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Abstract

Novel donoracceptor polymerbased on indigoid building blockeemtisoindigo and isoindigo

with the substitution of long carbamate side chains were synthesizedyémicsolar @lls
(OSCs)andorganic fieldeffect transistors (OFETgpplications. The effects of the thermo
cleavable carbamate side chain are studied to demonstrate the potential influence on efficiency

and performance for solar cell atmensistorapplicatiors, regectively.

Regardinghe first topic of this thesis, it addresses tigaheration solar cells, organic solar sell

as a potentidior renewable source of enerdye totheir advantages d¢faving low cost, light

weight, flexibility, and rolito-roll printing. These organic solar cells (OS@s)compass a bulk
heterojunction modgBHJ) in which the donor polymer and acceptor are wssh active

material to achieve high efficiency. Currgntihe leading OSCs reach o % with the

introduction of norfullerene acceptors with widegandgap polymerdn this work we introduce

a D-A (donoracceptor) copolymer system where benzodiothiophene is the donor backbone unit
combined with the coplan#z)-3-(thiophen2-yl-methylene)indolin-2- acceptor unit. The

acceptor unit consists of an electiwithdrawing carbamate side chain to be used in the-wide
bandgap donor polymer system for organic solar delistheorizedthatthe introduction of the
carbamate chain will deepen the HOMO level of the polyiménprove the optical bandgand

result in a bette¥oc. Furthermore,hie thermal labile property of the carbamate chain can prove
usefulfor organic solar cells. This is because before rematviaghain, it gives a reasonable
amount of solubility to the polymeio that it can bprocessed. Once the polymer is deposited,

the chains can be removed by heat as previously studied by our group. This can further improve
t he pol ymer 6s Iimomaking il hoaercoplaraas tkebbalky groups are removed.
Thisenhanest h € st aastkecharge hoping distance between the individual polymer
moleculesare increasedAll in all, providing a higher FF andc. Thus, ultimately increasing

overall PCE.

Based on the structure alorZedlecyltetradecy(Z)-3-((5-(4,8-bis(5-(2-ethylhexyl)thiopherR-
yl)-6-methylbenzo[1,:5,4b'ldithiophen2-yl)thiophen2-yl)methylene)6-methy}t2-
oxoindolinel-carboxylateor TEIBDT exhibits a very coplanar structure useful towards

achieving high PCE, has straigiorwardsynthesisas well as high quenching efficiency making



it a promising candidate for OSCs. The solar cell device basé&I®DT: Y6 blend film
showed an adequatefiefency of 8.00% withlsc of 20.60mAcm?, Voc of 0.70V and FF of
0.56. The carrier mobilities of the filfior hole and electrowere calculated to be 1.0610*
cm?V-ist and 8.855 10° cn?V-is?, respectivelyThe high PCHs attributed to good film
morphology with good crystallinity.

The second topic of this thesis focuses on the application of orfggldieffecttransistors.

Isoindigo is known for being an excellent acceptor building block for daoceptor polymers

with theadvantages of simple synthesis, excellent air stability and high electrical performance.
Thus, in this studywe explore the impact of the thermbteavable carbamate chain for the

potential enhancement ofobility, solvent resistance, and morphologjstability. The theory is

that the thermally removable carbamate side chains on the isoindigo unit can help form
intermolecular hydrogen bonds, which can afford excellent solvent resistance and morphological
stabilitywhilea | s o e n-h a 8 ¢ & argprovegipomn anarge carrier mobility as the charge

hoping distance between the indivadypolymer moleculeare increased.

Moreover,this study focuses on three novel isoindigo polymers, PIDMT, PIDBT and PIDBDT
and are evaluated based on their transferagheristics, mobility, and solvent resistance. With
regards to solvent resistance, all the polymers exhibited resistance towards processing solvents
such as chloroform and toluene when annealed at 250 °C. In terms of performance, the PID
polymers displayg ambipolar characteristics withtppe mode being the dominant function. The
mobility performance for PIDMT, PIDBT and PIDBDT are the following 0.004, 0.01 and 0.007
cm?V-1s? respectively, for iype and 0.001, 0.004, 0.005 Bm's?, respectively, for fiype

with PIDBT being dominant for both modes.
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Chapter 1 Part: |
Introducti on to Organic Solar Cells

1.1 Synopsis ofSolar Cells

As global energy consumption has expanded over the past few decades, the world's reliance on
natural resources has become increasingly inadequate to meet global dechaodsa severe
threat towards the environment. This mainly consistesdiffuels, which isa norrenewable
energysource thaaccounts for 80% of the o r lemkefyysourcearnd is responsible foB9 % of
global CQ emissionsaccording to the Uniteations® Therefore a cleaner and more
sustainable renewabénergy source must be used to guarantee atengfuture.The most
common renewable energy source that is both green and renewable éneaygtThis type of
resource does not haaay negative environmental impact due to generating energy \ighgun
with zerogasemissions making this a perfe@ndidatéo be used assustainable energy
resourceFor decadedijrst-generatiorinorganicsingle crystabasedsilicon solar cells hae
beendominating the solar market duetkeir high efficiency, excellent stability adw-cost

power generatiomakingthemexcellent forresidential homes that have open access to sunlight.
Thedrawbackshowever aretheir initial manufacturingcost, hefty weighand rigid structure
thatprecludestheir use inother applications such as portable electronic gadigetdes,

vehicles, etd*®!

Thesecond generation of solar cedi® referred to asmorganicsemiconductors such as
cadmium telluride (CdTe) and copper indium gallium diselenium (CulGB9y can be
manufacturedt a cheaper cost because thdilize smaller amourstof material,but the problem
ariseswhen creatindarge quantities of thifilm solar cells with the same degree of efficiency as
single crystal silicon solar celts® Thethird generation of solar cellshich is being actively
investigated arerganic solar cell§OSC) There ardhree significant reasarthat make thera
promising candidate for the futur€he first reason involves solutigmocessability in which the
polymers aresolution treated, allowing for higthroughput production of solar cell paneia
employing printing technolog”! Using printing technologies instead of traditiomathods for
making inorganic solar cells will result in significant savings in production costs while also

boosting output®® Second, théightweight and flexibility of organienaterialsgive them



potential forstateof-the-art designMost OSCs are a thousand times thinner than a normal
silicon solar cell, which is approximately the same thickness as a than&¥ And thus,they

can be fabricatedn curved surfaces suchthgfabrics of tents, ickpacks, and clothing. This
also giveghe potential for prtable electronic gadgessich as cell phones, laptop®adphones
t hi

greatly expanded beyond jusbftops and solar farni&® Finally, the hird reasorallows for

etcl t6s evident t hat Wi

limitless combinatios of organic materials to firune and optimize to satisfy the requirements
of the applicationsAnd thus because of these reas@SCs hae been hailed as one of theost

promising photovoltaic technologiés’
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Figure 1-1 Evolution of Solar cell Technolod$

1.2 Bulk Heterojunction (BHJ) Solar Cell

Thefirst basicphotovoltaic cell consisted of a planar junction in which the film is sandwiched
betweerntwo contactsThe film contais the active layer such as a polymeisorall molecule
where excitonsvould begenerate@ndwould diffuse before recombining or separgt

However,since the planar cells were thin, this meant films could not absorb light very well. Due

t

he



to thisdisadvantageBHJ junction types were developed to taaderier diffusion length by
separating regions of each material by only a few nanorsa&talowing the invention of the
first BHJ solar cell, OSC performance and stability have improvesticiby .2

In a typical BHJmultilayer structure, thective layers amixture of a conjugated polymer donor
and acceptor materialhis active layer is inserted between the anodecatttbdewhich

collecss the holes and electroriBhis ensures that thexcitonscanreach the doneacceptor
interface within a few nanometers, thus increasing the efficiency of the exciton dissaasation
well as mitigating the limitations for film thickneB8%!2 Furthermore, théole transport layer
andelectrontransport layer arm betweerthe anodgphobactive and cathodehotoactive layer
to improve the performance and stability of the solar Egibically, the hole transport layer
consists of Mo@or PEDOT: PSSvhich are #ective materiat to facilitate the collection of
holes and blocking of electrofi$!? Whereaghe electron transport layeonsistsof zinc oxide
which is used t@xtract the electron3.he cathode or anode mposed oindium-doped tin
oxide (ITO)metalwhich allows for the transmission of ligl&t the moment, an inverted device
structure is used, with the bottom electrode serving as the cathode and the top electrode serving
as the anode. This style of architecture maintains a higher level of envirahstability'°12
Theschematidelowillustratesthe key differences betwedime conventionaand invertedDSC

structure.

(a) (b)

ETL
1c (cathode)

HTL
TC (anode)

Figure 1-2 (a) Conventional OSC Structufd (b) Inverted OSC Structufg!



1.3The Working Principal of a BHJ Solar Cell
The mechanism of thBHJ solar cell can be describ@dfour fundamentakteps.

Step 1Exciton Generation. As the light hits the photoactive laydris absorbed by the donor
material Upon absorption of thphoton, theslectron is excited from the HOMO to the LUMO,
thus resulting in an electrdmle pair or excitons. The excitons are then migrated to the -donor
acceptor interfacg®2

Step 2:Exciton Diffusion and Splitting . The break ofcoulombattraction occurs ihUMO

betweerthe donor and acceptor materials which causes the excitons to dissociate. Due to the
limited lifetime of the excitongt is imperative that the excitons must be generated within their
diffusion length for efficient charge generatids mentioned in stepne the holes generated at

the donor/acceptor interface have a strong Columb binding in whialsitbe dissociated to get

the free charge carrierSharge transmission efficiency is contingent upon the efficient
dissociation of excitons at the contdekectrostatic forces are generated at the interface due to

the difference in HOMO and LUMO between the donor and acceptor layers. When the materials
are chosen properly, these differences provide an electric field that efficiently splits excitons into
electrons ancholes.Additionally, free electrons are accepted by materials with a greater LUMO
level, while holes are accepted by materials with a lower HOMO level. Unfortunately, as they
approach the electrodes, these free charge carriers may undergoinatiomlor become

trapped in a disordered interpenetrating organic substBiféesion length can be defined as the

distance traviéed by an exciton before recombinatiéti?

Step 3:Charge Transportation. Upon exciton dissociation into free chaxgeriers, the

electrons ar¢ransferred to their respectiedéectrodes via hopping from one localized state to the
next. It is important to note that a bottleneck effect ocduring the transportation of charge
carriers to the electrodes, in that they recombine before even reaching the electrodiess And
the charge carrier mobility in the active laygimportantto minimize the recombination effect.

The higher the mobilt, the higher the chance of reaching the electrodes hefooenbination.

[10-12]

Step 4:.Charge Collection. If charge carriers are effectively transferred from the active layer to

the electrode without recombination, the charge has been collected. This charge would then



indicate the organic solar cell's photovoltaic performance. Tpe$ermance parameters inde

butarenot limited toJsc, Voc, and FF1¢13
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Figure 1-3 (a) Mechanism of BHJ Solar Célf! (b) BHJ Solar Cell Band Schematig

1.4 Non-Fullerene Acceptors forWide Bandgap Polymers

Fullerene acceptor (FA) materials wérequently used as the electron acceptor in OSCs in
previous decaddsut recently hee fallen off due to theirestricted light absorption rangeoor
harvesting property, and poor synthetic flexibilityis also reported that these acceptors are
sensitve to light and oxygen making the performance degeagaquicker*® Their structures
are similar to a bucky bakkontaining both hexagons and pentagons. The most widely dtudie
fullereneacceptorare PG:BM and PGi:BM shown inFigure 1-4. Although the PCHor
fullerenebased DA polymerscan be adequatéhe constraints of the fullerene acceptors

motivated thescientificcommunity to produce a better acceptor



Figure 1-4 Structure of Fullerene Acceptor B8M and PG1BM 1%

As aresult,nonfullerene materials have been more popular in O8€®ftoday,the highest

PCE recorded is 18.22%8 Their flexible molecular structure allows for controlled light
absorption spectrum expansion and the prospect of decreasing the energy barrier for charge
transfer, resulting in improved optical and electrical features in O88sn compaedto

full erene ac c e pronisingin terisFofAn@ophologcal bedits, energy loss
reduction, and absorption range expansiaverall a great candidate for the future of organic

solar cells.

The resulting optical bandgap of a polymer can be divided into 3 distinct bands. A low bandgap
(<1.6 eV), medium bandgap (1.¥ ebandgap < 1.86) and wide bandgap (>1.8& A medium

to wide bandgajs needed to form complementary absorption with-fublerene acceptors.

Usually, donotuilding blocks, involve thiophene moieties to match with Nb&&sed OSCs such

as BDT due to itsxeellent electrordonating effect to tunerkomo, and its ability to maintain
backbone coplanarity and its stabilifyhus,good matching between donor and acceptor

materials is necessary to achieve high efficiency. In this section, thrdallevane accptors

are discussedTIC, IT-4F and Y6 which have been widely used to achieve excellent

performancé*?

