingfor semiconductor inkvas accomplished using a single nozzle (MicroFab)
print headwhich has 60 pum orifice and piezo elecgjectormecharsm. It was determined that
the maximum size of the inorganic powder in the suspension was a few microns. &B60rth
orifice jetting nozzlevassufficient to jet the hybrid ink and prevent nozzle cloggiag previously
noted, when the concentratiohhybrid ink is increased toWt%, the MoS nano powdemay be

restackec@ndaggregatedh the reservoir of the printer head, which causes nozzle clogging.
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The stable jetting condition is preferred to provide a uniform printed patiéoverall structure
of the polymer in printed patterns is determined bystiietionprocessed polymer semiconductor,
which is sensitive to and affected thye deposiion process Very stable jetting conditionasseen

in Fig. 2.8a, can be achieved by optimizthg pulse parameters given to the printer noagieg

a piezoelectric devicé single droplet with dimensions of 3@n in diameter and 18 pl in volume
was formed The droplet velocity and jetting frequenaye also important to developniform
printing across large area in a short amount of tifle. jetting frequencyvas 500 Hz Droplet
velocity was estimated ak.67 m/s,estimated byhe flying time of a single dplet from the nozzle
to the surface of the substrgteorking distance= 0.5 mm)of 0.3 ms(milliseconds) A precisely
controlled uniform printed pattern can be produced in a large area, as demonstrated in Fig. 2.8b,
dueto its highly stable jetting condition. Printing single linesstestedwith various drop spacings
by varying thedistance between each dropgetsition on the substrat®Vithout the erroneous

printed pattern, every line is properly alignéahieving trese conditios allows a reproducible

a b
( ) Nozzle ( )
Nozzle edge -:U
2
L E
Meniscus a Drop size
Droplet 8 52.95 pm
\ g
)4 Jetting
direction

* MicroFab (60 pm orifice)

* Droplet volume: ~ 18 pl

+ Droplet size: ~ 33 pm

+ Droplet velocity: ~ 1.6 m/s
+ Jetting frequency: 500 Hz

Figure2.8: (a) Stable ejection of theemicondctorink from a single ejector printheaa

jetting behavioranalysis and (b) test printed pattern with different printing space.
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procesgo print semiconductors on channel regions to fabri€&fes. Thesestablejetting settings

wereideal forreproducing a consistent printed pattamd polymer microstructure.

2.2.3 Inkjet-printed P3HT channel TFT (reference device)

Reference TFT devices using printed P3HT solutions \iayacatedfor subsequenannealing
following theinkjet printing, P3HT is visible on the channel region in Fig. ZT9e. printed P3HT

ink was effectively capturedd the S/D pattern and channel mgiowing to the hydrophobic
surface of Si@(White dashed box)l'he deposited bare gold has a lower contact angle of ~65°
compared to the HMD®&eated Si@surface contact angle of 90°, confirming the dielectric surface
had the higher surfacergy. Aftemprinting the polymeic ink, the sample was annealed at 120

°C for 1 hour in a vacuum oveiithe annealing temperature influeatke crystalline structure of
P3HT [92], with higher annealing temperatures contributing to enhanced crystal@8ly
Experimental assessments were conducted at two specific annealing temperatures, 120 °C and 160
°C. However, it was obseed that altering the annealing temperature within this range did not
yield any discernible variation in device performance. This outcome implies that further elevating

the annealing temperature from 120 °C does not result in additional improvementstatiiory.

(a) (b)

10 0.006

i L/W=10/1000 um

' ' Vp=-30V

: inti 10 . D

e N €= 34.5 nn?

E 10° § N 0.004 =
= N 3
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10° 0.002 =
10°
107 0.000
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Figure2.9: (a) Top viewof printing P3HTon prepatterned S/D electrodesid (b)transfer
characteristicsl§ vs.Vg) of thelJP P3HT TFT
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The transfer characteristics of reference devices are shown in Figth2&itgl number of devices
is 18). All devices had goasvitching behavior, wich is consistent with the TFT-V
characteristics discussed @hapter 1.4.The fabrication of the printed TFTs followed these

processing parametetis comparghe novelink formulations used to create the hybrid inks.

2.3 Inkjet-printed silver nano particles for electrodes

For printedroll-to-roll processg, vacuumdeposited contastaybereplaced by inkjeprinted
metal electrodesn subsequent studi@s this thesis, ibver nanoparticl{ Ag NP) inks from ANP

(DGP 40LT15C) wereused in this workAs presented ilChapter 1.2, the silver nanoparticles

o)

s iy

500pm

© FUJIFILM Holdings America Corporation

500pm

Figure2.10: (a) multi nozzle printer heaaf the Dimatix cartridge for inkjet printing Ag NPs
(b) Ejection ofsilver ink dropletsfrom the multi nozzleejector (c) Optical micrographs of
printed Ag NPs pattead on a Si wafer surfacand (dthe same printed pattern after sinter

process.
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consistof a coreshell structure when the shell is sintered the core nigtadarticlesmerge with
neighbomg nanoparticleso form a film. Unlike printing £miconductor materig| electrodes are
patternecbverlarge area, electrically connectingifferent componentd-or printing large area
in a short fabrication timemulti-nozzleprintheads armore favourable than the single nozdech
as theMicroFabusedfor printing organic polymer semiconducgprMoreover, the silver inks can
be reserved iacartridgewhich iseaser to storecompared to single ejector printheaBgy.2.10a
shows themulti-nozzle printer head produced by Dimatix Fuji FiBmgle droplets of Ag ink from
each nozzle were achieved witable jetting conditiamasshown in Fig2.10b. Single dropletof
Ag ink havevolumes of 5~7 pl, diametexof 21~24um and~3.3 m/s drop velcity using a ¢tting
frequencyof 2k Hz. With thiscondition printed Ag inkon a bare SiQ surfacehas adroplet
diameter 063 ~ 58um, shown in Fig2.10c. Theprinted pattern was annealat180 °Cby using
a hotplate (air ambientpr the sintering processThe sintering temperaturgas optimizedoy
measuring the electricadsistivity discusseth Chapter 5.2.1After sintering.the depositedsilver

forms a filmin the patterrshown in Fig2.10d.

To develop this proceder patterning line features on a surfatiee surface energy of the

substrate should be considered since it critically affects the shape of the printed patterdify

the surface energy of ti&iO, substrates, HMDS wasmployeal during the fabrication process
The HMDS forms a uniform monolayer on the SiSurface,effectively lowering its surface
energy. This effect is beneficial for polymeric semiconductassitinducesa highly ordered
crystalline structureThis hydrophobic surfac&cilitates the creation of metal electrodes with
smaller featuresNeverthelesst is important to acknowledge that controlling the printed pattern
under these conditions can be challeggiand certain defects may arise, such asaomtinuous

printed patterns and bulging sidewall features along the printed lines, causingifoymities that
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adversely impact the electrical contg®4-96]. Hence, in this work, a bare Si€urface was used
without HMDS treatment fornqnting the Ag inksAn HMDS treatment was applied following the
printing of the metal to functionalize the dielectric surface prior to the printing of the polymeric

semiconductor.

In the process of fabricating S/D electrodes for TFTSnkget printing, it is essential to obtain
a continuoussingleline printed pattern initially. The jetting conditiomsentioned abovenade
each printed Ag droplétaveapproximately 55 pnadiameteron the SiQ surface. To achieve a
continuous line patterrthe drop spacing, or the distance between the droplets, should be kept
below 55 um. Figure 2.11 depicts the printed Ag single line with various drop spacing values.
When using a drop spacing of 60 pm, the spacing exceeds the diameter of a single 8nopigt (5
resulting inadiscontinuous linelue tatheseparation ofetted droplet. With a 50 um drop spacing,
the printed single droplets began to merge, creating a continuous line; however, line edge
roughness (LER) wagsoor. This LER persisted even inses with drop spacings of 48 um and 46

um, although it appeared relatively negligible with the 46 um drop spaweitige case of a 44 um

50 48 46 44 38

Drop spacing (um)

Figure2.11: Inkjet printed Ag in single lines with different drop spacing from 60 teu38

The line edge roughness diminished from 46 um of drop spacing. Scale bapi®.100
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drop spacing, the LER was reduced, and a flat line edge was achieved, as observed through optical
microscopy. Subsequodly, decreasing the drop spacing to 38 um led to a slight increase in
linewidth compared to the 44 um drop spacing due to the higher volume of ink printed within the
designated are&onsequently, the optimal smallest feature of the printed Ag thin fitmowt

LER was attained at a 44 um drop spacing under our specific printing conditions.

Using theseprinting conditions, a 6 x 3 S/D array was successfully printed for the fabrication of
TFTs, asshownin Figure 2.12aUnder optical microscgpat high magnifications (Fig. 2.12b), all
print patterns were fountb have uniform line widths. Specifically, employing the printing
conditions as demonstrated in Figure 2.11 with a 44 pm drop spacing, resulted in the achievement
of a flat edgewithout LER for the inkjetprinted Ag S/D electrodes, where the charleabth
measured0 pum, and the channeidth measuretb bel mm.The TFT fabrication procesgith

Ag S/D electrodes is discussedGhapter 5.2.2.

Figure2.12 (a) Asinkjet-printed Ag S/D 6 x 3 array for TFT applications. (b) Printed S/D

pattern having 1 mmwidth and 30 pm channel length.
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Chapter 3

| nk-petnted nanocompositezchldgmmrel

3.1 Introduction

As a first step tastudythe enhanced performanad inkjet-printed polymer channdlFT by
adding MoS nanosheet P3HT wasdnitially used as a hogtolymeric semiconductamaterial.
Both semiconductors have been widely used and extensively stadibeir materiak properties
andelectronic applicationgvioreower, an alkytrichlorosilane selassembled monolayer (DDTS)

was usedas a surfactant for MeSatrticles suspended in P3HT solutions to explore hHuav

exfoliation level of Mognanosheets functions and impacts the charge transport property of P3HT.

