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Abstract

Carbonbased structures have grabbed much attention in the last decades. Moreover, they have been spreac
in many technological areas like nanoelectronics, high strength materials, laser technology and optical
materials. Diamond and graphite are well known since ancient times as all carbon materials with a variety o
applications. However, the missing third carboro@tipe is the onedimension spcarbon linear chain
(carbyne), where, due to stability issues, its existence is questionable. Nonetheless, structures based on s
carbon chains have been synthesized and investigated. While the theoretical work in thef Sgldasbon
atomic chains is at advanced stages, many experimental investigations are not presentgab@patomic
chainsbased structures are very appealing due to their properties of tunability and the possibility that they
can be integrated into ffierent systems opening multiple windows for technological applications. One of the
most interesting properties predicted for the chains is the electrical conductivity, very few works have been
done in this area up to now due to the difficulty of the ekigl characterization process of these systems.
Indeed, the main motivation of this work is to investigate the electrical properties-chspon chairbased
molecules. In this work, four molecules were characterized and insightful information aboueteeirical
properties was obtained. The characterization was done on the molecules in their crystalline form. The
crystalline films of the molecules were obtained using drop casting and spin coating techniques and after, the
electrical conductivity of thee films was measured. Moreover, field effect transistors were successfully
fabricated and tested using two of these molecules and data about the charge mobility of these molecules
gla NBGSIEtSR® LYRSSRI 2NHI yA O rowirgSiéldR so & &fferS @btionsifaid y
cheap and flexible electronics and it is an important tool for investigating the charge transport in organic
semiconductors where their transport mechanisms are still ambiguous. Furthermore, Raman characterizatior
of the molecules was done and it was used for stability checking. The vibrational properties of the molecule:
revealed by Raman helped in the interpretation of the results. MoreoverVId\spectroscopy was used to
investigate the electronic properties of thmolecules which again helped in the interpretation of the results.
Finally, optical microscope along with scanning electron microscope images were used for characterizing th
formed crystals for a complete characterization picture. This work providesvawsy of investigating the
conduction properties of sparbon chains. It introduces a new class of materials to the family of organic
semiconductors which shall help in a better understanding of their transport mechanisms. Finally, it opens &
new area folimproving the field of field effect transistars



Sommario

Le strutture a base di carbonio hanno attirato molta attenzione negli ultimi decenni. Infatti, si sono diffuse in
molte aree tecnhologiche come la hanoelettronica, i materiali ad alta resistertzanlalogia laser e i materiali

per ottica. Diamante e grafite sono noti fin dall'antichita come materiali composti totalmente di carbonio con
una varieta di applicazioni. Tuttavia, la terza forma allotropica mancante del carbonio € la catena lineare
carbaio-sp a una dimensione (carbyne), per cui, a causa di problemi di stabilita, la sua esistenza rimane |
qualche modo discutibile. Nonostante cio, le strutture basate su catene di carbprsono state sintetizzate

e investigate. Mentre il lavoro teoricgul campo delle catene atomiche carbossio € in fase avanzata, non
sono invece presenti numerevoli indagini sperimentali. Le strutture basate su catene atomiche c&oonio
sono molto allettanti grazie alla loro flessibilita sulle proprieta e alla lossibdita di essere integrate con
diversi sistemi aprendo ulteriori vie per applicazioni tecnologiche. Una delle proprieta piu interessanti previste
per le catene carbonisp € la conduttivita elettrica, ma in questa area sono stati eseguiti pochissini lav
finora a causa della difficolta del processo di caratterizzazione elettrica di questi sistemi. Difatti, la motivazions
LINAYOALI S RA [[jdzSaidz2 f1 @2NB § f QAyYRI 3pilyfduesk ftoioS L.
sono state carattezzate quattro diverse molecole da cui sono state ottenute informazioni importanti sulle
loro proprieta elettriche. La caratterizzazione é stata effettuata sulle molecole nella loro forma cristallina. |
film cristallini delle molecole sono stati ottenudizii A f AT T F yR2 G§SOyAOKS RA G&RN
successivamente la conducibilita elettrica di questi film é stata misurata. Inoltre, transistor a effetto di campo
sono stati fabbricati e testati con successo, utilizzando due di queste moleeul®ji dono state rivelate
informazioni sulla mobilita di carica di queste molecole. Infatti, il campo dei transistor organici ad effetto di
campo € un settore in grande espansione in quanto offre possibilita di una elettronica economica e flessibile
ed e o strumento importante per lo studio del trasporto di carica nei semiconduttori organici dove i loro
meccanismi di trasporto sono ancora ambigui. Inoltre, la spettroscopia Raman delle molecole é stata eseguit
per valutare la stabilita. Le proprieta vilzianali delle molecole rivelate da Raman hanno aiutato
nell'interpretazione dei risultati. Inoltre, la spettroscopia -V € stata utilizzata per studiare le proprieta