In 2015 Lin et al.,created a novel acceptor ITihich has an electredonating
indacenodithienothiopherféDTT) central unif two electroawithdrawing 2methylene(3-(1,1-
dicyanomethylenelndanone) (IC) end groupgith hexyl phenyl side chains iacrease
solubility andpreventexcessive aggregation of molecules in the solid dfBt€.hasa good
SCLCmobiity of 812 p T A1 6 O , whichis almost identicalo fullerenebased acceptors
(~10%-10%cn?Vv-1s?h). It also has &igh Buwvo (-3.83 eV)which is vital to achieve a highioc.



However ,its biggest restriction is the largpandgap g = 1.59 eV), absorbing sunlight below
800 nm, which restrictdsc when awide band gapWBG) polymer donor is useddespite this,
ITIC has been used on a large scale as a model acceptoinmdgbggation and development of
a broad variety of polymer donors to give substantial insights into the strpcoperty cell

performance linkages of these polymer doriérs

Because of TICO Buge restriction ofsc due to theather large bandgaf.59 eV), Zhao et al.
introducedfluorine atoms on the endf IC groups of ITIC to form IT4F. This alloweda

narrower bandgapf 1.52 eVwith redshifted absorption and highBtmax andU-max values

along with lower kumo (-4.14 eV) and Eowmo (-5.66 eV).When compared to ITKBased

devices, OSCs based on4F were shown to have superior photovoltaic performéice.
Furthermore, ir2019, Yuan et al developedmore superior acceptor called Y@ &-based

fused coreunit with 2FIC as the end group#®/hen compadwith ITIC and IT-4F, Y6 has a
narrower bandgap of 1.33 eV with a +&uifted optical absorption onset at 931 nm, and a higher
| of ¢c® ®p ™ Al .The absorption range of Y6 is G350 nm on the bodr with

the maximum absorption at approximately 810 nm. The absorption range may be expanded to
roughly 1100 nm, allowing them to absorb infrared bamtie. bandgap of Y6 is almost ideal for
achieving the maximum PCE based on the Shotk)egisser limit fo single junction solar cells
(at ankq of 1.34 eV). The Eumo of -4.1 eV was between those of ITIC and4F. Y6 is theonly
acceptor that has achieved the record PCE of 18f2@SCs so faf!
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Figure 1-5 (a) Chemical Structures of ITIC, FI F a nd Yl U\NWs Sestrgc) Energy
Level Diagrantt!!



1.5 Defining OSC Performance Parameters

There are threeritical characteristicghatinfluencethe power conversion efficiency (PCBJ
organic solar cells. The first parameter reterasshort circuit currentJsc which is the current
that reaches the electrodes without any applied fi¢id.second parameter is the open circuit
voltageVoc, which is the maximum potential of ticell. Thelast parameter is the fill factor (FF)
which refers to the quality of the €eThis is denoted by the ratio of the maximum obtained
power to the product akc andVoc.

1.5.1 The Influence of Short Circuit Density(Jsc)

The impact of thédsc on the PCE of a solar cell may be described by four processes that are
linked to the solar cell's mechanisirhe first process derives from the numbgphotons

absorbed which is directly linked to the absorption coefficieit ( and t he dihe i cal
polymer donorThe second process is exciton diffusion which is influenced by the dielectric
constant (U), morphol ogy an dThe thie precessinvolves ni c
exciton dissociation which is influenced the electronic sructure and the optical bandgap

between the donor and accepibine last procesgharge collectioims determined by thbalance

ratio of the holanobility of the donor and the electron mobility of the accepgisrmentioned

before, the higher the dielectric constant, the higher the chance to reduce exciton recombination

[10,16]

1.5.2 The Influence of Open Circuit Voltage(Voc)

To determine the maximum potential of a solar cell, the energy level of the LUMO of the
acceptor and the energy level of the HOMO of the polymer danedakeninto accountThe
lower the HOMO of the polymer donor, the higher Yhe:. Additionally, a larg dielectric

constant can reduce the exciton binding energy wdacthelp increase th€oc.
1.5.3 Thelnfluence of Fill Factor (FF)

As mentionedreviously the fill factor is referred to thguality of the solar cell. And is
influenced by the hole mobility of the donor and its balance with the electron mobility of the
acceptorTypically, if the hole mobility and electron mobiligregreaerthan p 1t then the

device should be able to achieve a HighTo get good mobility, the structure of the polymer



donor matters extensively. For example, side chain composition, side chain length, crystallinity,
andfilm morphologyall have a major impaadn FF.Other examples include tuning of the
surface of the film by additives such as DIO to achieve a homogeneous mixture between the

doner polymer and acceptirimprove film morpholog{?8
1.5.4 The Ultimate Performance Parameter PCE

PCE is defined athe ratio of the output power to the input powesimple device metric that
analyzes the performance of the devidee mathematical iteration of PCE is shown in
Equation 1-1, in which theproduct of theVoc, Jsc and FHs divided by the power inpudr the

incident solar powef01618
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Figure 1-6 The relationship and influencing factors of PEE

If the aforementioned characteristics are known, ffecdrve of an organic cetlan be usetb
obtain thePCE. A straightforward-¥ curve shows the voltage along the X axis and the current
along the Y axis. The Y intercept is used to determindddealue, which is the maximum

photocurrent generation valugince there is no current flowing through the deviceMbe



value is determined from the X intercept. When the voltage and current's prohasinsized a
maximum power point occurs between fsepoint and the/oc point. As illustrated irFigure
1-7, two squares may be created, and the ratio between them can be computed to get the cell's fill

factor[to19l

Area of Yellow Rectangle
Fr= 2eel ;

Area of Blue Rectangle

swer

Current [ mA/cm?)

o7 [ 0.3 0.1 0.1 0.3 0.5 0.7 0.5
Voltage (V)

Figure 1-7 Schematic of a TypicalV Curve for an Organic Solar C&f

1.6 Characterization of Polymer Organic Solar Cells

The following will describe different characterization technigquiesoptical and chemical

metrology used in this thesis.

NMR spectroscopy is a method that is used in the field of chemistry to explore and assess the
purity and composition of a sample. NMR stands for nuclear magnetic res&fighBeth

carbon and hydrogen nuclei may be investigated using NMR spectroscopy, with the parameters
being adjusted accordingly. After the basic structure of the sample has been identified using
NMR, the technique may then be used to investigate a varidig shimple's physical properties,
including solubility, diffusion, and phase chand&3? Becauseach nucleus has a charge, the
ability to exchange energy between levels of lower and greater potential may occur when an

external magnetic field is introded. This energy transfer takes place at a wavelength associated

10



with radio frequencies, which are subsequently detected and processed in order to create an
NMR spectrum for the nucleus that is being investigated. The resonance frequency of the energy
thd is being transmitted is determined by the magnetic field that the nucleus has. Electron
shielding has the potential to change the magnetic field, although this is very dependent on the
surrounding chemical environmefft?? Theresonant frequency mae used to extract

information on the chemical environment of the nucloseelectron shielding is reliant on the
chemical environment of the nucleus. A nucleus that has a greater electronegative charge will

have ahigherresonance frequency???

Gel Permeation ChromatograpfyPQ has two primary applicationsharacterizingpolymers
and separating mixtures into fractions such as polymer, oligomer, monomer, apolyraeric
additives.In our caseGPC isused forcharacterizinghe molecular weight distribution of
polymers, a characteristic shared by all synthetic polymiées most important parametense
numberaverage molecular weighitlg), weight average molecular weight (Nvgize average
molecular weight (Mz) angoly dispersityindexwhich can be found ikquation 1-2. This
equation models theariationbased on size for a polymer. With regards to the worgingiple
of the GPC it works by pushing the solvent through the instrument via a pummanducing
the test sample into the column through an injection pbet sample is then detected as the
components leave the column verified by a software that controls the different parts of the

instrumentand displays the result&n a computep>24
0$)0 70 Eq. 22124

Thermogravimetric analysis, also known as TGAtisannique for estimating the sample's mass
as a temperatu@ependent attribute. Change in mass as a function of temperature is a key
feature of manynaterials asheydegra@ and lo® volatile componentdmportant information

on both physical and chemical eveoc#s be extracted such jpisase transitions, absorption,
adsorption, and desorption, as welchgmisorptionthermal breakdown, and solifhs

interactions (e.g., oxidation or reductiofy?”

Different Scanning Cafimetry: Differential Scanning Calorimetry (DSC) is a thermal analysis
method that measures the heat flow into or out of a sample as a function of temperature or time
while the sample is subjected to a controlled temperatagram It is a very effective method

for assessing material attributes such as glass transition temperature, rgfitadjjzation

11



specific heat capacity, curing process, purity, oxidabenavior and thermal stabilityThe
analysis can be done on a widege of materials includingolymers, plastics, composites,
laminates, adhesives, food, coatings, medicines, organic materials, rubber, petroleum, chemicals,

explosives, and biological samplés®!

Ultra-Violet Spectoscopy UV-Vis Spectroscopys a quantitative techniquesed to determine

the extent to which a chemical component absorbs light. This is accomplished by comparing the
amount of light that travels through a sample to the amount of light that travels through a
reference sample, also known as a blank. This methodology is applicable to a wide variety of
sample types, including liquids, solids, thin films, and even gfamspolymers specifically, it is

used to detect thehromophores whethe matteundergoe$ © “* an ¢ © “* transitions
Furthermore, the extent of conjugation can be detected vi&igVThe greater the conjugation,

the longer the wavelength of maximum absorptamother advantage of this form of

spectroscopy is the ability to determine the optical bandgap using then@vstength from the

spectrausing Equation 1-3. 34

® T T
OQw Q Q 10 b S

Eq. 1314

=onset=onsth

Cyclic Voltammetryor CV is an electrochemical technique that predigisMo and Eumo

through an oxidation and reduction procé3ss is done by measuring tbarrent at thevorking
electrodg(polymer) under the conditions where voltage is in the excess predicted by tis¢ Ner
Equation. Andhus,by measuring the redgotential,an energy diagram can be extrapolated
usingEquation 1-4. It is important to note that Ferrocene is used as thenalt standard, fomo
=-4.83eV. 1353

QiomoA6 QP '1a@A6 Eq. 1459

QuwoA6 Q@I5°'t8h6 Eq. 255

Photoluminescence Spectroscopy is a technique that utilizes light energy or photons to produce
the emission of a photon. For®organic solar cells, photoluminescence is used in fluorescence
to determine the photoluminescence quangginciency (PLQE) which is an important

parameter to check whether the excitons experience dissociation irAhet&phase.

Mathematically, this number is defined as the number of photons emitted as a fraction of the

12



number of photons absorbed and can be catulila¢low, where Rlendis the PL intensity of the
D-A blend films and Pheatis the PL intensity of neat filn&’-°)

Ton T . l‘Bly-‘)bl d
0000p ———"° EQ.16
UUpeat

X-ray diffraction(XRD) is a technique used for polymers primarily for the determinatigheir
degree of crystallinity. Other main featuresxé®D analysisncludeindexing of crystal

structures, microstructure, and orientation. For this thesis, the degreestadlinity and
orientationof the polymer is concernedo obtain XRDpeaksconstructive interference between
monochromatic Xays and a crystalline sam@esproduced. A cathodey tube produces the
X-rays, which are then filtered to create monochromatic radiamhaimed onto the sample.
When Bragg's LawEquation 1-7) is satisfied, constructive interference (and a diffracted ray)
results from the interaction of incoming rays with the sample. The wavelength of
electromagnetic radiation is related to the diffraction angle and lattice spacing in a crystalline

sample. Thaeletected, processed, and counted diffractedys arehenanalyzed.
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Tube Anti- 3
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_ Shits Shit Stit Slits Single Crystal
‘ \ =\ Monochromator
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v (=] > d
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Figure 1-8 Operating Principle of an XRD between a monochromatayxand samplé!
¢ _ COOEL Eq. 1759

Atomic Force Microscopy: AFM is a qualitative technique for surface analysis that involves

topography imaging. It uses a probe to detect morphological features on the nanometer to

13



micronscale such as film roughness, phase segregation and domain sipeh€&csdrface
analysisa cantilever is used to scan over the sample surface in which attractive force between
the surface and the tip casskee cantilever to deflect towards the surfatthen theraised and

lowered cantilever influences the deflecti@resultsin a topographic imagé?
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Figure 1-9 Operating Principle of an AFI#
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Chapter 1 Part Il :
Introduction to Organic Thin Film Transistors

This section of the thesis will address another type of application that proves useful towards
electronical components which are orgdretd-effecttransistors (BETs). OFETs are a type of
field-effect transistor that has a channel made out of an organic semicondictoican be
manufactured by vacuum evaporatiorsofallmolecules, solutiorasting of polymers or small
molecules, or the mechanical transféra singlecrystalline organi¢ayer onto a substraté’