Optical absorption measurement from the ultraviolet to the visible wavelengthsigJWas
carried out to evaluate the effect of the surfactant on the exfoliated hMoSsheetf87, 9799].
Optical absorption measurements were usedinvestigate the effect of thMoS, surface
functionalization on the suspension concentration &, thickness for inkjeprinted hybrid
inks used to fabricate TFTs. The printed devices were comprehensively characteriz&d by
measurements, atomic ferenicroscopy (AFM), UWis., and Xray diffraction (XRD) analysis to
determine the influence of the ink formulation, printing process, andfilimrstructure on the

electrical characteristics and performance parameters of the TFT devices.

3.2 Results and discussions

3.2.1 Effect of MoS; surface functionalization on ink formulation
The formulation of the hybrid ink requires welkfoliated MoS nanosheets suspended in the

polymeiic matrix, enhancing the electrical interface between the polymeric solution akib8ie

suspension while minimizing interfacial and structural defd@0, 101] Unfortunately,
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conventional liquiebhase exfoliation methods, do not yield suspensions having highydens
large lateral size with single or felayer MoS nanosheet$87, 102, 103]compared to films
formed by chemical vapor deposition or mechanical exfoliation. Thin layers of Mb8isperse

more easily in thesolution, preventing agglomeration of the nanosheets. The clustering of the
suspended MaSeads to a higher density of interface defects formed by overlapping multilayers
of MoS. To overcome this challenge, alkyichlorosilane was added to the DCB \smit to
functionalize the surface of Me8uring the sonication process to create a more uniform dispersion
of the suspended flakes and enhancing the exfoliation process for creatitydevWwloS
structureg71].

To determine the effect of the surface functionalization, two suspensitw® (n DCB) were
made, with and without the DDTS additive. The suspensions were found taubiywssmilar in
terms of optical transparency when the inks were first formuldigd 2.2) but samples without
the surface treatment were found to settle out of the suspension as shown by the increased optical
transparency of the ink after #8urs. For UWis spectral analysis, both suspensions were diluted
with 1 mg/ml to 0.1 or 0.05 mg/ml which are shown in the inset of Fig.The suspension with
DDTS showed a uniform pale yellowigfieen color, that remained visually unchanged over
seveal days suggesting a stable suspension. In contrast, the exfdiafdanosheets without
the DDTS treatment have a different color (grey) of suspension suggesting bierddfgrent in
terms of its size, layer thickness, and distribution in the so[@&ht

To determine the cause ofeéhobserved differences in the suspension, stnectural
properties and the effect of the DDTS functionalization on the suspended nanesireets
characterized bgptical absorption using UVis spectroscopylhe optical absorption of the

suspended MaSn DCB was compared for two separate formulations of the suspension. Fig.
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Figure3.1: Normalized U\vis absorption spectra of two Mg8uspensions with (blue) or

without (green) DDTS. Inset shows the photograph of prepared sieension with (left) and
without (right) DDTS.

3.1 shows the measured optical absorption for Mapended in DCB, with and without the
DDTS treatmentThe A and B absorption peakst 625 and 700 nm, respectivelyiginate

from excitonic peaks of fedayer nanosheets and represent the 2H phase of the[68) 87,

97, 98] The CandD peaksat 500 and 460 nm, respectivedye related to thihickness of the
Mo$S; structures where bulk Ma$as an indirect bandgap and monolayer structures have a
wider direct bandgafB87, 104] The absorption was found to increase for DMl S-treated
suspension indicating an increasaiiiew layes of MoS; nanosheets. The C peak absorption

at 500 nm also showed a slight blue shift for IMBTS-treated flakes further showing an
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increase in bandgap energy of the Mp$ue to an increase in the creationfei-layer

structures from the exfoliation procd83, 99]

Furthermore, the ratio betweehe C-D peaks and A peaks of the MoSsuspension
without DDTS was higheait 0.1 mg/ml tharat 0.05 mg/ml indicating an increasingnsityof
few-layer MoS nanosheets in the higher Mo&®ncentration suspensions. These observations
supportheincreasing densitgf few-layer MoS in a suspension méye accomplishethrough

functionalization of théMoS; surface bythe DDTS treatment.

The MoS; suspensionsvere thenmixed into the P3HT solutions to create the hybrid
nanocompositeThis mixture was then inkjgtrinted onto patterned thermal SiGn highly
doped Si wafers to create bottom comngate/lmttom electrode TFT structureBheelectrical

characteristics and structural properties offttieted TFTs were then investigated

3.2.2 Inkjet-printed hybrid nanocomposite inks for TFT fabrication

Inks with and without théMloS, surface functionalization wenesed to prinfTFTs to further
determinehe effect of the hybrid ink formulatioon device performanc®rinted TFTs from the
nanocomposite P3HT/Ma$k were characterizedith MoS; concentrations from 0.25 wt% to 2
wt%. Generally, a transparent orangdocdint of the P3HT solution, showing a fully dissolved
(amorphous state) P3HT solutifd®5, 106]darkened with increasing concentrations of suspended

Mo$S; (inset of Fig.3.2a).

The saturation fieleffect mobility of the inkjefprinted TFTs was extracted as a function of the
MoS; concentration in printed hybrid nanocomposite inks (Bi@a). To obtain a reliable and
comparable reference poird,total 18 baseline devices were claeaized shown in Fig3.2.

Reference devices were fabricated usingpjatted P3HTonly inks. The average extracted field
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effect mobility ofthe referenceevices was ~0Xicn?/ V A inks containind/oS; suspensions

in theP3HT, theprinteddevicegheextracted fieldeffect mobility increased with increasing MoS
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Figure3.2: Summary of eldtical characteristics of all device performance such as (a) mobility
changes as a function of Mp&ncentrations, (b) transfer characteristics of three devices pi

P3HT film transistor and hybrid channel TFT w/ or w/o DDTS
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concentrationwitha ma x i s0.08 @r?/Vs (at 0.5 wt%) and 0.08cn?/V's (at 0.75 wt%)
for thenanosheets treated with and without DDTS, respectiVelgether with the favorable band
offset for hole transport between the P3HT and Mud carrier mobility values are higher for the

inks with the suspensiotue to thenetwork of electrically conneetl single crystalline regions

within thedisordered®3HT film [107, 108]

The effect of the surface functionalized on the electrical behavior of the printed TFTs is shown
in the |-V transfer characteristic$o(vs. Vg) for both hybrid nanocomposite and baseline TFTs
(Fig. 3.20). All devices demonstrated walefinedswitching behavior with an on/off current ratio
of ~1& and subthreshold swing of ~ 3 V/decade with the nanocomposite TFTs having higher on
current levels (regardless of any DDTS surface functionalization) compared to baseline TFTs. The
electrical charactestics of all fabricated devices are summarized in Table 1. For the DDTS

functionalized Mog the highest extracted fieleffect mobility was measured at 0.5 wt% MoS

Table 1 Electrical properties for alhkjet-printed TFTs with P3HT (reference), P3HT + Ma®8 or w/o
DDTS channel.

Semiconductor MoS; (wt%) Usat (CMP/V/S) Vin (V) ON/OFF ratio (x18)
P3HT 0 0.0105 + 0.0015 T 9.44 + 0.89 0.79 £ 0.15
P3HT + Mo$S 0.25 0.0231+ 0.0014 T 6.61 +0.46 1.87 + 0.44
w/o DDTS 0.50 0.0265 + 0.0023 T 5.37 + 0.79 2.64+0.41
0.75 0.0322 + 0.0014 T 4.95+ 1.06 3.68+ 0.52
1.00 0.0300 + 0.0019 T 4.24 + 0.83 2.64 + 0.48
2.00 0.0248 + 0.0012 T 4.07 + 0.69 1.82 +0.15
P3HT + Mo$S 0.25 0.0273 +0.0016 4.21 + 0.53 4.69 + 0.13
W/ DDTS 0.50 0.0378 + 0.0016 T 3.62+ 0.34 4.77 + 0.60
0.75 0.0311+ 0.0016 T 1.88+ 0.50 1.70 + 0.17
1.00 0.0279 + 0.0017 T 1.31+ 0.49 1.53 + 0.33
2.00 0.0267 + 0.0007 T 0.50 + 0.29 1.06 + 0.22
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concentration, while the devices without DDTS had a maximum value at a concentrdli@b of

wt%. Referring to the UWis spectra (Fig. 3), the DDTS functionalized MaShanocomposite

inks were found to have a higher density of 4ayer MoS nanosheets after sonication, shown by

the higher GD peaks and the increase in the ratio betweerCtBeto A-B peaks in the UWis

spectrum. This result supports the hypothesis that a more effective exfoliation process to create the
nanosheets is enabled by the DDTS surface treatment compared to suspensions created without the

surfactant.