St SGONRPYAOKS RSffS Y2tS502tS OKS KI yy2tatil ffiok 8 QS &
microscopio ottico insieme alle immagini del microscopio elettronico a scansione sono stati utilizzati per
caratterizzare i cristalli formati per avere un quadro complete di caratterizzazione. Questo lavoro fornisce ur
nuovo modo di studiee le proprieta di conduzione delle catene di carbonio sp. Introduce una nuova classe di
materiali alla famiglia dei semiconduttori organici che contribuira ad una migliore comprensione dei loro
meccanismi di trasporto. Infine, apre una nuova area peigliaramento nel campo dei transistor a effetto

di campo.
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Introduction

Since theindustrial revolution in the 20th century, the acceleration of the technological applications
demanded a similar acceleration in material science in order to keep up with the exponentially growing need
for new material properties. Nonetheless, carbbased materials have offered solutions to many
G§SOKy2t23A0It LINRoftSYa Ay (GKS ftrad OSyildiNE® {AyC
L Syde 2F NR2Y |G GKS o0620G2Y¢ OFNb2y Yyl y2aidNHzOI
nanoscience and technology. From fullerenes to carbon nanotubes to graphene and the research in the are
of carbon nanomaterials has been vastly growing. The ability of the carbon atom to hybridize in different forms
is the main reason for the wide range abperties that carbon structures possess. Diamond and graphite
have been known since ancient times as all carbon structures. However, the existence of the missing thir
allotrope, onedimension spcarbon atomic chain (carbyne), was questionable.

Carbyne ighe ultimate onedimensional carbon structure with a chain of carbon atoms in sp hybridization
form. The bonds between the atoms in the chain determine the type of the chain. Two possible types of
carbyne can be formed, cumulene and polyyne. Cumulenecisain of carbon atoms connected with a
sequence of equal double bonds while polyyne is a chain connected with a sequence of alternation of singl
and triple bonds. Cumulene is predicted to be metallic while polyyne to be a semiconductor but the infinite
chain was never realized. Nonetheless, finite chains were synthesized and characterized using variot
techniques where they offer an interesting properties tunability feature which makes them appealing systems
for technological applications and basic scenc

One of the most appealing properties which are predicted for the chains is their electrical conductivity, for
which it was predicted that up to two quanta of conductance could be achieved with a single chain. However
the experimental work in this areia far behindin fact only a few groups were able to report conductivity
measurements for the chains. Nonetheless, the reported values were far from the theoretically predicted ones
where the reason behind that is still ambiguous. The reason for the lonber of experimental works with
respect to the theoretical work in this area is the difficulty of performing electrical transport experiments on
these systems. Stability of the chains is the main drawback in this area as it makes it difficult to prepare
systems with controlled dimensions and to assure that there will be no structural change during the
measurements. Trying to close the gap between the theoretical and experimental work by providing new ways
for experimentally investigatig the electrical trasport properties of these materials is the main motivation

for this work. Specifically, four similar molecules based etespon chains were investigated in terms of their
electrical conductivity in order to have a deeper understanding of the electrimasport in these systems
where a comparative study can be made.

In details the main objectives of this work were: i) to measure the electrical conductivity of the four molecular
crystals; ii) test the molecular crystals as a transistor active mediuigldhefffect transistor configuration; iii)
perform a comparative study between the four molecules to relate the difference in performance to the
difference in structure; iv) check the stability of the molecules during the measurement process.