They have already shown a great promise for Wggighted, portable and flexible device
applications such as smart cgr@LEDs, pixel drivers, eté® Their most attractive commodity

is the utilization ofefficient techniquesuch agrinting, coating, and evaporatidmgenerate
organic electronic materia#nd their ability to be fabricated on flexible surfadeslymers with
excellent solubility may be uddo deposit thiffilm organic layers on largarea substrates by

inkjet printing, spiAcoating, screen printing, et&*

The very first thin filmtransistoiwas invented by John Bardeen, Willlid@hockley,and Walter
Brittain in 1947 and ever since have been dominant in the microelectronics in@UStrgy
utilized inorganicmaterialthat had aomplicated fabrication procesach asnvolving high
temperatures, highacuumdeposition processes and sophisticaiedtolithographigatterning.
B9 And thus,the introduction of OTFTs made it more convenient inféficationprocesswvhich
involves alow-temperature deposition process and solution proce88imge other main
advantage is their mechanical flexibility allowing them to be paireditipplastic substrates for

lightweight and foldablg@roducts®
1.7 Designand Operation of an OFET

In terms of design and functioan OTFT is similar to its inorganic equivalent. It is a three
terminal device in which a voltage given to the gate electrode regulates the flow of current
between the source and drain electrodes when a bias is apph&d.s' ability to adjusthe
sourcedran current through a third terminal has led to their widespread usage as sWhehes.
In terms of theiperformancethey areevaluatd basedn mobility * , which denotes the ease
with which charge carriers may flow across the active layer uhdenfluence of an electric

field.“559 This value is determined by curreniltage measurements and should be as large as

15



possible Typical values for amorphousilicon devices range between 0.1 aridch?V-1s? with

the best organic materials achieving mobilities betwe& dn?V-!s?. Thecurrenton/off ratio,

which is defined as the ratio of the current in the "on" and "off" states, is the switching

performance of OTFT&:-50

1.7.1 Types of OTFT Designs

The term OTFT can be used in a generic sense to refeosbofthe different types of organic

transistors?®’ However, organic transistors are typicatBtegorizednto one of several

categories (depending on the mechanism used to achieve the moderiation* Amongthese

categories include, but are not limitedthe following:

Table 1-1 Categorization of OTFT&!

Application Type

Description

OrganicField EffectTransistors (OFETS):

OFETS (organic field effedransistors), like
conventional MOSFET (metalxide-
semiconductor field effect transistor) or TF1
(thin film transistor) devices, have a gate
electrode and semiconductor layer separats
by a dielectric layer. An electric field is
created across the dielectric lay&s a result,
this electric field may control the size and
shape of a higlconductivity zone and chang
the flow of current through the semicontturc

material (b).

Organic Electrochemical Transiss{OECTS)

When a voltage is applied to the gate
electrode, organic electrochemical transistg
(OECTSs) may cause either an increase or
decrease inpl depending on the kind of

reaction being induced.hE source, drain, an

gate electrodes serve as the working, coun

16



and reference electrodes in standard three
terminal electrochemical cells. Some other
types of OECTs are more like a standard
OFET in which some electrochemical
reaction is taking place an interface of the
semiconductor to modulate the current. Thg¢

are several subategories of OECTs

Electrolytegated organic field effect A layer of electrolyte (either solid or liquid)
transistors (EGOFETS) used in EGOFETSs to keep the gate etsi
apart from the semiconductor. There is an
ionic mobility in this electrolyte layer that
leads to charge accumulation at its interfac
and subsequent electrochemical reactions.
Low operating voltage is a benefit of the
EGOFET, but poor switching ratase a
drawback because of their dependence on
electrochemical activitySeverahewly
developed EGOFETs with membranes that
are ionselective have also been shown to b

useful in sensing applications.

1.7.2 Working Principle of OTFTs

To understand how OTFTs work, the principle of conductivity must be recognized. For
conductive materials, electrons move from the valence band to the conduction band. While for
semiconductors, the movement of electrons from the valence band to the condactios

difficult because of the band gap being too wi&®! And thus,for polymer semconductors,

the enhancement of conductivity is done via doping by either oxidatityp&doping)or

reduction (ntype doping) by chemical methods. Moreover, by combinktgpp and rype

17



materials, a f junction might be created agtinterface between the two materi&ts® Near

their interface, negative charges frortype material diffuse into the-fype area, while positive
charges from ftype material diffuse in the other directidrhe opposite charges and travelled
chargedrom the other side create a "space charge area" (also known as depletion¥&§ion).
This interaction is typically used in the fabrication of diodes and transigtd®s FTs, charge
injection is used to bend the energy level of the semiconductaeraide charge transport.

Unlike metaloxide semiconductor fieldffect transistors (MOSFETS), an OTFT requires the
accumulation of injected charge carriers to create current¥fdt/Holes are injected from the
source contact of afype semiconductdoy applying a negativedé. Under a negative bias,

holes collect in the electric field of the active channel layer, with the HOMO level of the organic
semiconductor subsequently bending upwards toward the Fermi level. Pdlappmsg across

the conjugated structure inside the OSC stdddalizethe delocalized statas a result of these
injected holed®**® Consequentlythe active channel acquires a positive charge. Similar
phenomenaccurwith n-type semiconductors,ith the exception that electrons are injected

from a positive Ws source, with the LUMO level of the OSC subsequently bending downwards.
To accomplish charge transport in OTFTSs, the driving foregsavid Vs are necessary to create
current. By raising Vs, potential accumulates frothe source to drain throughout the channel.

With sufficient gate bias, charges might flow from the source to the 8t&ih.

The design of an OTFT utilizes 4 types of structures a) begfat®, topcontact (BGTC), b)
bottomgate, bottorrcontact (BGBC), c) tojgate, topcontact (TGTC), d) tojgate, bottom

contact (TGBC)#*%" They all utilize an insulating substrate, a dielectric layer, a semiconducting
layer anda gate,source and drain for contacdt$®” The ingection and extraction of charge

carriers is done by source and drain electrodes, respectively, which are in contact with the active

layer.

On the contrary, an insulator that controls the conductivity of the channel separates the gate from
the semiconduotr film. For the interest of gasensorsa bottom gate structure is desired because

the organic semiconductor is exposed to the target analytes dit®gtiguctures that utilize top
gatestructuresare usually for circuit fabrication such as amplifiers and switéfds

mentioned before the injection and extracfioncharge carriers are by source and drains
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whereas the gate separatedrom the semiconductor througldeelectricfilm. The
semconducting channel is determined by two parameters, width and [Efgth.

There are three operating modes for fieftect transistors: i) gate to source voltage with respect
to threshold voltage, ii) drain to source voltage with respect to the overltage and iii) p

type or ntype mode. Theqype mode is when all the holes are the charge carriers ariype n
mode is when all the electrons are the charge carkfat®rials that possess bothiype and p

type mods are said to be ambipolar.

The first operation mode known as the cut off is definel &y> Vras shown irFigure 1-12

(b). The applied ¥scannot form a conducting path between the source and drain and thus the
drain to source currentd) is zerodue to thedepletionof holes in the channél? When the \és

is shifted lower than ¥ the holes are then accumulated at the dielectric/semiconductor interface.
implicating a uniformchargedistribution along the channetb SL 0 Sas shown irFigure

1-12(c). During these biasing conditiori® will be different from the zero ardhearly

dependent on M according to this equatiof’!

(ORIRNINRY (RN AR R Eq.1-817

where 6 - Tw is the gate capacitance density andjate electric permittiwt® Moreover,
this operation mode is also said to behave as a vettagteolled current source equal'® w .
B1The"Q refers to the transconductance which is related totlthege in output 60 to an

input ofw change with constawd bias

O

. C e o5
Q 0 w0 w Eq.1-9

Whenw is approachingy , it means that the charge carrier concentration is not uniform
anymore and thu® is less negative thet . This alsceffectsthe charge accumulation
around the drain as it becomes lower than at the source. Acctodimgmathematical equation

"O changes from a linear to a parabolic dependenes an
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O ‘0wMhHw o w i Eq.1-1057

Bottom Contact, Top Gate Top Contact, Top Gate
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Figure 1-10 Cross sectional schematic of OTFT configurati®hs
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(@) (b)

(d)

Figure 1-11 P-type field effect transistdia) structural schematic and device electrode:
(b) cutoff (c) triode (d) saturation operating modésd

1.7.3 Understanding OTFT Parameters

To gain a deeper understanding of the parameters we can describe the parameters using

mathematical relationshsp

Charge Carrier Mobility:
The charge carrier mobility can be described tas the average charge carrier drift velocity per

unit of electric field along the channel

ST (58 Eq.1-1167

It is a measure of efficiency of the charge carriers moving along the conducting channel. And

can be directly related to the conducting chafelwhich is the slope of the Versus \és. It
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should also be noted that thés related to the slope of versusw and is usually not
considered as a constant which is why a linear fit ofghetsusw is used to extract the

average mobility value. Furthermore, the mobility is dependent on the overdrive voltage by a

factor (gamma.
"0
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The k refers to the constant mobilitglue wheras/ is a parameter that is lower than one esnd
dependent on the conduction mechani$rthe device, doping density and dielectric permittivity
of the active materiallhe grairs size and the intggrain defects can also influence the k value
as itdepends omhe surface formation of the semiconductBor thinnerdielectrics a lower
currentand largemobility is preferred because thfe larger switching speeds in digital circuits
but it does nohecessarilynean dastsensingesponse and bettsensitivity.

The slope of the current versus the voltage curvestzero when the s approaches thedy
which means the OTFT device is in saturation. This is also familiar to whers#apptoaches
V1. Because the channel is close to the drain contact, the slope cannot be taken as it is depleted

of carriersHowever,an estimation can be obtained by using the following equation.

‘ G h O
0 Wi Tw

Eq.1-14157

To extract the mobility, a voltage scan is necesddsyally, in a BGBC TFT, the charge

injection barriers and high disorder in the semiconductor film can degrade the slope.

Threshold voltage

Threshold voltage refers to whenr ¥ the minimum gate to source voltage required for
accumulating charge carriers at the semicondut&dectricinterface and forming a conducting
path between the source ahédrain electrode®? Generally,Vt is preferred to be desired as
close to zero which translatmto alow operating voltage, and thus low power consumption for
portable deviceslo increase gateapacitancei is recommended to decrease the thickness of

the dielectric film or increase éhdielectric constant.

Figure 1-12 (d) illustrates thenysteresi®ffect that is quantifiethto the shift of the threshold

voltage.lt is not desirable for a shift in the transistor characteristics depending on the voltage
scanning parameters atitis pertains to bias stregsshift in V1 is an important parameter
because it can i nf | ue n dhuschange tragpeng mustderrsdocedts r e s

getabetter sensor response. To help improve the bias stresgntii@nductodielectric
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interface should be improved by surface treatments. Another wainimizethe bias stress is to
bias the sensateviceat low voltages, for shorter times and at less frequency. The hysteresis
effect can be determined below.

00 30 Eg. 1-1507
Current On/Off Ratio:
The onoff ratio refers to the ratio of theurrent accumulatioand depletionThe offcurrent

depemlsupon thechannel conductivity and dimensios The equation below demonstrateatth

phenomean.”
0 a2 Eq.1-16157

To demonstrate the on/off ratior a device from cubff to saturatiorthe following equation can

be used:

. 0w W 17057
o, - Eq.1-17

It is quite evidenthat ahighdielectricconstant and a thinndrelectricfilm areneeded to
increased . However this can negatively affect ti® due to an increase of leakage current
densityfrom the gate electrode as showrFigure 1-12 (e). Although a higher on/off ratio is

desired for applications such as display monitors, it is not needed for sensors.
Subthreshold Slope:

The variation in the gate biasing result in ona@lecadechange in the drain current refers to the
subthreshold slopét is demonstrated by a logarithmic scale whéres the y axis and) is the

x-axis. For OTFT¥, the subthreshold slope is similar to mobility enhancement for carrier hopping
and thus a lower trap density is needed to aclsapeslopes. It can sometimes be used as a
sensitivity parameter but that is quite rarbe lower the subthreshold valuke less bias stress

is resulted. For gas sensors specifically, the interaction between the gas molecules and trap sites

are monitored through mobility and threshold voltage shifts.
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1.7.4 Evaluation of OTFT devices

The OTFT devices will be tested usiagAgilent B2912A Precision Source/Measure Unit probe
station. The three probes are manually guided by hand to their respective ceptaces, (drain

and gate) with the aid of an optical microscope. After the prafesuccessfully contacted, a
program will run a series of sweeps drains and drain voltage while simultaneously measuring the

current through the source and drain

For an ideal case, the output cuisgenerated througiquation 1-18 for the linear region and
Equation 1-19 for the saturation regiomherelp is the drain current, W and L are the channel
width and length, Ci is the capacitance per area of the dielectric (~11.61B1c8i0,), Ve is
the gate voltage andr\is the threshold voltagét low drain voltages, a linear region can be

seen but at lgher drain voltages the saturation region occurs.