The thresholdoltages {/r+) were extracted from the linear extrapolation of tf@ vs. Vg plots.
In Fig. 3.3b the pristine P3H¥only ink formulation haa typicalVry of T 9.4 V while theVry of
the TFTs fabricated from the hybrid nanocomposite inks had more positively shifted threshold
voltageqg109-111]. TheVrw shift may be duéo trapped charges at the interface formed along the
MoS; nanosheetwithin P3HT filmsas bulk trap statd412]. Theincreased concentrah of MoS,
nanosheetmayincrease tis trapdensity within the nanocomposite filmbo further understand
the effect of the trap density on the TFT electrical stability, constant dbgatstress tests were
conducted to assess the effectrap density for devices created with different ink formulations.
Fig. 3.3cshows the currenthange as a function of time for samples processed using the different
ink formulations. The normalizédbs vs. time measurements, for TFTs operating uMder 1
40Vandvp= 1T 10 V, show t he e b®rcentration dof differénakb i | i t y
formulations. The normalized current was observed to decrease between 33% fayrBfilins
to 70% for the highest concentration of M@®eated with DDTS suspended) in P3HT. Comparing
devices fabricated with inks having 2 wt% Mad8 P3HT, the cuent decay was observed to be
higher for ink formulations having the surfactant treatment (blue diamonds, B &ggcompared

to suspensions without (green reverse triangles). The results further support the effect of the
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surfactant to effectively sepaealayers of Mo$g increasing its density in the suspension. This

increasing nanosheet density raises the interface density for charge trapping that may be

responsible for thebservedvry shift in the TFTelectrical characteristics. The inclusion of the

suspension has improved the transport properties for the printed TFTs but at the expense of the

electrical stability of the devices. Continuing investigations are being made to determine this
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all devicesas a function of MogSconcentrations, an@) DC bias stress result of different device
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interface effet for different polymeric semiconductors. The accumulation layer of the printed TFT

is also relatively thin and the observed changes in the device parameters may not be only due to
transport between the Mp&nd the P3HT. Evidence for a structural dependeon the MoS
concentration was observed by increasing the Maficentration up to 2 wt%, resulting in
decreasing fieleffect mobility to a value of ~0.026 émMVAs f or bot h DDTS treat

suspensions

The possibility of theMoS, actingasa dopantin the P3HT could affectthe transport properties
of the semiconductor as a function of tMeS, concentrationConsideringthe higher intrinsic
carrier concentratioaf MoS; compared to P3HTn ~ 1088 cm' 3to 2.5x 18% cm' 3 [113]) andP3HT
with ni ~ 10°~1® cm'3) the conductivity of P3HT thin filmmayincreasewith increasing Mo%
suspen®n. Then; of P3HTwas approximately estimadéy using the equation? = NcNy € E9T,
whereNcandN, arethe effective density of statdsg denotes band gag is Boltzmam constant,
andT is temperatureHowever, it is important to note that e concentration of MeSncreased
from 0.5 wt% to 2 wt%, there was a decrease in carrier mol#litgtitionally, the offstate current
leakage remained at a consistent level despite the increase pchu®ntrationsuggesting the
associateé@nhancement in bulk conductivityd not changeThis outcome is substantiated by the
corresponding demonstration of a similar on/off ratio, as depicted in Fig.CG8Baequently, the
charge transport characteristics of the hybrid fihay be dependent @nseparate property of the
film. This possibility was investigatefibr the structural qualityof the P3HT, given the doping
effect are negligble and the relatively large energy barrfer chage injection ofcharge at the
interface of theMoS-P3HT inerface of 200meV due to their band offs@he mobility
degradatiordue to a structural degradation of the P3iih higher MoS corcentration will be

discussed andnalyzedwith more detaiin Chapter 4
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3.2.3 Study of the microstructure and the electrical characteristics of hybrid thin film

As shown in Fig3.23 further increases in the Mg8oncentration were observed to degrade the
saturation fieldeffect mobility exposing an upper limit to the concentration of MaSpension in

the hybrid nanocomposite inks. As the concentration of MaBoparticles in the polymeric
semiconductor solutio increases, interfaces between the organic/inorganic materials increase,
imposing a structural influence on the formation of the polymeric thin film in addition to the
electrical changes measured in th€ characteristics. The introduced MoSanosheetsct as
surfaces for the P3HT to crystallize during film formation. This influence may affect the long
range ordering of the polythiophene film formation where structneaiofibes have been
observed for higlguality materiald105, 114116]. As theconcentration of the MeSncreases,

the higher density of nucleation sites disrupts the-lamge ordering through the film, resulting

in the introduction of interface defects between the Mo®l P3HT that degrades the structural
quality of the P3HT thi film. While the Mo$S network is intended to improve the electrical and
structural characteristics of the P3HT device, high concentrations of iMadl$%e nanocomposite
inhibit the crystalline formation of the P3HT resulting in the degradation of thec&ansport
properties.

To determine if the structural properties of the film are affected by the éoSentration, atomic

force microscopy (AFM) was performed to characterize the surface morphology of the films. In
Fig. 3.4, the surface morphology pfistine P3HT and hybrid filrwith 0.5wt% MoS (with DDTS
functionalization) was characterized by AFM. RBgib shows that the formation n&nofiberlike
aggregatesvas observed in the 0.5 wt% Mo& the P3HT surface, suggesting an enhancement

of the $ructural quality of the polymeric thifilm matrix. These devices had the highest extracted
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12 nm

10

Figure3.4: AFM height images opristine (a)P3HT film and (b) the hybrid filnwhich ha 0.5 wt%

of MoS; concentration. Inset shows the higher resolution of same AFM Bhamanofibetike

structures wreobserved in the 0.5 wt% Meghighlighted by the white arrows)

field-effect mobility. This observation suggests a structural change may bensdisiedor the
changes in the transport properties.

The degree of crystallinity was characterized further between pristine P3HT films and hybrid
nanocomposite films by UWis spectroscopy, shown in Fi§5. In the result of UWis absorption

for thepristine P3HT fiim,@0 (& ~ 6100 anm) ,BAA0R2 i &) ~ &20 nm)
clearly observed showing a welidered P3HIbased film[117-120]. The absorption spectra of

three films having different MaSoncentrations are normalized at th& @ansition to compare

Table 2.UV-vis results for comparison.

Semiconductor Exciton bandwidth, \& [meV]
P3HT 110.5
Hybrid 0.5 wt% 92.0
Hybrid 2.0 wt% 94.9

the peaks related to the crystallinity of the fi{®0 and 01) [119, 120] The two peaks of the
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hybrid film have a higher intensity compared to pristine P3HT films, indicatingrlargstalline
polymer domains in the thin filfiL18-120]. This degree of crystallinity can be quantified and

determined by estimating the exciton bandwidth,| with the following equatiofil17, 118]

T8, T
b P 0
0 TS X @ (3.1
P —0 —

where Ao and Ag1 are peak intensities of-@ and G1 vibrational transitions. The main
intramolecular vibration peak fEof P3HT is at 0.18 eY116-118]. Table 2 shows the extracted
exciton bandwidthWey, decreasing with 0.5 wt% Me$oncentration which indicates an increase
in the crystalline order of the thin filfd21]. A slight increase iWVexis extracted for 2 wt% MaS

samplesuggesting a lowerinigp the structural quality as the Mp&oncentration increases.

r T '
Prisinte P3HT g2  0-1
1.0 b —=—0.5wt% MoS, -

2.0 wt% MoS, / — _

Absorbance (a.u.)

00 1 M 1 M 1 A 1 A
400 500 600 700 800

Wave length (nm)

Figure3.5: UV-vis spectroscopy results pristine P3HT and hybrid (0.5 or 2 wt% Mo8ith
DDTS) thin films on glass substrate
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To confirm the UMvis observations, XRD measurements were conducted to further evaluate the
degree of crystallinity of the hybrid nanocomposite filfh282-124]. Fig. 3.6 shows the outof-
plane and irplane reflections of the polymeric thin film, respectively. The inset ofF&gshows
the orientations of thethihi | m mi cr ostructure f or -tinteham!| kyl
st ac ki ncgnjugaton th thé polymeric film that are represented by the (100), (010), and
(001) reflections, respective[§24, 125]

For the outof-plane reflections, the (100), (200), and (30€xkpintensities of the printed films
were found to be higher in the hybrid nanocompdsites compared to a pristine P3HT film. The
(100) reflection at an angled2 5.5° was found to be strongest for the 0.5 wt% Mio8icating
this concentration resutiein a highly ordered alkyl side chain in the P3HT strucfug2, 126]

The (200) and (300) peaks (af2 10.8° and 16.3° respectively) are observed in the inset of Fig.

T T T T T !
out-of-plane In-plane (010)
(100) — —e— Pristine P3HT
. . (005 —=— 0.5 wt% MoS,
5 3 (200) ~a 0
W j > [.\ ’/ (007)
N
_-?' % g b\\\'};\
7] 1\ g P e
c iy =
o \ . .
c 8 12 16
2 0 (degree) \
/ \ (200) (300) \
2¥ “Cp ot dPeuen
1 L 1 L 1 M 1 1 1
5 10 15 20 15 20 25

2 6 (degree)

Figure3.6: Out-of-plane (left) and irpane (right) XRD pattern of pristine P3HT and hybrid (
or 2 wt% MoS with DDTS) thin films on silicon wafer.
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3.6, but the (300) diffraction peak is not clearly defined as this peak overlaps with th€00ap
reflection 214  1[BA 128] This (003 MoS; peak was only observed in the hybrid thin film
made with higher concentrations of Ma&ispension (from 0.5 wt% to 2.0 wt%). Thepiane

XRD spectroscopy also shows the 0.5 wt% Miogbrid film had the highest (010) peak intensity
duetothestrorey™-~ i nteractions in the hy[h2d]iTde XIRDI ms
measurements support the Wis results, showing the highest quality films were obtained with a
0.5 wt% MoS concentration in P3HT, correlating to the highest extracted-&fétt carrier
mobilities in the TFT device#s the concentration of the Me$creasesthe P3HT structural
propertieswere found todegrale and this degradation wasorrelated to ta reduction in the

extracted TFTield-effect mobility.