The setup use for the electrical characterization was the deposition of the molecules on the Fraunhofer
substrate which is a prpurchased substrate explicitly designed for electrical characterization of organic field
effect transistors. The deposition was done usiwg main technigues, spin coating and drop casting. The
deposited film was characterized using image analysis of optical microscope and scanning electron microscoj
images. The stability check of the deposited films was done using Raman spectroscopyabeéfafter the
measurements. Moreover, UVis spectroscopy was used to obtain information about the electronic
properties of the molecules which is important for results interpretation. The using of the molecules as a field
effect transistor active mediumvas to serve more than one purpose. First, the field effect tran<iséor
measurementsare a powerful tool for studying charge mobility in semiconductors. Moreovercaon
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chainsbased systems where never used in this area before, especially the cumtyleaistructures. Finally,

the organic field effect transistors field is a rapidly growing field as it offers new opportunities for technology,
where cheap and flexible electronics can be manufactured and for low voltage operating devices. Indeed
invadirg this field with a new class of materials was an appealing idea that is believed to open a new window
for improvement as well as it provides an excellent opportunity for a better understanding of the transport
mechanisms in sparbon chaindased materia specifically and organic semiconductors generally.

The molecules which were characterized in this work are-dipBenylacetylene (DPA) and 1,4
diphenylbutadiyne (DPB), which are polyynic type molecules and PH3 and PH5 which are cumulenic tyy
moleculesThe cumulenic type molecules were dissolved in dichloromethane solvent while the polyynic type
molecules where dissolved in hexane solvent.

The structure of this thesis is summarized in the following.

Chapter 1: A general introduction to-sprbon and thecarbon atom chains is provided. First, their structure
and predicted properties are discussed. Then, the difficulties in the field -ofidn chains concerning
synthesis and stability issues of these systems are highlighted where different solutioméqtessh are
reported. Finally, theoretical studies and experimental results involvirgagpon linear structures in different
applications are discussed with a focus on works related to electrical conductivity.

Chapter 2: Transport properties in organicmseonductors are discussed starting with the electronic
LINPLISNIASE 2F 2NHIFIyAOa GKSy (GKS LKkKearda o0SKAYR
semiconductors were reviewed finally the general features of the organic field effect transiseoes
explained.

Chapter 3: Substrates properties and molecular systems are introduced. Then the preparation techniques an
the tools used are discussed.

Chapter 4: Results obtained in this work are deeply analyzed and compared.

Chapter 5: Conclusions and future perspectives



1 Spcarbonatomicwires

In the last three decadesarbon and its nanostructures have been playing an exponentially growing role in
both science and technologyhe discovery ofullerenes to nanotubet graphenederivedAndreas Hirscin
Hamn G2 OFfft GKAA& LISNR ZIROudf &lSart®idliotrabdsve Cdn Ndbsddgt sp- f f
carbon lineaidealchain(Carbyneps the missing allotropet is the most elusive, antthe stability is on edge.
However, it held a special interest in the past and still are in the present. Cureattievementshowever,
open multiple windows for interesting scientific and technological applications in the future.

1985

Fig. 1.1 Carbon nanostructusgevolution showing the growing importance of carbon for nanotechnoioghe last three decad¢g].

1.1 Hybridizatiorand the missing sparbonbasedallotrope

Carbonis one of theessentialelements in nature. Thanks to the variety of forms and the wide range of
properties its structures possess;ientists and engineers have beasingcarbon structures in all kinds of
applications and technologies. This importance is thaokbe possibility of the carbon atom to hybridize in
three different forms Giving rise toa wide variety ofstructures with different properties when moving from
one form of hybridization to another and when mixing more than one form of hybridization.

Isolated carbon atom before hybridizatidvas a total ofixelectrons.Two electrons are in 4 core orbital
and theyare not includedn the hybridization prosses @m the chemical reactions in gener&ourelectrons
are in the outer shll divided into two subshell§ he first subshell only includes tBs orbitalwhichcontains
two electrons The second subshlencludes three degenerate orbitals, 22p, and 2p. Only one 2p orbital
is fully occupied with two electronslowever,it is energeticallyfavorablefor the electrons first, to occupy
different orbitalswhich decrease th€oulombicrepulsionbetweenelectrons as they havihe same charge
second, to possess the same spin directitmdecreag their exchangenteraction energyBecause othat,
O Nb 2y I (ngo¥ubshelld @a) 2P to hybridizeogether giving rise tavhat secalled sp orbitals.
Since the 2p subhell is composed of three degenerate orbitals, thisrtdibation caroccurin three different
ways sp, sp* andsp.