To obtain the threshold voltage and the charge carrier mobilaypolymer, a transfer curve is
plottedasdrain current vs gate voltage current. For axlyge or ntype devicethe mobility is
obtainedthrough the slopeand the threshold voltage is obtained through the extrapolation of the
slope to the axis intercept. Theurrent on/off ratio is calculated by dividing the drain current at

saturation for a given gate voltage by the drain curdr@n no gate voltage is applied

W W
O 0+ 0w — Eq.1-18
v C
O '"0F=w w Eqg.1-19
qu
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Transfer curves Output curves
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Figure 1-13Ideal transfer and output curves of a typicaype OTFT devic&®
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Chapter 1: Part Il
Objective and Structure of Thesis

Two different applicationsvill be explored in this thesis with the aim to imprgerformance

The first applicatioraddressesrganic solar celihatutilizesrenewable solar energgs a way to
combat global emissior@d conserve natural resourcé#hile the second application addresses
organicfield effecttransistorgo be useful fosensors

With regards tahe secondchapter othis thesisa novel polymer donor PTEI is synthesized to
be used as the active layer in organic solar iskimple synthetic complexity, lolying orbital
energy level, strong absorption in the visible region and good solubility after alkyladiks it a
great candidate for solar cell applications. For this polymer, we are studying a novel C24
carbamate chaimtreplace th€20 alkyl chain to study the impact on the overall PCE by tuning
the acceptopolymercomponent. Based on our previous findings alleeitarbamate chain, it
can be thermally cleaved by thermal evaporation. This could potentially improveptamarity

of the TEI structure thus increasing the mobility resulting in a higler and increasg -
stacking for better morphological stability and higher Hie polymer will be characterized by
using TGA,GPC,UV-vis, and CV to study the thermaiptical,and electrochemicalroperties
Based on the DFT simulation alone, PTEI exhibited a deeper HOMO level than alkyl substituted
PTEI meaning that th&oc can ke improved furtherMoreover,PTEI will beblended with Y6
small molecular accept@nd usedn an inverted OSC structure to study its photovoltaic
performance. SCLC, XRD and AFM will be used to further investigatenttiality andfilm
morphology.

Thethird chapterfocuseson three novel isoindigo polymers, PIDMT, PIDBT and PIDBDT

thar use inOFETSs. Isoindigo is known for being an excellent acceptor building block for donor
acceptor polymers with advantages of simple synthesis, excellent air stability and high electrical
performanceThis chapter explorate impact of the thermdeavdle carbamate chain for the
potential enhancement ofobility, solvent resistance, and morphological stabiftyhough

alkyl substituents can improve solubility, it reduces the charge carrier mobility by hintreging

- st ac ki n gnitsylabraThasibynsgbstitutng dhermally removable side chain on

the isoindigo unit t-h es t" a ¢ k bengpre profauhdgelpng form intermolecular
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hydrogen bondgp afford excellent solvent resistance and morphological stabgityell as

enhanig the mobility of isoindiga

The fourthchaptemwill summarizeall the findingsalong with some futurenprovementdor the

photovoltaicpropertiesandperformance.
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Chapter 2: TEI-BDT Based Organic Solar Cell

2.1 Introduction

For organic photovoltaic applicatianshas been known thadoindigo based polymers exhibit
excellentoptoelectronicharacteristics witlexcellentflexibility and long-termstability.
Isoindigoderives from the structural isom@ndigo, which is acommonnaturally occurring
pigment made bgspecificplant, isatis tinctorid®®*®? The very firstisoindigo DA photovoltaic
performance was reported by Zhang et al, Liu edrad. Wang et al, in 2011 with PCESs ranging
from 1 to 34. It was soon after Wang et al, developed a Ingterojunctiorsolar cell with
PC;1BM as the acceptdp give a PCE of 6.%06.[5°62] |t was until then that thscientific
communityrealized that thiglectrondeficientbuilding block is egood candidate for organic
solar cellsSincethen,isoindigo materialsverecategorizednto 5Stypes standard, halogenated,
heterocyclesubstituted, peripherally expanded, and emtpandedAn importantcharacteristic
of theisoindigo materialgthe nitrogen atom on the lactam rj@g this position allows for
further tunability of the monomét*® This could include improving the solubility of the
material with an alkyl chain or extendingetpi-pi conjugation of the structureurthermore,
other materials that utilize halogen atoms such as chlorine or fluorine are used to lower the
optical bandgap taufther increase the chargarriermobility. > An improvedcarrier

mobility mears that the interchain packing of tipelymerleadsto an increasan crystallinity,

thusultimatelyimproving the charge transport.

Their structure consists ofteenzene ring and are connected via an exocyclic double bond at the
3 and 3 o**HThescoreé exmandadoindigo that werpreviouslybeen studiedor

treating neuralegeeative diseases has been utilizeddolar cell applicatiomy incorporaing
bis(oxindole)as the corexpansion®” This createdan electrondeficient building block for
donor/acceptor, wide bandgap conjugated polyfifeFhefeatures of this polymer also include
simple synthetic complexity with higyield, alow-lying orbital energyevel, strong absorption

in the visible region and good solubility after alkylatiéhAccordingto Jian et af’], the

inverted bulk heterojunction polymer solar d@NEI-T (shown inFigure 2-1) exhibiteda high

PCE of 7.32 %Jsc value of 13.4 mAcm, a fill factor of 0.65 andraopen circuit voltage of 0.85

V when pairing with P&BM as the acceptdf’.
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After the introduction of notfullerene acceptordi. Li et al, synthesized the same monomer TEI
with n-alkylationand polymerized it with halogesubstituted benzodithiophene (BDT) to
produce three copolymer donors (PTHEIPTEF and PTEICI) shownin Figure 2-1 (a). It was
concluded that PTEH exhibited the best performance of 8.2 P%E withaVoc of 0.75 V,Jsc

of 21.90mAcm?and a FF of 50.1 %% Meanwhilg PTEI-F and PTEICI exhibited 7.22 % and
6.50% due to their low shecircuit density and poor fillactor. The reasons for their lodc and
FF is attributed toheir unstableharge transfedeficientphotoinducedchargetransfer and
increasedrap-assisted recombinatidff All in all, H. Li et altook the same PTEI monomer and
enhancedhe overall photovoltaicperformance b¥.9%% throughfine tuningthe small molecule
acceptor and introdiumy BDT halogenatedionorvariants

Y6
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35| == 3%  as=

4.0 -4.10

454 PTEH omie  pmla
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Energy Levels (eV)

554 537

Normalized Absorption (a.u.)

$52 8%
-5.65
6.0 4

Wavelength (nm)

Figure 2-1 (a) Molecular structure of TEIBDT alkyl substituted polymer with {5 UV-
vis absorption specti@) Energy level diagrani®!

Based on these findings, adjusting the donor component of the TEI polymer can have a
substantial impaain power conversion efficiencypespite the aforementiondéiddings, tuning
the acceptor component of the polymer might prove to be a fascieatitegior and is scarcely
reported foraminebaseddonoracceptor polymerslo be more specific, thealkylation group,
which works to increase solubilitsan be further tuned to sty the effect on PCHn this thesis,
we have chosea novel C24 carbamate chaoreplace theC20 alkyl chainto study the impact

on the overall PCE by tuning the accepgtolymercomponentBased on our previous findings
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aboutthe carbamatehainby Ngai et al” it can be thermally cleavachder mild conditions
This could potentially improvéhe coplanarity of the TEI structutieus increagng the mobility
resulting in a higheY¥oc, andincreasng " -" stacking forbetter morphological stabilitgnd
higher FFE Thus,ultimately increasing overall PCE.

2.2 Polymer Structure and Design

2.2.1 Computational Study of Polymer Structure

To evaluate the effects of tledectrondonating carbamate group on the TEI unit, a density
functional theory simulation was performedeTelectron distribution anchbmo/ELumo are
calculatedand compared for both alkyl and carbamate TEI structaor@yacuum environment.
It is necessary to evaluate the structordetermine the degree of coplanastyit could be
viable for photovoltaic solar cell&s mentioned before, @planarandrigid backbone is
necessaryo achieve a high charge carrier mobilithich is achieved througstrengtheninghe
intermoleculatinteractionghroughside chain engirexing. In this section,we studya novel
hemtisoindigo unit comprised of a thiophene spacer unit between the indigo moiety and
benzalithiophene donor univith along decyttetradecykchloroformatechain substituted on the
indigo nitrogen atomlt is theorized that the carbamate chain will gile@dcoplanarityand

rigidity compared to the-alkyl chain due tancreased intermolecular interactions.

The simulations are calculated under quantum mechanical iteration techniqudsgiovi

Avogadro 1.2.0, Gaussian 09, and Gaussian 16 software. Using the Merck molecular force field
(MMFF94s) approach in Avogadro 1.2.0loav-level energy minimization of the model

compounds was done. Then, higher level geometry optimization and energyzation of the

model compounds were performed using Gaussian 16 with the B3LYP level of theory and the 6
31G(d) basis set under tight convergence to investigate the optimized geometry and molecular
orbital (MO) energy levels, respectivelyshould be noted that a methyl group was replaced

instead of the long decytradecyl chain to avoid computational complexity and time.
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(d) 2

LUMOQO:-2.42 eV

Figure 2-2 (a)/(b) Geometry ofTEI optimized by DFT simulatiofc) HOMO/(d) LUMO
orbitals of TEI with energy levekspect vacuum (0 eV)
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HOMO:-5.26 eV
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LUMO:-2.56 eV

Figure 2-3 (a) Geometry ofTEIBDT with carbamate chain optimized by DFT simulatic
(b) HOMO/(c) LUMO orbitals of PTEI with energy level respect vacuum (0 eV)
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9 9
LUMO:-2.35 eV

Figure 2-4 (a) Geometry ofTEIBDT with alkyl chain optimized by DFT simulatid(tp)
HOMO/ (c) LUMO orbitals of PTEI with energy level respect to vacuum (0 eV)
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Table 2-1 Evomo/ELumo energy levels based on DFT

DFT EHowmo (eV) DFT ELumo (eV) Eg(eV)
TEI -5.77 -2.42 3.35
TEIBDT (Carbamate) -5.26 -2.56 2.70
TEIBDT (Alkyl) -5.06 -2.35 2.71

Thecalculated DFT simulation reveals tisatbstitutionof the carbamate chain onto the TEI unit
does yielddenticalplanaritywith the alkytsubstituted TEI polymeFurthermore, thelectrons
in the polymer and monomer are elyedelocalizedn both the HOMO and LUMO levels
indicating good -" stacking and good carrier transfer along the polynvégl for photovoltaic
cells. It shouldbe noted that th®FT simulation predicted thdOMO level of the PTEI
carbamate chaito be-5.26 eV while the PTEI alkyl chain predictesl06 eV. From the
HOMO/LUMO predictionsit is evident that PTEI carbamajave a deeper HOMO level than
the alkyl cham giving rise to a better optical bandgapich could potentiallenhane theVoc.
Theestimated lowying and widelydelocalized aemy levek of the PTEI carbamate suggast
even better candidate polymer for wide bandgap donor polymBeis values derived from the
DFT calculations may deviagggnificantlyfrom actual values. This is because the LUMO
orbitals do not contain any electrohgnce the calculations assume #aatited electrons fill the
imaginary molecular orbital®loreover, t should be noted that the synthesis of TEI remult in
a possible geometric isomerization due towimgl linkage coupling between the thiophene and
indigo units.However, th&knoevenagel condensation proces$y results inZ-form geometric
isomes. But afterthe addition of the carbamate chaingatve rise to th& isomer with &:E

ratio of6:1.
2.2.2 SynthesisSchemeof TEIBDT Polymer

Polymer TEIBDT was synthesized in 4 steps using the route shown below. The first step
involves aKnoevenagel condensation reactimiween ébromoindolin and-bromothiophene

2-carbaldehydé®® It should be noted the bromine groups are already attached to minimize
synthetic complexityThe next stepsnvolve thesubstitutionof thecarbamate chain ahe

indigo nitrogen atom. But before substitution, the carbamate eregsynthesizedirst. Thisis
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done by converting the long dedgtradeanol alcohol intd@-decyltetradecyl carbonochloridate
usingtriphosgene by a mechanism known as chloroformylation. Aftesuccessful substitution
of the carbamate chain on the Tiilit, itis then verified by NMR to check purity. After
verifying the purity, the TEI unit is polymerized with tB®T donor unit via Stillie coupling
polymerization in the presence Bh(dba)/P(o-tolyl)s in degassed chlorobenzede polymer
is then collected and washed with methanol to renlee@emaining catalyst and other
impurities Next, the purification process of the polymer begwith Soxhlet extractioncycling
throughacetone, hexane, and chlorofom@spectively The polymeis thencollected inthe
chloroformportion which indicates high molecular weight and good solubility