The observations from the AFM, UWs absorption, and XR[@data suggest the added MoS
suspension tthe polymer matrix increases the structural quality due to the formatioaraifiber
like aggregategesponsible for enhancing the transport properties of the TFTs. Thedvates
nucleation sites for theanofberlike aggregateso form a more ordered film shown in the
absorption and XRD characterization. Further studies are continuing to determine how this
dependence affects different solutiprocessed semiconductors to determine the -toéfdefor

structuraland electrical enhancements achievable using these hybrid nanocomposites.

3.3 Conclusions

Fewlayer MoS nanosheets were incorporated as a suspension into polythielpdsea:
electronic inks. The hybrid nanocomposite inks were inggetted for the fabricabn of TFT
devices. The ink formulation was accomplished using an exfoliation process witrsivpgended

in a solvent solution containing a surfactant. The exfoliation of theMg8rs was accomplished

50

C 0m)



by sonicating a mixture of DDTS in a DCB solutiorcteate a suspension of the Mo&nosheets.
UV-vis spectroscopy showed that adding the surfactant increases the creatiodayefeMoS
nanosheets, resulting in improved electrical and structural properties of thepimkjed P3HT
channel TFTs. The printed TFTs from inks formulated with DDTS showed the highesiffesitl
mobility compared to formulations without surfactant. The TEffgrmance was also found to be
dependent on the concentration of Mo&nosheets within the nanocomposite ink. The fefdct
mobility was observed to increase by as much as 3x with increasing ddo&ntration. This
effect was found to decrease for TFhaving Mo$% concentrations > 0.5 wt% in P3HT. The
dependence of the TFT performance on higher concentrations efdddiivesmay beattributed
to a degradation in the P3HT structural quality, as shown by XRifther discussion on this

performance degdation is introduced in the following chapter.
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Chapter 4

| nk-peitnted ambipol ar nanocoimpo+s pM®S c han

TFTs

4.1 Introduction

In the previouschapter, hybrid nanocomposite ink using P3HT as the host mateatl
investigated Then it wadound thatsolutionprocessible MoSnanosheets could enhance device
performanceTheideal ratio of Mo$% to P3HTwas foundand the optimal conditions for MeS
nanosheet@used surfactantp allow P3HT tacrystallizemore effectively. Given this knowledge
and theresultsbased orP3HT, it would be fascinating to apply tMoS,-based nanocomposite
semiconductor to theecondgenerationconjugated polymer semiconductor, also known as the
donoracceptor copolymer (DAopolymer) or ambipolar polymeheyondthe P3HT.Recently,
for the active layer material for OTFT, Déopolymer semiconductehave attracted increasing
attentionas a higkhperformancepolymeic semiconductgrproducingdevices havindield-effect
mobilities up to 10 cAiVs in TFTs with ambipolarity [52]. However, this performances
significantly reduced when processed usmiget-printing method compared tthe conventional
spincoating approacfiL29]. In the former, thénkjet-printing method does not easily result in the
formation of highly ordered crystalline structures due to the statiere of the drying process
during film formation Therefore,a combination of &2D material suspensiofMoS;) in the
polymeric thin film may be created through formulating composite inks that are deposited and

patterned usingdditiveprocesses to enhanttee charge transpoutithin this polymer

Here,the structural and electrical enhancements of ifiqjetted TFTsveredemonstratedsing
a nammcomposite electronics ink comprising of Masispended withiDPPT-TT. The effect of

introducing Mo$ nanoparticles in the D&opolymer thin film was investigated by extracting the
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electrical parameters of fabricated devices and correlating the caarispart properties of both
holes and electrons to the structural changes within thdilims formed from the composite inks.

By optimizing the appropriate concentration of Ma®&nopatrticles into the ink polymer the
electrical properties of the devicegme correlated to the molecular structure of the polymer. The
structural characteristics of hybrid nanocomposite thin film characterizatgoe studied by
employing AFM, Utraviolet visible-near infrared spectroscopy(UV-vis-NIR), and XRD. The
structuralqualities were compared to the electrical behavior of the TFT devices to evaluate the

effect of MoS on the formation of the thifilm and the extracted device parameters.

4.2 Results and discussions
4.2.1 Inkjet-printed ambipolar polymeric semiconductor TFTs

The inkjet printing process for the TFT fabrication is schematically illustrated iMRigThe
inset shows an optical micrograph of thepaisited device structure. The higlntrast regions are

the source and drain electrodes that border the changiehrehowing welaligned printed

Print head
Semiconductor ink [
(DPPT-TT) .
-
Source ®

Dielectric

Gate

Figure4.1: Schematic structure dieinkjet-printed DAcopolymerchannelTFTs Inset

optical microscope top view of a fabricated TFT
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patterns. For comparison, the reference devices using pristine solutions and hybrid channel TFTs
(inks containing the nanosheet suspensions) were all prepared and processed in the same fashion.
Once the pristine DPRTT ard suspension containing DPHT inks are printed, their electrical

characteristics are evaluated and compared to reference devices

With theseprinted devices the I-V measuremestwere conductedin a vacuum, under dark
conditions The transfer characteristics of the reference devices are shown4m2Figaving welt
behavedswitchingcharacteristics with a current on/off ratio >>18mbipolarbehaviorwasalso
observedinder different bias conditioni both hole and electrdransport, whervp| increased
from 10 to 40 V athelow Vg regime the off-current levelwas observed to be high, decreasing
the currenbn/off ratioof the transistarThis observatioris due to the ambipolar characteristics of
the semiconductof130]. With low Vg and highVp conditiors, the applied potential biaaduces

carriersto accumulateat thechannel layethat led toncreased ofturrensthat are dependent on

107 ¢
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Figure4.2: Transfer characteristics of inkjptinted pristine DPP-ITT channel TFTs as a

reference devicehowing ambipolar characteristics.
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Vb. However for lower| Vp | (<10 V), the deviceshowa clear oftstate level (~10 A and 10*2
A for p-type and rtype, respectively)The threshold voltages were extracted ta &V (V1u, n)
for p-channeloperation ard 36 V (/t1, ¢) for n-channeloperation The electrical parameteet
saturatiorfor the hole mobility are-0.066 cniéV's and~0.005 crd/V's for theelectron mobility

These results will be compared to the hybrid channel TFTs in the following section.

4.2.2 Effect of MoS; suspension on TFT characteristics

In Fig. 4.3,the prepared inkior pristine (left vial) and hybrid (right viavith 0.5 wt% Mo$S
suspensionDPPT-TT inks mixedin DCB are shownFollowing dilution, bothmixturesappear to
be visuallysimilar havinga palegreen color(see Fig.4.339. However, after30 min of ultra
sonication, the color ahe hybrid mixturebecame visuallydarker (Fig 4.39. The observatin
may be due to praggregatioj131, 132]of the polymer induced by the Mpflakes or a change

in the optical absorption of the solutions due to the suspendedfMké&s in the mixturg87].

To further understand how this change affected the mixture,ipkjged DPPTTT based TFTs

were fabricated and characterized. Higl shows the output characteristics of the hybrid channel

) DppPTT Hybrid  P) DPPTTT  Hybrid

- oW

———

Right after dilution Right after sonication

Figure4.3: Photography of prepared DPHAT and hybrid ink in glass vial at (a) right after
dilution and (b) ultresonication.
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Figure4.4: Output characteristiasf the inkjetprintedpristine DPPTTT and hybrid (w/ 0.5 wt%

MoS;) channelTFTs.

TFTs and reference devices, consisting of pristine DPPPTnks used for the TFT fabrication.
The output characteristics showed improvement in both electron and hole transport for the hybrid

ink devices compared to the reference TFTs. The TFTs from the hybrid inks have higher drain
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Figure4.5: Transfer characteristics (log) pfistine DPP¥TT and hybrid (w/ 0.5 wt%) channel

TFTs in(a) p-type and i§) n-type transport. Inset shows the transfer characteristics (linear) |

as the square root df| versusve.

56



currents [p) at the same bias conditiomempared to the reference device. For thehannel
operation (electron transport, right side of Fidl), the gate voltge (Vc) was swept from 30 to 50
V; at Vg < 30V, hole conductivity dominated the/ characteristics and is not plotted for the n
channel devicel 33]. Fig. 4.5a and lshow the transfer characteristics of two different devices. In

both p and nchannel operatiorthe hybrid channel devisshowed improvedraincurrent leves

in boththelinear /p = 10 V) and saturation regim¥g{ = +30 V).
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Figure4.6: (a) Electron and (b) hole mobility changes as a function of Mo8&centrations.

Threshold voltage changes in (c) electron and (d) hole transport which dependent.on MoS

concentrations
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To investigate the effect of thdoS, nanosheetuspensiomwithin this polymeic semiconductor,
the concentrationf MoS; was varied betweed.25, 0.5, 1.0, and 2.0 wt%. The calculafiet-
effectmobility andVrw of the fabricatedTFTsare summarized in Figh.6. The mobility changes
over differentMoS; concentrationsvere similarin both p (Fig. 46b) and i (Fig. 46a) channel
devices The increased mobility was observed for a suspension concentration starting at 0.25 wt%
MoS,; compared to the reference devieath no additives. Kbrid channel devicewith 0.5 wt%
MoS; suspensionshowed the highest carrier mobility, but the mobility decreased fuither
increasingMo$S; concentration$or values ofL.0 and 2.0 wt%T his observation may be caused by
a structual change in the thin film layer as the ink difi#34, 135] The crystalline structure of the
thin-film has been observed to change witbreagng MoS; concentrationn polythiophene inks,
leadng to degraded electrical performancd&hile a decreasing mobility with higher MoS
concentration was observed, the artransport was still better than the reference device. This
behavior suggests the added Mo&nosheet still played a role in improving the charge transport
properties through the polymer and thmglecrystal Mo, layers. On the other hand, the
suspeni®n may also cause a degradation in the structural quality of theopdlymer. To dirther
understand this observation, consideration of the microstructure of the polymer thin film was

investigated andiscussed ithe following section with additional dt.