1.1.1 Sp andsp* hybridization

When all the three2p orbitals together with the 2s orbital hybridize, they give tisdour degenerate sp
hybrid orbitals.The four orbitals distribution in spagghichachieveghe minimum energyor them gives rise
to tetrahedral distrbution with the four orbitals equally spaced tine three dimensionss inFig. 1.2. With
one electron per orbitalthe four sp orbitals form fourcovaknt bonds in totalThe bonds which are formed
out of the hybridized orbitals are called sigma bonise carbon allotropecomposed ofall sp* hybridized
carbon atoms isliamond.Diamondis an insulator highly crystalline saolitican be found rarely inature due

to the need for high temperature and pressure for its formation. Howeutepossessesnany different
appealing propertiedike its high value fgewelryand itsexceptionahardness Recently research is going on



transforming diamondrom insulator tosemiconductothroughdoping) in order to use it in high demanding
electronics.

When two out of the thre@p orbitals hybridize together with the 2s orbitéthey give rise to threeafjenerate
sp? orbitals The three hybridized orbitals achietreeir minimum energy by digbuting in a trigonal plaar
geometryas inFig. 1.2. The thre hybridized orbital form three covalentsigma bondsand the third 2p
unhybridized orbital with slightly gher energy form oné-bond. The carbon allotrope composed all sp?
hybridized carbon atoms is grhite. Graphite is @D solidcomposed out 02D layersstackingon top of each
other. The2D layersare composed of carbon atoms covalently bonded together. Each carbon atom is
connected to three carbon atonierming a 2D network of honegomb shapeThese 2D layeese connected
through ™ -stacking.Graphite isa conductor thanks to the highly delocalizegtlectrors. In 2004 Geim and
Novoselov successfully separated as single layer ogtagfhite. Thiswork was one of the most significant
achievements in the modern science era. latfin 2010Geim andNovoseloweceived Nobeprizein physics
for their work on grapheneThey were able to exfoliate one atomic layehich is the ultimate 2D allotrope
of carbon(graphend. Graphenegposseses a set opeculiarpropertiesindeed Being the ultimate2D material,
started a bigdebatesince and before graphene, 2D crystals argued tampossibleto exist due to stability
problemsand graphene existence put this argue under investigatEnom the electronic point of view
graphene hasa uniqueband structure with the famouBirac conetpe electrongdispersiorrelation at certain
points in thereciprocalspaceis linear at theFermi leve| which results irmassless electraat those points.

Before graphengn 1985 Kroto et al. dissered the buckminsterfullerenesgwhich isa structure consisng

of hexagons angentagonsa mixture of s and sp carbon[3]. Six years later there was the discovery of the
single wall carbon nanotube (SWCNThen themulti-wall carbon nanotubd MWCNTXdiscovery followed
Workis still activen searching fonovel carbon structurebased on different hybridization states.

109.5°
| 180°
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Fig. 1.2 sp hybridized orbitals for the three forms of hybridization. sp3 (left),rafl(€), and sp (right)

1.1.2 S - hybridization

When only one out of the threp orbitals hybridizewith the 2s orbitalthey give rise to twalegeneratesp
orbitals Again,the minimum energyis achieved when the hybridized orbitgi®ssesshe geometry which
separates them as far as possible. In this csehybridized orbitals tak the linear geometry, giving rise to
linear structuresWhile the hybridized sp orbitateccupiedwith one electron eachesultin two covalent sigma
bonds one on each side of the carbon ataime remaining two 2p orbital&hich are as well occupied with
one electron eacfform two ~ -bonds.The two™ -bonds can be on oned® of the carbon atom like in the case
of the HCN molecule (& N). They also aabe one on each sidée in the case of GQO=C=Q)



Fig. 1.3 Carbynewith its two configurations. cumulene (top left), apdlyyne (bottom right)

The carbon allotrope out dll sp hybridized carbon i€arbyne Carbyneis the ultimate 1D carbon structure.