C1oHa1~-C12H25
Anhydrous DCM j/
CaoH21~_-C12H2s C|>Cl3\| )OJ\ )C<|CI Pyridine @
Hoj/ T e o7 Yo7 e — o)\m
80%
" Br. H
Br. B
\ClN);O ) r\£S/>/\024h, reflux 4 s 75°C, 12h
|\C/|5}2>5|r-\: 80% Pdz(dba)s
e o P(o-tol)3

Chlorobenzene

Figure 2-5 Synthesis scheme for TEIBDT carbamate substituted polyr
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2.3 Characterization of TEIBDT Polymer
2.3.1 Physical Properties (GPC, TGA, and DSC)

For the purpose of determining the molecular weight of TEIBDT ,-teghperature gel
permeation chromatograpliT-GPC) was carried out at 18C with 1,2,4trichlorobenzene
serving as the eluent and polystyrene acting as the stafid@dumberaverage molecular
weight(My) of TEIBDT is 21.8 kDavhereas the weight average molecular weight)(id 52.8
kDa. The polydispersityindex of the polymer is 2.42.
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Figure 2-6 HT-GPC molecular weight distribution of TEIBDT

Table 2-2 Molecular weight and polydispersity index of TEIBDT

Polymer Mn (kDa) Mw (kDa) PDI
TEIBDT 21.8 52.8 2.42
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Thermalgravimetri@analysis(TGA) and differential scanning calorimetry (DSCgmconducted

to studyits thermal stabilityas well as the thermolabilifyroperty of the carbamate side chain
The polymer was heated in air at a heating rate 6C1@in™ from 25°C, and held at 20 °C for

20 min, then heated at 2@ min? until 600°C. As shown inFigure 2-7 (a), polymer TEIBDT

lost 1.5 % weight at 258C which is much lower than the anticipated loss of 4d.Based on

our previous studies bigai et alon hemiisoindigo polymer$”73,the theoretical loss and the
anticipated loss of the side chain cleavageevegiite similato each otherhowever for polymer
PTEI, the anticipated loss was much lowéihisis due to thepresencef thelong-branched
carbon 24 chain on PTEI giving it a higher melting temperaturgreability to store more
thermal energy per unit masehis meansghatthe longer the carbamate chain, the more energy
is required to thermally remove théftr® With an increasing number of hydrocarbons on the
side chains, there would be an increased molecular weight compared to the C8 chains reported
previously.The higher molecular weights on the carbamate chains would have greater
intermolecular forces (van dévaals attractive forces) and thus higher energy is required to
trigger the thermal cleavage proce&s® Based orFigure 2-7 (b), there were no obvious glass
transitionsmeaning there were no endothermic and exothermic transitions found on their

differential scanningalorimetrythermograms up to 30C.
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Figure 2-7 (a) TGA curve(b) DSC curve for TEIBDT
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2.4 Optical and Electrochemical Properties of TEIBDT

The normalized UWis absorption spectra of polymer TEI is showifrigure 2-8 (a). Both the

thin film and solution were processed in chloroform. From the spectra, TEI shows two distinct
absorption bands. The band that is bet?@0 nmshows the localized-" transitionswhile the

band between 56650 nm shows a strong intramoleculaaige transfer between the electron
deficient TEI unit and the electron rich BDT unit. There is alstrong indication of aggregation
effectsin the solutionas their absorption peaks from the solution to the film show negligible red
shifts.[%® From the U\vis absorption PTEI exhibits strong absorption in the range of 300
700nm, affording welmatched complementary absorption with the acceptor Y6, imacttat

the polymer:Y6 blend films possess good ligarvesting potentidf® The electrochemical
properties are exhibited on the CV pilot-igure 2-8 (b). Based on the onset oxidatioaduction
potential the HOMO and LUMO energy afe47 &/ and-3.78 &/, respectively at room
temperature while the annealed film at 2@shows a deeper HOMO level-8t51eV and

LUMO level of-3.84 &/. When comparing the theoretical calculations by DFT to the actual
values, they both show similar results. As expected the carbamate substituted TEI polymer
exhibited a deeper HOMO. Aritlus,in consideration of this much lowdring HOMO level, a
higherVoc value is expectedilso, when comparing tél. Li et al®® work with the alkyt
substituted PTEH polymer, the value of the alkglubstituted TEI polymer showshagher

HOMO level 0f-5.37 &/ and LUMO level of-3.50eV.

(@) (0)

—— TEIBDT Solution
——TEIBDT Film
—— TEIBDT Film Annealed

104 4 | ——ITO Film Annealed ]

0.8

0.6

Current

04 ] [——ITO GlassRT

Normalized Absorbance

0.2

0.0

T T T T T T T T T

L L L L T T T T
400 500 600 700 800 900 1000 1100 1200 -15 -1.0 05 00 05 1.0 1.5

Wavelength (nm) Voltage (V)
Figure 2-8 Optical and electrochemical properties of TEIB[@2) Normalized U\tvis spectra
of TEIBDT solution and thin films at room temperature and at 22®YCyclic voltammetry
profiles with 0.1M [RBusN]*[PF6T in acetonitrile electrolyte at a scan rate of GiV

41



Table 2-3 Optical and electrochemical properties of TEIBBTd Y6

Omax,

abnset,

Donor Egopt (eV) EHowmo ELumo (eV)
Polymer (hm) (nm) (eVv)
PTEI 594 732 1.69 -5.47 -3.78
PTEI- 593 743 1.67 -5.51 -3.84
Annealed
(200 C/20min)
ah'l X, abn 1, o
Acceptor ) ” S CY Eromo ELumo (€V)
(nm) (nm) (eV)
Y6 830 933 1.33 -5.71 -4.10
(a)
F Y6
(b) (©)
1.0 -3.78
s &
- 0.8 W
g = -4.10
5 -
g 0.6 (7}
j§ |
S 04 ?
= =
<02 Ml 547
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Figure 2-9 (a) Chemical structure of nefullerene acceptor Y@) UV-vis Spectra of

Y6 69 (c) energy level diagram of TEIBDT and Y6
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Similar toH. Li et alwork 8, polymerPTEI waschosen to match with the nduallerene

acceptor Y@ecause of its broad absorption range of a®@o 1000nm and its lowlying

Enowmo as it allows for a increasedsc value. Summarized fromable 2-3, it is apparent that the
difference between the PTEhomo and Y6 acceptoExowmo is aboutD.24 eV which is sufficient
enough for exciton dissociation the acceptor phaskleanwhile the ELumo level energy offset
between the PTEI and Y6 is 0.32,envhich is preferred for limiting the energy loss of the OSC
devices Although there are other nduallerene acceptors lik88PS)2SiPcwhichis based on a
silicon phthalocyanine derivatiteat has aelatively high Eomo and Euwmo level beneficial for
enhancing th& oc of the acceptor componeiits absorption range would render it useless

because of the poor light harvesting poteribapolymer PTEI

Prior to the fabrication of OSCs, the photoluminescence quenching efficiency (PLQE) approach
was used to study the exciton diffusion and dissocigiErformance of the donor and acceptor
blend films.The polymer TEIBDT was stimulated @t10nm, which is the wavelength of the
greatest absorption peakd the lowest absorptiantensityfor Y6. After stimulation,the light
emission is quenched in theAblend films dudo the presence of thacceptor. The PL spectra

in Figure 2-10reveals the PLQE of TEIBDT blendingth acceptor Y6 was 96.7%hereaghe

PLQE of Y6 with the introduction of TEIBDT was 90.1%. It is evident that TEIBDT:Y6 shows
excellent exciton dissociation performanetich isa great precursor fagatisfactorysolar cell

performance
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Figure 2-10 (a) Photoluminescence spectra of TEIBDT neat and Y6 neat excited at 82
(b) TEIBDT neat and TEIBDT:Y6 blend film excited at 620 nm
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2.5 Organic Solar Cell Performanceof TEIBDT:Y6

TheBHJorganic solar cells werfabricatedutilizing an inverted configuration of
ITO/ZnO/Active layer/MoQ@/Ag, usinga 1:1TEIBDT:Y6 ratio as the active layei.he polymer
donor is processed in chloroform solution and is-spiated on the ITO glass under different
RPM, andin a nitrogen glove box at rootamperatureThen areharacterizedinder the
illumination of AM 1.5G. (100 mWcnd). The hole transport layer and electron transport layer
are depositedn the ITO glassising a vacuum evaporator where ¥iaguum allows vapor
particles to travel directly to tH&O glass andondense back tieir solid state A more

detailed method can be found under the experimental sectie.2

Table 2-4 Summary of OSC performance of TEIBDT:Y6

Parameter
PCE (%)
' RT | 1500 | 2148 | o066 | 041 | 655 |
RT 2000 20.95 0.68 0.50 6.98
RT 2500 22.07 0.68 0.45 6.82
50 1500 21.63 0.67 0.42 6.49
50 2000 20.03 0.70 0.55 7.60
50 2500 21.96 0.69 0.44 6.75
100 2000 20.60 0.70 0.56 8.00
100 2500 22.01 0.69 0.51 7.50
150 2500 1751 0.67 0.51 5.88
200 2500 16.30 0.55 0.42 3.60
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Figure 2-11 (a) JV curve of TEIBDT:Y6 at 100°Gb) External Quantum Efficiency
Curve of the optimized OSC based on TEIBDT:Y6

Table 2-4 summarizes the device performance based on PTEI.Y6. The study was optimized
based on the annealing temperature and RPM speed githaatemwith a 1:1 donoiacceptor
ratio. Andthus,the best devices were exhibited at 2@0with an adequate PCE of 8.00 %s¢

= 20.60mAcm?, Voc = 0.70, FF=0.56 ) and at 8D with a similar PCE of 7.60 %Jc = 20.03
mAcm?, Voc = 0.70,FF=0.55). When comparing to the akigdbstituted PTEI:Y6 b. Li et al
their best device was almost simitathe carbamate version. Their PCE exhibBe2i7%(8.05

% avg) withJsc of 21.90mAcm?, Voc = 0.75 and FF of 50.1%. The alkyl substituted PTEI
performed slightly better iterms of PCE due to a high€bc and slightly highedsc, but this all
mainly comes down due tbelonger side chain preseonthe carbamate PTEI version than the
alkyl PTEI

For this polymer, C24 was substituted instea@20 which was used in the alkyl version to
solubilize thepolymer effectively in chloroformif the C20 versiomf the carbamateould be
processable iohloroform, then the carbamate chain would gerfidenticaly, if not betterthan

the alkyl versionGenerally thelarger the side chain, the better the soluhilityt reduces thé-

" interchaininteractionweakendamellar packingand imposes a weakpolymer domain and
ultimately affecting the performance of the solar cdlhe lamellar packing is greatly influenced

by the orientation and steric structures at the molecular level. Higher molecular weights such as

long chain lengths of the side chaiead to create 2thetaangle peak shift towards lower angjle
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in crystalline compounds. The lower 2theta angle represents a losgacitg between

repeating units in a crystatructure As the side chain is larger, thegtacking would be reduced
and the charge hopping distance between individual polymer madegaldd also be shortened.
This would lead to fewer charge carrier pathways within the bulk polymer and weakens charge
transfer in semiconductors, so as OPV performatwether pausiblereasorcan be due to the
fabrication processf the devicéhinderingthe PCE performanague to human errawhich can
introducedefectssuch as aiandchemical vapouduring the vacuum deposition phasgespin

coating phasé the OSC devigavhich can impact the overall PCE.

The carbamate substituted PTEI should have had a higher expegtdde to having a deeper
Enomo level, which was also elucidated in the gaussian DFT prediction. Howteedower

ELumo energy reduced the optical bandgap, and since the difference betweebnbéekel and
the BEuwmo level is low, this resulted in a medium bandgap polymer, which in turn resuléed in
much lowerVoc. The Jsc was also slightly lowemwhich could be attributetb the optical

bandgap ) of the donoras well agheweaklamellarpacking discussed in the XRD section of

the thesisThe FFhowever showan improvement of 6%hen comparing téi . Li Peet al 0s

alkyl substituted polymer

EQE was also measured for the PTEI:Y6 based organic solar cell which is the ratio of the
number of charge carriers generated golar cell to the number of photons shining on the solar
cell. This is studied to determitiee photocurrengeneration efficiency under different
wavelengts. Based on the EQE spectruthe highest valuef 72%is shown between 50tm -

650 nm which indiatesan urbalanced charge carrier mobility.