The extractedthreshold voltagearied as a function dfloS, concentrations in both-rand p
channel transport which are shown in Fig€c4and 46d respectively. For the-type reference

device,Vt1 ~ 35.3 V shifts towards the negative bias direction with increddim®& suspension
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Figure4.7: Energy band diagram at interface between oxide and semiconau@pp-type anc

(b) n-typetransport

corcentrations. The largeBtVt1 = 7 V occurred after adding 1 wtbtoS, with Vry ~ 27.9 V. For

the pchannel reference devicdss~ T 8. 8 V and shifts Mb®.THis 5. 2 V
VrH shift in the positive bias direction has been observeetyp@ polymeric semiconductors with
additives[111, 136138] The direction of theVty shift can be understood by considering
interfacialtrap states anthe appliedgatebias. In ptype or ntype transportyty can be shifted by
the additional charges of a doHdike (positive charges) or acceptike (negative charges)
interface trap states, respectively, increasing the trapped charge in the polymeric tfi89ilm

In Fig. 4.7, he & or Er refers to the Fermi energy level fqr- and n-type semiconductors
respectively. The eneygstatesbetween midgap andrEare showras redlines andthe energy
states betweenggand midgap are shown atue linesthat depict acceptelike trap states and
donorlike trap states, respectively. Thus, whégis applied to the devices,sEor Em shifts
downward or upwarcelative to the bandending at the semiconductor surfaeethis case, empty
donor traps hava positve charge and occupiegtceptoilike trap states have a negative charge
thatcan alter the threshold voltage. Since IiMa&ded hybrid channel layer has more interface trap
states than that of pristine DPHT, and the observed threshold voltage shifioisitive in ptype
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Figure4.8: Normalized source/drain curreitd of the pristine DPPATT and hybrid channel

TFTs with different concentrations of Mp&s a function of stress time under DC bias

transportthe interface trap states have maomoklike trap states which will haveositivecharge

whenthegate biags applied. Thereforéytx could be shifted to theositivebias direction.

Moreover, he threshold voltage shift may be explained by the introduction of interface states
generated at the surface of MeS; suspension. When tihoS; nanosheet concentration increases

in the polymer matrix, interface traps between the polymer and nanoshedbrwill This
possibility was analyzed using constant gate bias stress to observe the electrical instability in the
fabricated deviceséeFig. 4.8). The currentlps) degradatiorwas measurednder a dc gate bias

over time. The rapidly degraded current vigser with hybrid thin film TFTs compared to pristine
DPPT-TT channel TFTs. The rapid change in the drain current vs. time implies that more charge

trap states are induced by the inclusion of the Mot® the polymer matrix. For these situations,
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the Vw1 shift is dependentrothe MoS concentrations, and the interface formed by the nanosheet
interface with the polymeric semiconductor. Assuming the interface states betwegate
dielectric and semiconductor, are constant and behave as addeptoap states and donrbke

trap states located in the band gap and near LUMO or HOMO [&48], the defect states
introduced by the addition of the suspensizerethe main contributor to the threshold voltage

shift observed atlifferent suspension concentratiofhis assumption can be investigateg

0.004 | P — | I E—
Pristine SQRT /g before and after
N A|Voy| =0.70 V 1 30 min bias stress test
:8 0.002 1 Vps=-10V
o I - Before stress
Au~1.88 % = After stress
0.000 . :
0.004 T T T T T T T T T T T T
Hybrid (0.25 wt%) brid (0.50 wt%)
o AV =124V | Vil = 4.21V |
—% 0.002 i
b
Au ~ 0.63 %1 Au~1.14 %)
0.000 ! " ! . ! I M ,
0004 T T . T T T T T T T T T T T
ybrid (1.00 wt%) Hybrid (2.00 wt%)
o [Viul = 5.66 V AV =38V
"o 0.002 . -
0
A~ 1.08 %1 Au~324 %]
0.000 L L ! n h ] . ] . \
-30 -20 -10 0 -30 -20 -10 0
Vs (V) Vs (V)

Figure4.9: |Ios|2 vs. Vs transfer curves of devices before and after 30 min dc bias stress test to
obtain bias inducedd/r+|.
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measuringa gatebiasinducal Vry shift. The transfer characteristics for each device were
measured before and aftbebias stress test as plotted in Fig. 4.9. Vhewas extracted by
the linear extrapolation method frahesquare root olfips vs Ve. After bias stressaanobserved
positive DVrH of the hybrid channel TF$ wasobtained(depicted as a shift from black to red
line). pTH| is smallest from the pristine channel TH&®VtH| ~ 0.7 V) and it is slightly
increased to 1.24 V for the TBWith 0.25 wt% Mo%. As the MoS concentration increade
the hybrid channel TF$ showed increasinggd/t+| up to 3~5 V compared to the pristine
channel TFTThe threshold voltage shift is duette higher concentration afterface states
due tothe MoS; nanosheesuspensionandthe DPPTTT film. Theincreased trap states are
correlated toVrH shift shownin Fig. 46¢ andd. Assumingthis trap density idike other
interface states found the TFT structuretheMoSy-inducedtrap density can be estimated by
comparing the total trap densitiN+ap Of each device. It can be calculated by using the
equation: Nrrap = CoxlgVTr|/0. The calculatedNrap for each device are 1.51x3@m'2,
2.67x16'cm'2, 9.07x18& cm'?, 1.22x162cm' 2, and8.18<10'* cm' 2 for pristine, hybrid w/
0.25 wt% MoS, hybrid w/ 0.5 wt% Mog hybrid w/ 1.0 wt% Mog and hybrid w/ 2.0 wt%
MoS; channel TFTs, respectivelylherefore,the change in trap density for suspension
concentrations > 1 wt% of & increased byapproximatelyten times fromthe pristine film
devices Furthermore, the carrier mobility of the device may experience degrattdlowing the
DC bias stress test. However, in this study, the ifijetted DPPTTT and hybrid channel TFTs
exhibited remarkable stability in terms of their mobility over andfiute bias stress. The
alterations in mobilities for each device after treasurements are shown in the botiefhcorner

of the plot (Fig. 4.9). These changes in mobility were observed to be within a few percentage points
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range, suggesting minimal deviation. This stability is further emphasized by the fact that the
extracted mbilities of the fabricated devices showed a maximum change of 7% (as indicated by

the error bars), as illustrated in Figure 4.6b.

4.2.3 Improved crystallinity of DPPT-TT by MoS; nanosheets

a) b)  DPPT-TT

DPPT-TT (Pristine)

16 nm

Figure4.10: AFM image ofa) pristine DPPTTT andb) hybrid nanocomposite film on channel
region of TFTsScale bar i4 pm. White circle indicates the closely packed nano fibers and
strongly aggregated structure.

Further investigation into the structural effe€the nanosheet suspension on thedopolymer
film provides additional insight into the observed changes in the electrical properties of the TFTs.
To investigate the reason for the observed electrical improvement, the microstruttef@rRiP T
TT-basedthin film was analyzedThe morphology of thédackchannel of the TFWas first
examinedby AFM measuremest comparingthe pristine DPPTTT with thehybrid thin film (at
0.5 wt% MoS;). The AFM scansare shown in Fig4.10a and b Well-defined fibrillarlike

structures can be seen in the pristine film surface, which are loosely peithiedthe amorphous
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¥
.

Figure4.11: AFM height image®f all fabricatedDPPT-TT thin film with different MoS
concentrations such as a) 0, b) 0.25, ¢) 0.5, d) 1.0, and e) 2.(5ed¥ bar is um.

regionsof the film [141]. In the hybrid film, anmproved crystallinity of the DPRTT may be

seen from the AFM scans showing closely packed nanofibers that make up a more strongly

aggregated structufen the whte circle) These features suggest a more ordered film that leads to

the increased mobility brought on by thespension dfl0S; nanosheatin the DPPTTT thin film.

Mo$S,. In thisdensely packestructure, he polymeihas improved -

A larger, densely packed polymer domain is created when this polymer is mixed with 0.5 wt% of

s t ahangbettgrinter-
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and intramolecular interactiongesulting in enhancechargetransportwithin the thin film This
observatiorsuggests the suspended nanosheets act as nucleation sites for the ordering of the DA
copolymer as the ink dries to form a thin film. &MoS concentration 00.5 wt%suspension in

the ink, thehybrid chanel deviceshowedbetter mobility than the pristine DPPIT channel

device in both pand ntype conductivity (See Fig. %a and b)As the suspension concentration
increases, the increasiiMdoS, concentration creates smaller clusters of ordered domains in the
thin film. With increagng concentration®f 1.0 and 2.0 wt%, the densely aggregated domains
become smalleas the density of nucleation sites for domain formation incseasepared tdilm
morphology with 0.5 wt% oMo0S; (See Fig4.1]). The increased domain density and decreased
domain size introducenore boundary layers between domains that astattering sites within

the bulk semiconductqi42].