2.6 Charge Carrier Characteristics of TEIBDT

The charge transport characteristics in the TEIBDT blend films were investigated to further
understand he pol ymer 6 s phot ov o lsgagedhargelonied cuaentt er i st i ¢
(SCLC) approach was used to determinediieetron/hole mobilitiesThe hole device was

fabricated in the configuration of ITO/ PEDOT:PSS/ TEIBDT/M6&Y, and the electreonly

devicewas fabricated in theonfigurationof ITO/ZnO/ TEIBDT/LiF/Al. The hole mobilitie®f

the TEIBDT neat films are D6 x10*cm?V-1s!. However,after blending with Y6, the hole

mobilities of TEIBDT:Y6decreasedildly to 9.35x10°cm?V-1st, The higher SCLC hole
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mobility of the neat TEIBDT could be due to the enhanced crystallinity anebfaceientation

tendency of TEIBDT after annealing

In addition the electron mobility of TEIBDTY6 was calculated to b&85 x1¢° cm?V-1s?t. For

a typical highperforming OSC device, the electron mobility should b&*to achieve high PCE,
however a poorly balanced pe of 0.1was achieved with the TEIBDT:Y6 film blends a
result, his enlargeghe space charge accumulatiord&hibits the charge transport and
extraction thus limiting theJsc valuesin the corresponding deviceén alternative NFA
acceptor can be used to improve the electron mobility so that thelaotednmobility ratio can

be balanced
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Figure 2-12 (a) Hole mobility curve(b) Electron Mobility Curve of TEIBDT:Y6

2.7 Morphology and Crystallinity Analysisof TEIBDT:Y6
2.7.1 Crystallinity Analysis by X -ray Diffraction

Two-dimensional grazingncidence Xray diffraction (2DGIXD) of the polymer neat films with
different annealing temperatures are showhigure 2-13. It is evident thaTEIBDT displays
anedge on orientatioa t =326%n theout of plang OOPdirection), as wellasdisplaying a

weakersecond ordecrystallinepeak(200)at 2 @ atRT, 3°Z,and100°C with similar

intensity, respectivelyThe corr es pondiandR dp-etalikptydamella2dd = 3 .

spacing of 2.45mand 1.79 nmrespectively At higher annealing temperatures of £&and

a7

6 U



250°C, the peakdisappear indicating that the polymer chain would have undejsoelered

packing and is the reason why performance gegbsignificantly above 100 °Gnterestingly

thein plane (P) directiondid notshow any diffraction peaks
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Figure 2-13(a) GIXD images of TEIBDT at different annealing temperatlg4c)
GIXD plots in the OOP and IP directiorespectively A closeup image is used for
clarification
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2.7.2 Morphology Analysis by AFM

The morphology of th&@EIBDT:Y6 films were analyzethrough AFM for the best optimal
conditions for OSC performance. The blend films were processed in chloroform and spin coated
on silicon substrate3.hen annealed at 30 and 100 °C. Based on the AFM imageseiteals

thatthe surfacenorphologyis slightly rough withan RMSvalueof 4.75 nmand 3.55 m at

50°C and 100 °Crespectively The crystalline characteristic of the TEIBR@®rrelates with the
findings of the XRDwhichis the causef slightroughness in the materidh addition,average
sizeddomains can be observed, making the environment favorable for exciton dissociation and
collection, which in turn leadg to reasonablésc values The high FF is attributed towardset
miscibility between the TEIBDT and Y& ahomogenous surfaaan be observed. At higher
temperatures beyond 10Q, the PCE decreasdse to the RMS becoming smoothedmich is

guitecommonfor polymers
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Figure 2-14 AFM height images (5um x 5um) of blend fil(a) TEIBDT:Y6
at 50°C(b) TEIBDT:Y6 at 100C
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2.8 Summary and Future Work

In summary a noveldonor polymer based on the heisnindigo backbone witthe carbamate
chain as the subsitientswere designed and synthesized. Polymer TEIBDT demonstrated a
medium optical bandgap withlew-lying HOMO energy level. In essence, the carbsnthain
was used to further improve upon the alkyl chain version of polymer TEIB®Mm the

gaussian elucidations, the carbamate chain seemed to imypornthe HOMO level while also
maintaining the backbone coplanartyd chargdransfer ability, ultmately being better than the
alkyl TEIBDT version.With these noteworthy findingsheVoc should have been an
improvementAfter fabricating the OSC device basedTd&IBDT: Y6 , it had achieved an
adequate PCE of 8.00 %4c = 20.60mAcm?, Voc = 0.70, FF=0.56 ) and at 8D with a similar
PCE of 7.60 %Jc = 20.03mAcm? Voc = 0.70, FF=0.55). Accordingto tiheé. L i alkyt al 6 s
version of the TEIBDTtheir best PCE devicexhibited8.27% (8.05 % avg) witllsc of 21.90
mAcm?, Voc = 0.75 and FF of 50.1%. Furthermore, the SCLC mobility of TEIBDT shawved
poorbalance between the hole and electron mobility whigpésulativaupon theenlarged

space charge accumulatiomdainhibition of thecharge transport and extractidirom thetwo-
dimensional grazingncidence Xray diffraction, it was evident of the importanceaofaceon
orientationand how itpositively impactsfficiengy. All in all, thecarbamate PTEI version is
similar in performance, if not identical to the alkyl PTEIsien had the same length chain been
used but due to solubilityssues, the C24 version hadlte substituted. In conclusion, the
carbamate chain is a great choice to improve upon performance and thus faghiee studies

to make the evidence more concrete.

In terms of future directiorthe crystallinity of the polymer can be further improved by tuning

the donoracceptor weight ratio from 1:1 to112. "3 This could potentially increase the

electron nobility and balance the ratios between the leddetronmobility to furtherreduce

space charge accumulation dadilitate chargetransporationand extractioimoreeffectively.

Similarly, other small molecule acceptors such agfTor ITICcan be usetb enhance the

crystallinity and morphologyin regard to tuning thepolymer, thedonor portion of the polymer

can be further enhanced by the introductitbhalogengrougs on the BDT which will further

deepen the HOMO leveind increase carrier mobility as well as imgrapon crystalliniy. 7!

Ot her fine tuning of the polymer i-hcsudeki sfo

and reduce the steric effechalt is rather difficult to implement as the monomer is highly
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coplanar, preventing it to solubilize with shorter chaihge to this reason, other polymer donors
such a®BDTTPDshould be explored so that a smaller size carbamate chain can be used to
compare and contrast with the alkyl charsion
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2.9 Experimental Section
2.9.1 Materials and Characterization

Materials

All of the solvents and chemicals that were usesyithesisvere purchased commercially from
SigmaAldrich, VWR, TCL, Fluka and Armstron@.he solvents used for the purposes of
fabrication anctharacterizatiomvere of HPLC gradevith a 98.5% purity levelThe silica gel
(230-400mesl) used for colummrthromatograppwaspurchased from the University of

Waterloo Chemstore.
NMR Spectroscopy

Nuclear Magnetic Resonance (NMR) Spectroscopy 1H NMR and 13C NMR spectroscopy were
used for routine structural identification of the intermediates and the final products. THessamp
were dissolved in deuterated solvents such as CDCI3 (ALDRICH, 99.8 atom % D, contains 0.1
% (v/iv) TMS), Acetonad6 (ALDRICH, 99.9 atom % D, contains 0.1 % (v/v) TMS) or DMSO

d6 (ALDRICH, 99.5 atom % D, contains 0.1 % (v/v) TMS). The spectroscopiesraceled

on a FFNMR, 300 MHz (Bruker 300 UltraShield) spectrometer

High-Temperature Gel Chromatography (HT-HPC)

HT-GPC was used to determine the weight characteristics of the polymers. More specifically, the
number average (Nl weight average (M and polydispersity index were determined through

the chromatogram3.he measurements were performed using a Viscotek Malvern 355RCT

system with 300 mm Jordi Gel DVB Mixed Bed liquid chromatography column.-1,2,4
trichlorobenzene was used as the eldienpolystyrene standards at 150 °C and the samples were

detected using a refractive index (RI) detector.
Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) images were taken with a Dimension 3100 scanning probe
microscope. AFM analysis was used for the determination of surface morphology roughness of
the polymer samples. AFM images were taken on dodecyltrichlorosilane modifigg-6iSi

substrates with a Dimension 3100 scanning probe microscope.
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X-Ray Diffraction

X-ray diffraction (XRD) measurements were carried out on a Bruker D8 Advance diffractometer
with Cu Ka radiationl( = 0.15418 nm) using polymer films spin coated onf80substrates

and polymer flakes.
Differential Scanning Calorimetry (DSC)

A differential scanning calorimeter was used to determine the melting temperatyan(r
crystallization temperature {Jlof the materialsFor these measurements, a TA Instruments Q20
Differential Scanning Calorimeter was used. The samples were scanned at a r&@ ofidd

for one heating and one cooling cycle in a nitrogen environment.
Cyclic Voltammetry (CV)

The oxidative and reductiy@otentials of the synthesized compounds were calculated using
cyclic voltammetry An electrochemical analyzer CHIG00E was used to make the determination.
The relevant samples wedeoppedandcastonto an indium tin oxide (ITO) glasand he

analysis was carried out at a scan rate of 50 mMgg a 0.1M solution of tetrabutylammonium
hexafluorophosphate (BNPFs) in acetonitrile (ACN) as the electrolyte. The internal standard
was ferrocene, and i&owmo levelis knownto be-4.80 eV. A plaihum wire served as the

auxiliary electrodewhile the ITO glasserved as the working electrode, and silver/silver

chloride served as the reference electrode.
Ultraviolet -Visible Spectroscopy

To determine the optical characteristics of itineterials producedguch asbsorption maximum
wavelength and absorption onsaUV-VIS absorption spectroscopy was performed. All spectra
were captured using either a Cary 7000 UMS-U¥-NIR spectrophotometer or a Thermo
Scientific GENESYS$" 10S VIS spetrophotometer.

2.9.2 Fabrication of Organic Solar Cells

The OSCs fabricated followed an inverted BHJ structure and were built layer by layer in
ITO/ZnO/Active layer/MoGQ/Ag. The ITO electrode serdaas the cathode, while the Ag
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electrode servkas the anod&he ITO glass substrates were cleaned and sonicated in DI water,
acetone, and ispropano] respectivelyfor 20 minutesach, then were dried under nitrogen for

5 minutesThe ITO glass substrates wdfesn treated with a plasma cleaner for 10 minutes to
remove further dust particles. After finishing with the plasma cleaner, the ITO glasses were
placed on the spin coater deposit the ZnO lay¢dOnm). The ZnO layers were then anneaed
200 °C on the hot plate for 60 minutes. Shortly after, the ITO glasses were put in theajove

so that théD:A active layer (TEIBDT:Y6) could bspin-coated on the ITOThe activdayerwas
prepared ahead tifne bymixing a 1:1 ratio of the polymer and acceptor Y6 and stirred
overnight in a glovebox. Following that day, the D:A active layer was fillteredi ng a 0. 45¢n
PTFE syringeAfter the successful deposition of the polymers sfan coating, they were

annealed at the corresponding temperatasedescribed in the thesh thermal evaporator was
used to depositthm MoQG and 100nnof Ag electrode under vacuuoenditionsof 1x108torr.

The 3V curve was measured using Agilent B2& semiconductor Analyzer with Science Tech
SLB300CA Solar Simulator. Each solar cslactive area is 0.057eh?. Thelight source wast

450W xenon lamp with an air mass (AM) 1.5 filter.

2.9.3 SynthesisProcedures

Synthesis of2-decyltetradecyl carbonochloridate[1]

C1oHz1~_-C12H2s
Anhydrous DCM j/
C1oH21~_-C12H2s CI;\I j\ )C<ICI Pyridine 0
Hoj/ T o o7 o7 el > o)\a

80%

To a 500 mL tweneck round bottom flask-Recy}1-tetradecanol (11.96L, 33.4mmol) was
added. One neck of the flask was fitteith a condenser and the other neck was stopped with a
rubber septum. The flask was then vacuumed and purged three times to allow a nitrogen only

environment. Dichloromethane (L) was added via syringe and was cooled to 0 °C with ice.
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Pyridine (3.11 rh) was then added to the mixture via syringe, dropwessulting in a light pink
solution. After 15 minutes of stirring, triphosgene (3g98vas added through the rubber septum
by removing the septum and quickly depositing the bulk solid with weighipgrp@he rubber
septum was then replaced with a glass stopper. The resulting mixture was stif(@dioat3D
minutes. The mixture was extracted with hexane to filter out the pyridine salt formed in the
reaction mixture. Column chromatography was perfarmvégh n-hexane as the eluent to afford
the transparent produ2tdecyltetradecyl carbonochloridatéH NMR (300 MHz,chloroformd)
U4.21(d, 2H), 8.07 (s, 1H)1.72(s, 1H),1.27(d, 35H), 0.87(t, 8H), (76% yield)

Synthesis of 2HIndol-2-one, 6bromo-3-[(5-bromo-2-thienyl)methylene}1,3-dihydro -,(32)-

[2]
Br H
©/\N}70 Br S 24h, reflux
+ AN
\E)/\O CsHsN

MeOH 80%

To a 100 mL tweneck round bottom flaskg-bromooxindole (2.3, 11mmol) and 5
bromothiophen&-carbaldehyde (1.9¢, 10 mmol) were added to a solution of methanol

(30mL). One neck of the flask was fitted with a condenser and the other neck was stoppered with
a rubber septum. Piperidine (3rL.) was added dropwise vi@syringe. The reaction mixture

was refluxed for 24 hours in the presence of nitrogen. After 24 hours had passed, the reaction
mixture was cooled and filtered byBaichnerfunnel. The resulting mixture was washed with

water, methanol, and ethyl acetate thiew$ and dried under vacuum to afford the yellow solid
product 2HIndol-2-one, 6bromao3-[(5-bromo-2-thienyl)methylene]l,3-dihydro-,(32)- *H

NMR (300 MHz, dimethyl sulfoxidel 6) U 10. 69 ( s, 6(d ), 7.61&, 1HY ( s,
7.37 (d, 1H), 7.23 (t, 1H), 7.01 (t, 1H), 6.87 (d, 1{80% yield)

Synthesis of2-decyltetradecyl (Z)-6-bromo-3-((5-bromothiophen-2-yl)methylene)-2-

oxoindoline-1-carboxylate [3] Ci2Hps
C1oHa21
Br H
0 . _
4 s Br 0°C, 30min
\\ | NaH
80% C24H47CI0,
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To a 100 mL tweneck round bottom flask?] (1 g, 2.6 mmol) was added to the flask via

weighing paperUsing a nitrogen glove bag, sodium hydri@el6g, 6.65mmol) was retrieved

and added to the round bottom flask. The flask was fitted with a condenser and the other neck
was stopped with a rubber septurhe flask was then vacuumed and purged for three times to
allow nitrogen into the system. A solution of anhydrtatsahydrafuran (2tL) was added via
syringe and cooled tdC with ice.[1] was added dropwise and the reaction mixture was left to
react for 30 minutes. After 30 minutes, the reaction was extracted with ethyl acetate and washed
with brine 3 times. Theasulting mixture was dry packed with silica to perform dry loading
column chromatography.he column was eluted with 4:thexane ethyl acetate to afford a

yellow solution. Rotary evaporation was used to evacuate all of the remaining salverihen
placed into the fridge overnight. After 24 hours, the solid was rinsed with methanol and
sonicated. The method was repeated three times to afford thegtiowe 2-decyltetradecy(Z)-
6-bromo-3-((5-bromothiopher2-yl)methylenej2-oxoindoline1-carboxylate- *H NMR (300

MHz, chloroformd) 8.07 (s, 1H), 7.6(s, 1H), 763 (m, 3H), 7.15(s, 1H),4.34(d, 2H), 1.85(s,

1H), 1.24(m, 35H), 0.85(s, 8H) (90% vyield)

Synthesis of2-decyltetradecyl (2)-3-((5-(4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)-6-
methylbenzo[1,2b:5,4-b']dithiophen -2-yl)thiophen-2-yl)methylene)6-methyl-2-
oxoindoline-1-carboxylate

C12H25 C12H25
C1oH21 C1oHa21

CaHs
(@)

75°C, 12h
—
Pdz(dba)s
P(o-tol)3
Chlorobenzene 99% CoHs

In a twoneckovendried roundbottom flask [3] (10Gng, 1.33mmol) was added along with
120mg ofl , -[4,8Bis[5-(2-ethylhexyl}2-thienyl]lbenzo[1,20:4,5b Nj] di t B.6op hene
diyl]bis[1,1,1-trimethylstannang]1.83 mg phosphine ligandkri(o-tolyl)phosphine 1.83 mg,

0.0@ mmol). The flask waghenfitted with a condenser and the other neck was stopped with

arubber septumrhe flask was then vacuumed and purged for three times to algminto the
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system Tris(dibenzylideneacetone)dipalladium(0), with a mas8.@ mg and a concentration
of 0.002 mM, wasfirst dissolved in 1 mL of degassed anhydrous chloroberemdithen added
to thereaction mixtureA silicon oil bathwas utilizedto get the temperature of the reaction
mixture up to75°C so that theStille coupling reactioan proceed angas ldt to proceed
unchecked for a full day before the temperature of the reaction was allowed to return to room
temperature. Theolor of the reaction mixture changed from a yellow waak blue, whichis an
indication that the reactigorogresedwell. The reaction mixture was then pratgied by
methanol angburified via Soxhlet extraction method, which calls for the following solvents in
the following sequence: methanol, acetone, hexane, and chlorwi@fifiord polymei2-
decyltetradecy(Z)-3-((5-(4,8-bis(5(2-ethylhexyl)thiopherR-yl)-6-methylbenzo[1,2:5,4
b'ldithiophen2-yl)thiophen2-yl)methylene)6-methyl2-oxoindoline 1-carboxylateg(99% yield)
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Chapter 3 Isoindigo BasedOFET

3.1 Introduction

There have been many commercially availabie film transistorghat provide good
performancend highaccuracy however they are usually based on inorganic materials such as
metal oxides that require a harsh operatiogdition like200-600 °C. “&%I Harsh conditions like
these can lead to potential safety issues and safety concerns due to the involvement of high
powerconsumptionTherehasbeen great interest in the field of organic thin film transistors due
to their variable applications for sensdmigh sensitivity,and low cost#**? Recently the
advancement adrganic thin film transistoreasbeen on the rise because of Wagiety of
applications they posse$or decades, A copolymer systems have been studied due to their
superior TFT performance over homopolymers like P3HT. One su&lsystem that is well
studied is isoindigo. Their easésynthesis and excellent optoelectronic characteristics make
themextremely attractivéeowards OTF¥based sensors. One such exampknispfmachetet al,
which develogdan isoindigo basen sensowith silicon functionalized groups capable of
sensing heavy metal iossich as mercuryn seawatef’® Their discovery led to the potential of
an inexpensivenkjet printed largescale environmental monitoring device. Their polymer
OFET sensor is capable lohg-termstability and performance in agueous environments with p
typebehavior In terms of performancgheir loniorr ratiowas 16 with mobility of 0.035¢cn? V-
11,173 All in all, the tunability of isoindigo led to a new realm of application for marine
environmentswhich constituted a significant leémr organic electronicsAnother novel study
done byLu C.Fet aldeveloped an isoindigo basgds sensdior high selectivity towards
ammonial’ They reported excellent air stability with simple synthesis. Their systematic study
wasconductedo determinavhethemmorphology control was imperative on the performance of
the isoindigo gasensorand it revealed that strengthening the edge on morphology can enhance
the sensitivity of the polymeAnother imperative study done by Saniye et al developed an
anthracenesobindigo based polymer with singhealled carbon nanotubes for biosensor
applications!”® The sensor showed remarkabivantagefor glucose detection including high
sensitivity and low detection limit with a linear range of 0008 to 1.0mM with a sersitivity of
61.23 pA mMicm? 79
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Thus, bveraging on the excellent stability of the isoindigo building blockii;d¢hapterwe
develop novel isoindigbaseddonoracceptor polymerthatcomprie of athermocleavable
electrondonatingcarbamate side chainstead of a branched alkyl chamenhance the
performance of these polymers as chemical senSbestrategyis to createabundantavities in
the polymer sensing layétrough the removal of the side chaivhich can facilitatette

diffusion of theanalytemoleculesn the channel layer of OFETS, therahgreasingsensitivity.
Additionally, polymer films aftetheremoval of carbamate side chains become highly resistant

to solvents, providing robust performance and long lifeetasing devices.

3.2 Polymer Structure and Design

3.2.1 Computational Study of Polymer Structure

Similar to the DFT simulation performezh PTE| polymer IDMT, IDBTandIDBDT

arecalculated under quantum mechanical iteration techniques provided in Avogadro 1.2.0,
Gaussian 09, and Gaussian 16 software. Using the Merck molecular force field (MMFF94s)
approach in Avogadro 1.2.0, a ldevel energy minimization of the modadmpounds was

done. Then, higher level geometry optimization and energy minimization of the model
compounds were performed using Gaussian 09 or Gaussian 16 with the B3LYP level of theory
and the 631G(d) basis set under tight convergence to investigatgptiraized geometry and
molecular orbital (MO) energy levels, respectively. The long destyhdecyl chain was

substituted witra methyl group to avoid computational complexity and time.

(@)
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HOMO:-5.92 eV

J  LUMO:-2.84 eV

Figure 3-1 (a) Geometry of D monomeroptimized by DFT simulatiofb) HOMO/(c)
LUMO orbitals of ID with energy level respect vacuum (0 eV)
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(0)

HOMO:-5.65 eV
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LUMO:-2.55 eV

Figure 3-2 (a) Geometry of IDMT optimized by DFT simulatidgh) HOMO/(c)
LUMO orbitals of IDMT withenergy level respect vacuum (0 eV)
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(b)

HOMO:-5.43 eV

(©

9 LUMO:-3.21 eV

Figure 3-3 (a) Geometry of IDBT optimized by DFT simulatigh) HOMO/(c)
LUMO orbitals of IDBT with energy level respect vacuum (0 eV)
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HOMO:-5.49 eV
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LUMO:-3.14 eV

Figure 3-4 (a) Geometry of IDBDT optimized by DFT simulatigh) HOMO/(c) LUMO
orbitals of IDBDT with energy level respect vacuum (0 eV)

Table 3-1 Summary of DFT calculation results of model

DFT Exomo DFT Ewumo (eV) DFT Eg  Dihedral

eV eV d
ID -5.92 -3.08 2.84 18.18
IDMT -5.65 -3.10 2.55 18.69
IDBT -5.43 -3.21 2.22 17.39
IDBDT -5.49 -3.14 2.35 19.19

Thecalculated DFT simulation reveals that substitution of the carbamateattaipolymer

IDMT, IDBT and IDBDT does maintain planayeometry However, thereis slight twisting on
the carbondoublebondwhichis to be expectedcromTable 3-1, IDBDT showed the highest
dihedral angle with 19.2%ollowed by IDMT with 18.69 and IDBT with 17.39, respectively.
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Furthermore, the electratensityin all of thepolymeis are evenly delocalized in both the
HOMO and LUMOwavefunctions for IDMT and IDB;Twhile the HOMO function for IDBDT
is localized on thésoindigounit and LUMO wavefunctiomremore localized on the BDT unit.
Nonetheless, IDMT and IDBT shogood” -" stacking, and good carrier transfer along the
polymer,vital for organicfield-effectapplicationsFurthermore, Th®FT simulation predict
the HOMO level of the IDBT will be the Igihest followed by IDBDTandthen IDMT,
respectively. Similarhdiscussed befor& umo values derived from the DFT calculations may
deviatesignificantlyfrom actual valueas theLUMO orbitalsdo notcontainany electrons
hence the calculations assume that excited electrons fill the imaginary molecular orbitals

3.2.2 Synthesis of PID Polymers

The synthesis of the PID polymers invad\ae4step sequence. The first step involves a
chloroformylationreaction between thHzoctyldodecaril-ol and triphosgene to formza
octyldodecylcarbonochloridatehloroformate chain at 0 °C. The second step involves a
condensation reaction between brosatin and bromaxindole aided bynacid catalyst such as
hydrochloric acid and acetic acid to form-@li®romoisoindigoThis is then followed by the
substitution of the chloroformate chain on the dibromoisointiigdeprotonation via sodium
hydride at 0 °Gor 30 minutes to produce the PID monomer. After successful substitution, the
PID monomer is polymerized vitille coupling in thepresencef Pa(dbay/P(otolyl)s in

degassed chlorobenzenéh three differehacceptors as indicated in the scheme. The polymers
were themurified via Soxhlet extraction using methanol, acetone, hexane, and chigrofo
respectively. To thermally cleave the carbamate chains, the polymers were subjected to 250 °C in
air for 2030 minutes. The recovered yield for PIDMT, PIDBhd PIDBDT is about 28, 30%

and99%, respectively The general synthesis scheme can be seigume 3-5.
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3.3 Optical and Electrochemical Properties of PIDPolymers

The opticalcharacteristicare shown irFigure 3-6 (a), in bothsolutionand film statesPolymer
PIDMT, PIDBT, and PIDBDT show twabsorptiorcharacteristics that are typical fan
isoindigo donofacceptomolecule. The band between 3080 nmrepresents higher energy
bandwhichi s at t r i b’# traasdiontwhile thé band between 5800 nmrepresents
theintramolecular charge transfer (ICT) between the donor and acceptor giagslition the
films for PIDMT and PIDBT show alight bathochromic shift when compared to their solution
counterpés, which could belue to their molecular packingsually, the more electranch a
unitis, the greater the bathochromic shift.