To further investigatehe effect of Mo nanosheet omhe microstructure of the DPPTT
matrix, ultravioletvisible-near infraredUV-vis-NIR) spectroscopyvas carried ouytcomparing
pristine DPPTTT with the hybrid films (Fig. 4.12. In these samplethe observe0-0) and(0-1)
peaks indicat¢he existence oa highly ordered aggregation tfe polymer, corresponding to the
order of intrachain transfef143, 144] The intensity of these peaks increagti the hybrid film
containingMoS; nanosheet compared to tpestine film. The inset clearly shows that the
intensity of (0-0) and (B1) peaks were moderately increased with 0.25 wt% of MMofsl
highest when 0.5 wt% of MeSvas addedbutthese peaks decreasedhafurther increased
MoS; concentration to 1.0 and 2.0 wi%heincreasing structural quality witheaddition of the
nanosheets suggests thexémprovedintermolecular interactiobetweerthe DPPT-TT polymer
chains resulting inthe number of welbrdered DPPATT aggregatesdowever, the hybrid film

having1.0 and2.0 wt% MoS showeddegradation in the (0) and (B1) peaks compared tbe
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Figure4.12: UV-vis of pristine DPPITT and hybridthin film with different MoS concentration
(0.25, 0.50, 1.00, and 2.00 wt%). Inset shows the magnified scal@ ah@ 01 peaks of the

same spectroscopy results.

film with the 0.5 wt% Mo$%samples. Tis resultfurther suggest the MoS, may havecrossed a
concentration threshold the polymer matrix (higher than 0.5 wt% of Mai this work)resulting

in the hybrid films haing less ordered polymeric chains and weaker intermolecular interaction

To furtherexaminethis hypothesis, xay diffraction (XRD) was employed to help \grthe
film structure changes with added Maosispension. Improved crystallinity in the polymeric thin
film is shown in Fig4.13 The (00) peak is the reflection from the alkylchain direction (lamellar
stacking) that shows the degree of molecular ordgid5]. The pristine thin film XRD showed

the (L00), (200) reflection, and a weaker (300) peak. The diffraction peaks observed naedi°2
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Figure4.13: XRD spectroscopy results of pristine DRPT and its hybrid thin film with differel
Mo$S; concentrations (0.25, 0.50, 1.00, and 2.00 wt%)h&igure shows the magnifigdscale
to clearly compare (200) and (300) peaks of DHFTandshowing(002) peak of MoS

nanosheets

are caused by the (002) reflections of the Mo&osheet suspension in the DPPIT thin film

[127, 128] For the 0.5 wt% suspension in the polymeric ink, the XRD scan showed a strong (100),
(200) diffraction peak along with an observable (300) reflectigiht side on Fig. 4.13showing

the improved structural quality of the tHiitm |ayer compared to the pristine DRFT. Thefigure

on the rightmagnifies the yaxis of the intensity vs.qRangles(range in the grey dashed line)
compare the (200) and (300) peaks of different thin films. The two peaks$Hedrybrid film with

0.5 wt% MoS showed astrong intensity indicating the improved ordering of the DPPIT
microstructure. On the other harfdrther increasing the suspension concentratiadhdo2 wt%

resulted in a degradation in the structural order shown by the XRD scans. For the higher suspension
concentrations, the (100) and (200) reflections were attenuated compared to the 0.5 wt%

susgension and the (300) peak was not observabie thehybrid film with 2.0 wt% MoSsample
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like what was observed in the pristine films. The results further support the effect of the MoS
suspension having both an electrical and strucaffatton the IPPT-TT. The hybrid thin films

showed strong and clear intensity peaks in XRD spectra, showing a highly ordered lamellar stacked
polymer microstructures formed due to the addition of Mashosheets in the polymer matrix,
supporting the results from the AFM and Wis-NIR characterization. As the suspension
concentration increased the structural ordering degraded, resulting in a decrease in the electrical

performance observed in the exteatelectrical parameters from th® measurement.

4.3 Conclusions

This workdemonstrates the use MbS,; nanosheets suspended in a Bdpolymer film as an
effectiveadditive for enharing the charge transport properties in inkpeinted TFTdevices The
DA copolymer and MogSnanosheet mixtures were formulated to be used as a semiconductor ink
for inkjet printing.I-V measuremestof the fabricated TFTs determined the optimal concentration
of MoS; suspensions to be 0.5 wt¥hesedevices showed enhancéeld-effectmobility in both
hole and electron transpocbmpared to the pristine inkslole and electron mobilities were
increased by 52 % and 130 % each for the 0.5 wt% hybrid inks cethfmapristine inks without
the suspension. The improved carrier transport was determined to be affected by structural changes
in the DA copolymer film nucleating from the surfaces of the nanosheets, resulting in ordered
structures within the polymeric fil. The microstructure of DPPTT based thin film was analyzed
by AFM, UV-vis-NIR, and XRD characterizationThe results showed that introduced MoS
nanosheets induced tlstrongly aggregated polymer domaiasd a high degree of molecular
orderingwithin the polymer. As the concentration of the suspension increased (> 0.5 wt% MoS
the structural quality of the film was found to degrade due to a higher density of nucleation sited

for aggregation of the polymer with higher Ma®ncentration. As a result, the density of domain
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boundaries formed in the film caused an increase in carrier scattering that reduced the electrical

performance of the TFT.
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Chapter 5
| nk-petnted silver nanoparticles for so
TFT

5.1 Introduction

Previous researclwork has demonstrated the enhanced performance of polymer channel thin
film transistors (TFTs) through the incorporation of Ma%nosheets. However, the TFTs
fabricated in previous studies have utilized vactdeposited source andaih (S/D) electrodes.

To advance this researcthe investigationis expandedo fully inkjet-printed TFTs, which is
crucial for the development of retib-roll processing. This method offers a significant advantage

over traditional fabrication techniques

This chapter presents a study on iniganted silver nanopatrticles (Ag NPs) as electrodes for
thin-film transistors (TFTs). One of the main challenges associated with the inkjet printing of
conductive materials, such as gold, silver, copper nanogs{8&-37], carbon nanotubes (CNTS)
[38], or PEDOT:PS340, 41] is the difficulty of depositing a highly uniform and flat thin film
when compared to thermally vacuwdaposited electrodesConsegently, this geometric
difference results in an increased contact resist@gewnhich is an inherent limitation of printed
electrodes for TFT application&enerally, the organic semiconductors have poor morphology
near the surface of electrodes in BCBG structure and cause higher contact re@isjajicks-
148]. ConventionalSi-b as ed MOSFET hHRe.©n the cantraryet-oontlled low
Rcof OTFT hasbeenreportedl ess t han 100 Y LR:hasbeénueportedsrama | | y hi
af ew kYlaémwt bundreds MYLcm with various organi
materialswhen contact engineering applied (such asmploying a selassembled monolayer

(SAM) or charge injection laysibetweenthe electrodes and semiconductorg)31, 146, 149]
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Although contact engineering for TFTs has been developed and reported to reduce contact
resistance and improve device performatioe currentvork presents a new approachngprove

the TFT performance which suffefrom printed electrodesisinga hybid semiconductor. The
combination of inkjet printing and hybrid semiconductor technology appears very promising for

the realization of higiperformance inkjeprinted TFTs.

5.2 Results and discussions

5.2.1 1IJP Ag NP thin-film conductivity

3.0 T T T T I

Thickness ~ 100 nm

a)

(o)
N

2.5 -

2.0 - -

14 _ Thermally diosited Gold T
0.5 i
r = m

Sheet resistance (Q/o)

90 120 150 180 210

Temperature (°C)

Figure5.1: (a) Inkjet-printed Ag square shaped thin filmx1 cm) onSiO,/Si wafer. (b) Sheet

resistance of printed Ag thin film as a function of sintering temperature.

For S/D electrode ofthe TFTs, alow resistivity for aprinted Ag filmis desired sincéhe film
conductivityof the metal and the work function of the semiconduatedirectly related t@harge
injectionat the contactThe contact resistance is determinfeom these propertiethat affect the
chargenjection[150]. As discussedarlier in Chapter 1.5he sintering procesandthe formation

of thin films from Ag NPs inksneedto be optimizedto form printed metallic contactsThe

71



643 nm
600

7500

400 064 pm
300 0.00 ym
200

100

Figure5.2: AFM height image of printed Ag thin film sintered at 24Din (a) 2D and (b) 3D

view.

optimum sintering temperature is dependent on annealing methods, the surface eneegy of th
substrateand thevolumeof printedink ona given areaDuring the sintering process, changes in
the film density, theurface wetting of the filpelectrical conductivity, angattern geometrgffect

the final electrical contact between the metal @edniconductor.The optimized sintering
temperatureof this inkjetprinted Ag thin filmwas exploredwith this fixed processcondition
introduced inChapter2.3. To evaluate the resistivity dheprinted Ag thin film,large area (1 x 1
cm)square shapewereprinted (Fig. 5la.) and sintered at temperatucé€0 °C, 120°C, 150°C,

180°C, 210°C, and 24CC. Thesheet resistance tfeinkjet-printedAg film as a function oAg
sintering temperatur€lag) was measuretly usinga fourpoint probe system anshown in Fig.

5.1h The sheetresistance decreasedth increasingTag. The higher Tag inducedAg NPs to
coalescehaving a more continuouselectrical transport pathand improving the conductivity.
However,whenTag is 240°C, the sheet resistance could not be measured because the Ag NPs
formed discontinuousslands (Fig. 5.2as a result of the Ag ink dewetting from the oxide surface
resulting inan electricalopen circuitin the line patterns The sheet resistancealues using

sintering temperaturesf 180 °C and 210 °Cwere comparable tgrevious repod [151]. An
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annealing temperature ©50°C was also selected as a comparison to other sasiptesthe sheet
resistance at 15WC was still below the value frorthe thermally deposited gold filntt{e yellow
region in Fig. 5.1b). Theeferenceggold film had a30 nm thickness, with sheet resistances in the

rangeof 0. 75 ~ 1 Y/ sq.