Cyclic voltammetry (CV) waslsocarried out to study the electrochemical properties of the
polymers, as shown iRigure 3-6 (b). The calculated energy levels along with optical properties
of threepolymersaresummarized i able 3-2. CV was measured with 0.1M-Bu4N]+[PF6}

in acetonitrile solution as electrolyte and Ag/AgCl as the reference electrode, at a scan rate of
100 m\s™. The Eiomo of the polymercorrespondto the onset oxidation potential with respect

to ferrocene/ferrocenium (Fc/BcThus,according to th€V spectrathe Eiomo levels for

PIDMT, PIDBT and PIDBDT are estimated to #&75,-5.42,-5.61 eV, respectively, which is
similar to the gaussiacomputer simulation that predicted that PIDBT would have the highest
Enomo. The polymerilms were also annealed at 220 and measured for their opticahd
electrochemical properties and found that after annealing, HbheBvasslightly raised.The

optical bandgaps were also calculated and revealed that PIDMT showed the greatest difference.
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——PIDBDT Annealed

Current
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Voltage (V)
Figure 3-6 Optical and electrochemical properties of PIDMT, PIDBT and PIDB&T
Normalized U\vis spectra of PID polymers solution and thin films at room temperature

at 220 °C(b) Cyclic voltammetry profiles with 0.1M EBusN]*[PF6] in acetonitrile solution
as electrolyte at a scan rate of Ostv

Table 3-2 Optical and electrochemical properties of PIDMT, PIDBT and PIDBD

Polymer I max (nm) | onset(nm) Exomo ELumo Eq Gap
CY) (eV) (eV)
Sol. Film Sol. Film Film Film Film
PIDMT 721 681 822 824 -5.75 -4.25 1.50
PIDMT N --- 678 825 -5.74 -4.30 1.44
PIDBT 721 716 848 867 -5.42 -4.01 1.41
PIDBT N --- 711 868 -5.40 -4.12 1.28
PIDBDT 741 743 835 837 -5.61 -4.13 1.48
PIDBDT N --- 743 837 -5.60 -4.16 1.44
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3.4 Characterization of Isoindigo BasedPolymers
3.4.1 Physical Properties (GPC, TGA, and DSC)

High-temperature gel permeation chromatography-GHC) was performed at 183C with
1,2,4trichlorobenzene as the eluent and polystyrene astdinelard to determine the molecular
weight of PIDMT, PIDBT and PIDBDIThenumber average molecular weight{\f PIDMT,
PIDBT and PIDBDT are 42.8 kDa, 23.2 kDa, &t kDa, respectively. The weight average
molecular weight (M) wasdetermined to be 121 kDa, 110 kDa &&dl kDa, respectivelyand
the polydispersity indexvascalculated to be 2.82, 4.77 an®Q@.respectively.
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Figure 3-7 HT-GPC molecular weight distribution (i) PIDMT (b) PIDBT (c) PIDBDT
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Table 3-3 Molecular weight and polydispersity index of PIDMT, PIDBT

Polymer Mn (kDa) Mw (kDa) PDI
PIDMT 42.8 121 2.82
PIDBT 23.2 110 4.77
PIDBDT 26.0 65.1 2.50

Thermalgravimetri@analysis (TGA) and differential scanning calorimetry (DSC) were carried

out to

carbamate side chaifihe polymes wereheated in air at a heating rate ofTOmin from 25
°C, and held at20 °C for 20 min, then heated at 2@ min™* until 600°C. As shown inFigure
3-8 (a), polymers PIDMT, PIDBT and PIDBDT lost 9.96 %, 8.59 % and 1.55% weight
respectively, at 250C which is much lower than the anticipated loss of 37.4%, 42.2% and
58.2% respectively, tthermallycleave theentirecarbamatehain. This phenomenon due to
the presence of tHeng-branchedtarbon 20 chain on the PID polymers giving it a higher
melting temperature anenhancingts ability to store more thermal energy per unit mass.
Furthermore, the firdhermal decompositiofor PIDMT and PIDBT occuedat ~320°C, and

study

t he

PI D pol ymer 0s

t her mal

stabi

349°C for PIDBDT whereas the second thermal decomposiiccurredat ~360C. Evidently,

the PID polymers showxcellentthermal stabilitymaking theman ideal candidate f@TFTs

that require a higbemperature toleranc&€he increased thermal stability of the PIDBDT

polymer isdue to the increased molar ratio of the BDT donor which is more conjugated and rigid

than thesoindigoacceptorMoreover the differentialscanning calorimetry thermograms in

Figure 3-8 (b) reveaédno obvious glasgansitionsmeaning there were no endothermic and

exothermic transitions
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3.5 Solvent Resistance Test

One of the main goals of adding the theraheavable carbamate chain is to make the polymers
solvent resistant. This is to prevent the polymer backbone from oxidation that may occur at
higher temperatures. Thus, the solvent resistaasevaluated for th€ID polymers at different
annealing temperatures; RT, 280and 250C and at different annealing tirmelhe polymers
were processed in chloroform solution and spated $0-60 nm thicknesspn a glass substrate
thenannealed at different temperatures described alwahalifferent annealing tinge The glass
substrates were then subjected to different solvents starting from the most polar solvent to the
processable solventhen were characterized using Wis spectoscopy.The percentages
shown below denote the amount of polymer remaining on the glass suafigatmaking them

in various solventsThe following information can be extracted from the-\d¥ spectra

Polymers PIDMT, PIDBT and PIDBD3$howed strong resistance at all temperatungarits
acetonitrile and acetone but shexwo resistance towards toluene and chloroforno@in
temperature. At 15€C the polymers were annealed for 30 minwed 1 hour, respectively
PolymerPIDMT showedull resistance towards toluene at 30 minutes ahduk butshowed
partial resistance of 36% and 88% towards chloroform. Polymer PIDBT also showed full
resistance towardslueneat 30 minutes and 1 hour and similaslyowed partial resistance
towards chloroform of 40% and 92%&spectively. Polymer PIDBDT showed partial resistance
towards toluene of 33 % and 55 % and show&d resistance towards chloroform when
annealing at 15@ for 30 minutesbut beamepartially resistant when annealed for 1 hour.
Furthermore, all of the polymers showed full solvent resistance when anae2&XfC for 30
minutes.A summary of the quantitative results for solvent resistance can be follathlgs3-4,
3-5, and 3-6 for PIDMT, PIDBT and PIDBDT respectively.
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Table 3-4 Quantitative Results from Solvent Resistant Test for PIDMT

Polymer PIDMT

Temperature Time Acetonitrile Acetone | Toluene | Chloroform
Annealed
Room Temp N/A 100 % 100 % 0% 0%
150 °C 30 Min 100 % 100 % 100% 36%
150°C 70 Min 100 % 100 % 100% 88%
250°C 30 Min 100 % 100 % 100 % 100 %

Table 3-5 Quantitative Results from SolveResistant Test for PIDBT

Polymer PIDBT

Temperature Time Acetonitrile Acetone | Toluene | Chloroform
Annealed
Room Temp N/A 100 % 100 % 0% 0%
150°C 30 Min 100 % 100 % 100% 40%
150°C 70 Min 100 % 100 % 100% 92%
250°C 30 Min 100 % 100 % 100 % 100 %

Table 3-6 Quantitative Results from Solvent Resistant Test for PIDBDT

Polymer PIDBDT

Temperature Time Acetonitrile Acetone | Toluene | Chloroform
Annealed
Room Temp N/A 100 % 100 % 0% 0%
150°C 30 Min 100 % 100 % 33% 0%
150°C 70 Min 100 % 100 % 55% 28%
250°C 30 Min 100 % 100 % 100 % 100 %

** Quantitative resultshownabovedenote the amount of polymer remaining «
the glass substrasdter soaking them in various solvents**
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3.6 OFET Performance

The CFET devices are configured using a bottom gate bottom contact (Blag&@&)t. The
fabrication of the devices utilized Si/SiG@ubstrates with patterned gold contacts through
photolithographic techniqueshe PID polymers (5mg/ml) were processed in chlorofana
spin-coated on the silicon substrate at 3000 RPM@xseconds. All the polymers were

evaluated at different annealing temperatures ranging from RT to 250 °C.

All the polymers exhibited bothtgpe and gtype performance indicating ambipolar
performancewhich is useful towards applications such as gas serndoesnobilities typically
range from 16to 10* cnm? V-istwith p-type being the dominawperation The highest mobility
attained was 0.01 &W's? by PIDBT while the other polymers attained much lower mobilities.
The threshold voltages ageite largewhich may be causday charge trappingThe current
on/off for all polymers rangefrom 10 to 16 with PIDBT having the best current on/offhe
typical trend observed for the PID polymers isshbstantial deterioration of mobiligfter 100
°C which could be attributed to tpelymer chain undergag disorderecacking.This may

seem that the maiaf is going through severe decomposition at high temperatesagting in
poor mobility, but theTGA data confirms that polymers have excellent thermal stabilitys
resul t i s si masdamlrinwhich tfeyauses phgubstituted lisdirgligpolymers

to be used in OTFTE® Similarly, theirPID polymers reported excellent thermal stability up to
300 °C.However, the mobility of the alkyl PIDBT polymer was significantly less (3.7% 10
cm?V-ist at 150 °Q for p-type operatiori’® At temperatures beyond 150 °C, the mobility
severelydeterioratediue to the thin filmmorphology. ThéAFM data revealed that tHi#rous

structureof the alkylated PIDBT did not possess amgrconnecteaetworks!

Moreover, wherannealing at 250 °C to cleave the carbamate chain, the performance also
significantly reducedOne interesting aspect to note is polymer PIDMT h#ybe performance
as the dominant mode whereas both PIDBT and PIDBDT 4gsepas the dominant mode.
Although these mobilities are subpar, the application of these thitréimistorsanbe utilized
for other sensoapplications angrove a better candidater OTFTs than alkykubstituted

isoindigo polymers.
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Figure 3-13 (ac) N-Type output curves for PIDMT, PIDBT and PIDBDT
respectively(d-f) P-type output curve for PIDMT, PIDBT and PIDBAK
50°C, RT,100°Crespectively
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Table 3-7 OFET Performance Parameters for PID Polymers

lon/ of f

Temperature P-Type N-Type  P-Type N-Type
(°C)

Pl DM RT 33x 10 1.7x 10 >pm >pm 4796 13.5
50 48x 190 12x 10 >pm >pmn -49. 24.0
100 45x190 1.0 3 >pmn >pmn 47.! 29.0
150 41x190 14x10 >pnm >pmn 40.1 29.1
200 32x 10 12x10 >pm >mn -40.:. 38. 6
250 27x1%0 88x10 >pnm >pn 42. 51.7
Pl DB RT 75x 10 28x 1D >pm >pm -31.04 41.89
50 10x 1D 41x 10 >pmm >pm -46.! 43.0
100 64x10 64x190 >pnm >pm 44.: 50. 1
150 37x 10 44x10 >pm >m -29.( 49.5
200 5 %1% 35x1D >pm >pn 52.'! 48.6
250 12x 190 78x 190 >pm >mn -39. 1 46. 8
Pl DBI RT 1.7x 10 35x 1D >pnm >pm -1476 77.88
50 52x 10 54x 10 >pm >pm -16.: 76. 9
100 7. %¥x190 5 %10 >pnm >pmn 29.: 76. 7
150 43x 10 31x10 >pm >mn -27.. 73.9
200 34x 170 28x 10 >pm >n -27.! 70. 2
250 20x1%0 1.0x10 > >pn 22.' 72. 3

3.7 Morphology and Crystallinity of PID Polymers

Two-dimensional grazingncidence Xray diffraction (2DGIXD) and AFM were used to
characterize thpolymer neat filmn silicon substratesith different annealing temperatures.

The PID polymers displayed no noticeable peaks in both the OOP and IP direction at different
annealing temperatures, which suggests that all the polymers are amorphous and packed in a
disorderednanner. Further analysis done by AFM sh@esr crystallinity withtiny crystalline
domain sizethusimpedingthee f f e ¢'t i svtegaeasWldtingm poor mobility. The surface
morphology of PIDMT and PIDBDT exhibits extremely low surface roughness awgrage

RMS values of 1.2nm and 1.76 nm, respectively, according to the ARdges Polymer

PIDBT, whichshowed the best performandad the roughest surfaséth an average RMS

value of 2.73wm. Furthermore, thewsface roughness showsleclining tendfor all PID

polymers, suggesting that at higher temperatures ih@neredisordered packindn conclusion,
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theinterconnectediomains and increased surface roughness allude to a more significant impact

on charge ansporin OFETs

(@) (b) ©

Figure 3-14 GIXD plots in the OOP for polymefs) PIDMT (b) PIDBT
(c) PIDBDT
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