The film resistivity can be calculated frorthe four-point probe measurementy using the
equation for sheet resistandes = } /t, whereRs is thesheet resistance,is resistivity, and is the

thickness of the filmA thermally deposited gold thin filift ~ 30 nm)and the printed Ag thin film

(t ~ 100 nm)sintered at 210C hadresistivities 0of~2.57 x 1§ OY L m and 220.Y28n, |

respectively. The gold thin filmarevery close to itsntrinsic electrical resistivityof 2.2 x 1
OYLm at r oom thepripes Ag thin filrewas slghtly higher than the intrinsic
resistivity ofthe bulk silver (approximately 1.65 x O Y L anroom temperature). However, the
resistivity ofthe printed Ag film wassimilar or lower than recently reportedlues(2~3 x 1¢
OY L[52]and 645 x 17 O Y L [@53]). Consequently, the Ag thifilm fabricated in this study
were comparable tprevious reported valuetemonstratinga stateof-the-art level of electrical

conductivityanda viable candidate for an electrode in TFTs

To investigate the effect ofag on the morphologies of th&élm, three different sintering
temperatures, 150C, 180°C, and 210°C are selectedince theirelectrical property gheet
resistancewas comparable to that eacuumdeposited gold thin filmThe surface morphologies
of these samplesereinvestigatecdby SEM, which is shown in Fig. 5.3. Whéng increases from
150°C to 210°C, the SEM characterizatiomas used to observe the structural transformation of
the nanoparticle as a function of aaleg temperatureAt Tag = 150 °C (Fig. 5.33, the Ag
nangarticleswerefound toform a thin necled region between particlest Tag = 180°C (Fig.

5.3b) most of the Ag narumarticles sintered with neighbauring particles forming a more
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10



continuous film, transfaned fromthe spherical shape @& single Ag nanoparticlshownin the
SEM image At Tag = 210°C (Fig. 5.39, the Ag nanoparticlesvereobserved tdorm large Ag

clustes and empty voidsiue to the dewetting of thg from the substrate surfacehis film has

Figure5.3: SEM images of surface of printed Ag thin films sintered at different temperature
150 €, (b) 180 C, and (c) 210¢C.



thelowestsheet resistanamong prepared samplésom these results, a temperataf10°C
wasdetermined to be theptimized condition for printed Ag thin filspachieving théestelectrical

conductivity.

5.2.2 Effect of morphology on the contact resistance of TFTs

In this sectionthe effect ofthe printed Agmorphologyon the contact resistancéRc) of the
TFTsis explored For source/drain $/D) electrodesn TFTs, themetal contactshould havea
uniform and very weldefined edge in a line shapeigure 5.4b shovs inkjet-printed Ag NPs

patternfor S/D contacts thalhawe well defined sidewall and unifornpatterning of the electrode

Using the printing conditions described in Chapter 2.3, the Ag lines were sintered to form a
metallic pattern. Following the sintering procei® surface of the substraies treated with
HMDS and P3HTwas printel orto the S/D pattern (Fig. 8c). The asprinted P3HT inkwas
confined within theS/D regiongdefining thechannel sincethe HMDS-treated Si@surfacehasa

lower surface energy than that of the Ag filmFig.5.4d, aplanviewimage of dabricated BGBC

= ==
P3HT (Channel)

Figure5.4: (a) Inkjet printed Ag S/D and polymer ink faiTFT fabrication process. (b) Awinted
Ag S/D pattern. (c) &printed P3HT on Ag S/D pattern and it is kept in printed are®ttal

micrographof afabricated BCBG TFT structur&@he S/D and channel regismare well defined.
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inkjet-printed P3HT channel and Ag S/D Tks'shown.The device has a geometry witl3@um

channel length and 9Q0n channel width (decreased from 1 mm due to the evaporated solvent).

In the previousection, lhe differentmorphologies of printed dwere obtained by changifigg.
TheP3HT channebf theTFTswerefabricatedusingAg S/D contactssinteredwith three different
Tag- The measured transfer characteristics of the TFTs are shown inF-igll $abricated TFTs
showed goodwitching behaviowith high currenton/off ratics. The on/off ratio of each device

wasmeasuredo be2.7 x 16 for TFTssintered at 150 °C to 9.0 x Afdr TFTssintered at 210 °C.

The extractedusafor each deviceare summarized in Fig. 6. The psaincreasd with higher

sintering temperatures. In this context, the sole distinguishing factor among the samples was the

. Vo=-30V
107 C =345nF/cm? 112
i WI/L = 900/30 um
107 ¢
i 3
T 10°
107
o[ 210°C
10- L L | L L= = = 00
-40 -20 0
Vs (V)

Figure5.5: Transfer characteristics of inkjptintedP3HT TFTs with Ag S/D which prepared at
different sintering temperatures such as 150, 180 and 210 °C. Logscale and square root of

current level on left and right axis, respectively.
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annealing temperature, which impacted the metallic resistiViye Rc of the TFTs can be
calculated by th&-function method (YFMjhat could be usei extract thdRc independent o¥s
[149, 154, 155] Thus,it is more suitable for eplanar TFT structurethan staggered structures
since the laer structuremay beaffected bya current crowdingeffect at the interface between

electrodes and a semicondudtts6], whereRc was dependent on thés in theco-planarstructure

[157]. To extract the contact resistance, Yatinction (& 5:5) is extractedhs a function o¥/c

within the linear regimeMp =1 1 V) by using thel-V measurementesult of each device
Additionally, the obtained contact resistance fribbaYFM method was verified as compared to

the transfer lengtmethod TLM) method éee Fig. Q).

The calculation of th&c involves extracting the slope of tNeVs curve in the linear region for
each device, and the resudreshown in Figure %a[158]. It was observed that th& diminishes

with an increaingsintering temperature. Notably, the changBdexceeds one order of magnitude
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Figure5.6: Carrier mobilities and contact resistanca&sction of sintering temperatures.
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from 150 °C and 210 °C sintering temperatures. It is worth mentioning that although the sheet
resistance of the two different sintering temperaturamely 180C and 210°C, was comparable

at appr oxi ma(Figurey5.1)pthe2ektracked satyes for both: pnd Re exhibited

Figure5.7: SEM micrograpls at the edge dhe printed silver electrodes which are sintereda}t
150 C, (c) 180 T and (e) 210 T (scale bar is 1 umYhe iight column(Figs. 5.7 b, d, fshowsa

higher magnification imagef theline edge of printed pattern.
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improvements with higher sintering temperatures up tQMere nearly identical but the contact

resistance was found tocreaseby nearly 10x

The pinted Ag thin films alsohave anonflat andnontuniform surface thatvereobserved in
the SEM scan (Fig. 5.3)This morphologymay be thereason forthe increasingthe Rc of the
devices Fig. 57 shows SEM imagest the edgef different sintered Ag S/D electrod&@e large
clusters of a continuous Ag filfiormin thebulk of the AgS/D region (left side in the SEM image)
with a210°C sintering temperateis applied However, when the Ag film is sintered at 150,
most of the Ag nanoparticlegerenot sinteedwell. The formation of the typical necked structures
was absentat this temperature suggestitige nanoparticledid not fully form a film durig the
sintering process. The resulting structures wéike discrete Ag NB creatingan inefficient
conductive pathway in the metalfilm. The film sintered at 18 was found tdnave an improved
sintering processyith most of the particlelsavingmergedwith their adjacent particles. From these
results, the large cluster shape of Ag filflad= 210°C) was more structurally effective for charge
injection and has relatively reducBd due to a wider and larger contact@a®ls an interface to the

semiconductor.

Unlike the bulk of the printed Ag film, the islands formed in the printed pattern were created
near the edge of the contact where the semiconductor and the S/D are in contact. The morphology
of this interface is degndent on the surface energy of Sg0rfacewhichis not typicallytreated
with a SAM prior to printing the Ag in the TFTs reported in this thaafsen the printed Ag ink
is dried, the contact line at the edge of the printed pattern is pinned duehigkhsurface energy
of the SiO, surface.When the Ag nanoparticles were sintered and merged into a solid, the
nanoparticles near the edgeg. 5.7 b, d, and fJdo notparticipate in thagglomeratioro the bulk

dewetting from the oxide surface aimdming small islandclustersThis islandlike patterncreates
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a discontinuouglectrical cotact at the edge of the channel region, limiting charge injection into
the semiconductor and affecting the TFT parametdrs surface roughnesmay also affect the
formation of thepolymeic film, and hindes the ordering of thecrystalline structureThese
islanded edges along tipeinted electrodearea typical feature of printed metal lines aaeka
critical difference cmpared tovacuum depositednd photolithographically defined contacts used

to fabricatethedevices in the previous chapters

The reason for theicreasedRc from a TFT with the Ag S/D sintered at 210C may be due to
improvedcharge injectiorat theline edge between the semiconduatwetal contacinterface.To

verify this assumptionthe surface morphologgf the P3HTwas characterized usirthe AFM
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Figure5.8: AFM height images of P3HT film from two different devices ingwdifferent

sintering temperatures, 210%@p)and 150 °Cbottom)with higher magnification AFM
imageq(left) of the surface ahe middle of S/Dregion.

heightmodeon fabricated TFTaear the S/D and channel region of two different devices @50

80



200 T ¥ T % I

E 160 -
S 2
i< 9/)@/}.
S 120} e .
£ &
2 @
= [
= 80 = o
N 210°C 5
@® 180°C
m 150°C
40 1 1 1 L 1
A B C
Region

Figure5.9: The average mean radius of each grain of P3HT film in three regions on the S/D

region.

and 210°C) shown in Fig. 8. The overall different P3H@lomainsize can be distinguished from
the AFM image.The polymer domain size on the Ag S/D aredhefTFT sintered at 210°Gs
larger than that on the Ag S/D region of TFT sintered at 150°C. It is depicted dsgtheghted
blue outline in the higher magnification AFM scam theleft side of Fig. 58. The polymer is
predisposedo have longrangeordered microstructurithin a large domain[160]. Even if the
size ofthe P3HT domains continuously decreasésm the S/D electrodeegionto the channel

region the larger domain sizef the210°C samplesan bemaintainecat the edgef S/D region.

To quantify thisresult the threeregions are divided into A, ,Band C. Then, from the AFM
image, thedomaindistribution of P3HT film is calculated by setting the threshold height by using
animage processing softwar€he nmean radius (R) (see inset of Fig. 9) wasused to decide the

average domain sizndthe average Ris extracted from allomainsn the AFM imagdor each
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region A, B, and Cshown in Fig. 3. In the case of 210°C (green triangle), thgHasa 180 and
140 nm inregionA and B,respectivelyput it decreaseto ~100 nmin region C However, in the
case ofthe 150°C annealing temperatufeed squareutline), theaveragedomainsize is smaller
than 100 nnin all regionsIn regionC where the interface is¢atedthe polymer domain size of
the 210 °C annealed sampléas larger thanthe otherannealing conditionsThe 150°C sample
showedthe Ag nanoparticles/ere poolly sintered, which causeshagh surface roughness and
suggestghe P3HT film tobe more disordered compared to the other samggmrs. On the
contrary, in the case of 210°C, tlerge flat areaf Ag electrodes gives moegeafor the P3HT
film to form on aflat uniform surfacefor large polymeiic domairs. The lagerdomairs provide
better microstructurs that result in improved carrier transport in the semiconduf60].
Therefore, the TFT with the Ag S/D sintered at 210 °C showed imprnasseaind reducedRc due

to the better charge injection property.

This study has yielded insights into the interplay betwiherelectrical properties of TFTs$n(
terms ofcontact resistancandextracted carriemobility) and the morphologies &g andP3HT
films. The aforementioned factors have been found to be contingent upon the morphology of the

P3HT film, which in turn, is influenced by the morphology af g film.

5.2.3 Comparative study of contact resistance between vacuum deposited gold and

printed silver electrodes

In the previoussection,it was revealed thahe Rc of the fabricatedJP TFTs depends on the
morphology otthe printed silver thirfilm structure. Since th@acuumdeposited metal electrodes
weremore uniformwith less surface roughness than the printed silver electrodes, it is worthwhile
to compare these two different electradBise devices fabricatedh previous studiegchaptes 3

and 4)hadthermally vacuumdeposited gold electrodes. The extracted electrical characteristics,
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Figure5.10: Comparing two different electrodebermally deposited gold and inkjetinted
silver. Theelectrical characteristics tfie TFT contact resistance (left axis) dield-effect
carriermobility (right axis)for each elecbde structure

contact resistan¢@nd field effect mobility, of inkjeprinted P3HT channel TFTs with different
electrode materialsre summarized in Fig.10. As expected,ermallyvacuumdeposited gold

gives lower contact resistance compared to inkjehted TFTs with silver electrodessince
vacuum deposition can create a uniform and smooth surface of metal electrodes which leads to
better electrical contact. On the other hahdjnkjet printing method results in surface roughness

and noruniformity of metal electrodes whighcrease cotact resistancand degradthe extracted

field-effectmobility.

In addition, theRc effect is also observed in the output characteristics of devices (see Fig. C3)
which is compared to the device havithgvacuumdeposited gold contact. Since the inkpeinted
Ag S/D caused higher contact resistance than the Au S/D,-#heag@dcurve is more clearly

observed in the linear regime of output curves from the TFTs with printed Ag S/D.
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The work function ofthe metal is also considered since it is relatedhe barrier height for
charge injection due to band bending at the interface between the semiconductor acoimaetal
It is known that the vacuum deposited gold thin film &&5.2 eV work function and inkjet printed
silveris14.9 eV. The work fundbns maybe modified by using pentafluorobenzenthi(ieFBT)
which is widely used and welilnown as a modifier fonkjet-printed silver filns [150]. In this
casethe work function otheprinted silver film increaseto 1 5.24 eV[150], buttheexperimental
result conducted in this studhows that the electrical characteristilid not change (FigC4a)

afterthe surface ofhe printed silver film was treated with PFBT (Fig4b, 9.

The BCBG configuration of the TFT may lead to a more pronedirdegradation of device
performance, particularly concerning contact resistance. As depicted in Figlye¢h®&. bottom
contact, also known as the-ptanar structure, exhibits a smaller charge injection area at the
interface between the semiconductor andtal electrodes compared to the top contact TFT
structure. This is due to the fact that the channel layer forms at the bottom of the organic
semiconductorwithin a few nanometersrom the dielectriesemiconductor interfac§l61],
resulting ina small areal contact faharge injection area in the-ptanar structure. Conversely,
the top contact structure provides a wider aredHercharge injection, as indicated by the red
arrows in Figure 51b. Chargecarriers can effectively transport through this larger injection area.
Nevertheless, the botteoontact TFT structure is necessary in TFT fabrication technology for
improved processability. For instance, metal electrodes typically require higher processing
temperatures, exceeding 200 °C, than organic materials. Polymer semiconductors are sensitive to
high temperatures. Consequently, fabricating the top contact structure may risk damaging the

organic semiconductor layers underneath the metal electrodesessitate a meticulous selection
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a) Bottom contact b) Top contact
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Figure5.11: TFT structuredor a: (a) bottom contact and (b) top contact. Channel layer is depicted

as red dashed lines. time bottom condct structure, the channel meets at the edgfee®/D
electrodesand charge carriers are injecteder asmaller areacompared to theop contact structuri
wherecharge carriers are injected and flows in relatively large area than bottom contact.

of materials for the electrodeBherefore, in a bottom contact structure, a thorough investigation

of the interface region at the edge becommesial, as its characteristics significantffect the

contact properties.

In the previouschapter,a nortuniform morphology was observed in the printed Ag thin film
under SEM analysis. Thisonuniformity represents a major distinction from vacudeposited
metal thin films, which typically exhibia uniform and smooth flat surface, as evidenced by the
AFM scan shown in Figure 221The AFM images depict thermally deposited Au and printed Ag
electrodes before the P3HT film is printed, resulting in bare metal electrodes without the presence
of the polymerThe root mean square roughness (RMS) of the gelttredde is approximately 11
nm, significantly lower than that of the silver film (~28 ®RiMS). Furthermore, the RMS of Au is
mainly due to the presence of hillettke structures (bright areas in the AFM scan), witiach of
the surface area appearing flat.contrast, the printed silver film exhibits substantial roughness.

In the 3D view of the AFM image, the gold film demonstrates a vertical flat edge, whereas the
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printed silver film displaysonsiderable roughnesSiven that the accumulation layer is formed
just a few nanometerBom the surfaceof the organic semiconductor (OSC) filf@61], the
interface between the electrodes and the O&Che distinctly defined with Au. However, it
appears to beougherwhenthe electrodesare printedwith Ag. This structurabifferenceat the
edge in these two metal contacts may explain why inkjeted silver electrodes lead to higher
contact resistance when compared to thermally vaedeposited goldeven as the bulk

conductivity(Fig. 5.1b)suggests thsilver contacts should havewer contact resistance.

Thermally deposited Au Inkjet-printed Ag

RMS = 28.31 nm

i
a) RMS = 10.96 nm

50 nm

0nm

Figure5.12. Comparing two different electrodes, thermally deposited gold and-pijeed silver
thin film electrodes ofthe TFT structure The AFM height image at the edge of (a) gold and (b)

silver electrodes. 3D view for same edge of (c) gold and (d) silvefilthin
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SEM analysis more clearhgveals this structural difference showimgisland formation near
the edge of printed Ag electrodgisown in Fig. 5L3. The pattern othe Au contact has flat edge
andthe S/D region is clearhydefinedby the photolithography procesd-ig. 513a) Unlike the
continuously deposited vacuum deposition mettioeprinted silver thin film has discontinuities,
especially at the edge of the printed electrotiest, may create a series resistance between the
formed accumulation layerin the semiconductoand the electrode. This edge roughness may
increase the carrier scatterifig2] due topoor packing or ordering of polymer cha[aé3] along
the edge of the printed contact lirteen these effects degratiee overall charge transfer or
injection betweetheelectrodsand semiconductoHence, a higher contactsistance is observed

compared to TFTs with vacuudeposited gold contacts.

Fig. 5.4 presentsschematic illustrations oprinted Ag S/D electrodesand the various
components of resistancestire TFT structure At the edge ofhe printed silver,atapeed cross
sectional profile(see Fig. 5.14bis also observedue towetting of the Ag ink on the substrate

surface.This crosssectional profilealong with the islansl of discontinuous filmnecessitates

Figure5.13: SEM micrographs at the edgethé:(a) gold and (b) silver electrodes. (c) Image
processed SEM microgragimhancing the contrast of the island features along tree@dbe
printed line.The solid line in the middle separates two regions, a continuously connected
nonuniform film(left side)anda discontinuoussland formatiorregion(right side)which does not

contribute the electrical conductivity as S/D electrodes
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consideration of an additionebntact resistanasomponentdenoted aRc_edge Which arises from
theprofile at the edgef the lineand the thickness of the accumulation layer in the a@mductor
As a resultthe total resistancfRr) can be expressed agesistance irserieswith the channel

resistancéRcn) andthe contact resistandiat haswo distinctcomponentsthetraditionalcontact

Figure5.14: (a) Schematic illustrations of BGBC TFTs with inkjgirinted Ag S/D. (b) Components
that make up the contact series resistance in the TFT d@ji€rosssectionalprofile of the contact
region of the deviceP?3HT (OSCJi yellow regionand printed Ag S/D silver region. The

accumulation layer is depicted as the red line at the bottom of OSC film; charge injection is al
edge of Ag S/D contact. (d) Cresectional profile schematically showing the surface roughness

along the edge of the printed Ag contawédo the island formation of the Ag.
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