It isan infinite sequence of carbon atoms formiagne-dimensional chim. The bonds between the carbon
atoms define the type of the chaii sequence of double bonds between carbon atoms results in an equally
spaced array of carbon atoms forming the chasnd in this casethe chain is calledcumulene
(=C=C=C=C=@=y. 1.3). An alternation ofa singletriple sequence of bonds resslin an array of carbon
atoms in whichthere is an alternation in the bond length between them this casethe chain is called
polyyne (C GC GC GC G). The bond length alternatio(BLA)s what definathe type of the chain. If it is
zero,then the chain is cumulenand if it is different from zeradhen the chain is polyyné&.he singleCC bond
length is around..5 Ain diamond while the triple bond length is around 1.2rAHCNHowever, in the case
of polyyne, thesingle CC bond is slightly shorter than normal, while the triple bond is slighggrd his is
due to thetendency of the -electronsto delocalizeresulting in adding extra bonding character to the single
bondwhile decreasing the bonding character of the triple bofis delocalization of the-electrons makes
the chains highly redive. The chain reactiviipcreasedy increasing the chain length due to the increase in
the ™ -conjugation.This high reactivitjeads to the chainto crosslink, and the carbon atoms relax #mmore
stable form of hybridization when the chairme close or interact with the environmerithis issue of
instabilitywasthe main argument against the existencecafbyne

1.2 Infinite spcarbon chains

Despitethe doubt against theexistence ofcarbyne scientistshave been developing models studyiitg
properties.Thisisin fact, due to its appealing predicted properties arsbutstanding characteristicStarting

from the effective surface of the wires it was predicted to be more than 13,00¢ [#]which is at least four
times more than the value predicted for graphene. Anotkatuableproperty is the stiffness which the sp
carbon atomic wires were predicted to be the champion out of all other forms of materials, with the highest
Young modulus up to 32 TPa and specifitfness around 1& Nm/Kg [5]. Thanks to the high phonon
frequencies and the lonmmeanfree path of the phonons leading to ballistic thermal transport reaching the
micron scale, sp carbon atomic wires indeed predicted to have significantly large thermal conductivity values
These values amanging from 80 to 200 KW/mK at room temperatundiich is again muchigher than their
cousinsgraphene and carbon nanotubgg.

1.2.1 Electronic properties

TheCarbyneelectronic properties can beevealedstudying this simplsolid-state model. Cumuene is aone-
dimensionaktrygal with one atom per unit celWhile polyyne isone-dimensionaktrystal but with two atoms
per unit cell Analyzing the two configurationsumuleneappeasto be metallic with @alf-filled valenceband
with one electron for each 2p orbitaDn the other hand in the case of polyynea case of two sublattices
results in two electros for each 2p orbital, and a fully occupigdlenceband leading to a semiconductor
behavior.
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Fig. 1.4 The onedimensionalnit cell for cumulene (left) and polyyne (right). thetdd red rectangle represents the unit cell in real
space while the graphrepresentghe unit cellof the one-dimensionblock bandn thereciprocalspace shwing the energydispersion
relation and therermi level7]

FromFig. 1.4 we can notice that in the casd# cumulenethe Fermi energy is abalf of thevalenceband which
makes the system metallic. While in the case of polyyneFdreni energyis in the energy gap that has been
opened when the Fermi surface touched the edges of tHgrillouin zone which make the system a
semiconductor/insulator.

Onedimensionsystems arsusceptibldo what is calledPeierls distortiont SA SNX & G KS2 NBY &
dimensional equally spaced chain with one electron per ion is unstablais,cumulene configurations
expected to be subjected to the Peierls distortion grass to polyyne configuration.

As shown irFig. 1.5, quantum calculatias for the energpurfaceas a function of the BLA in the infinitbain
shows two equivalent minimacorresponding to two stable polyynic configurations, and a local maxim
exactly at BLA equal to zekmrresponding to the cumulenic configuratiomhichis in agreement wittPeierls
theorem.

2.00 T T T T T

1.756

1.50 -

126

1.00 -

0.75 |-

Energy / cell (mhartree)

0.50 |-

0.25 -

0.00 -

1 1 i 1 1

-0.15 -0.10 -0.05 0.00 0.05 0.10 0.15

Fig. 1.5 potentialenergy surface of the wires as a function of BLA.



Although for the infinite chain there isspecificBLA value avesponding the minimum energ¥ig. 1.1) for

which the structure is stapte however calculating the energy gap dependence on the Blidsightful. DFT
calculatiors have been doneon the infinite chain assuming different BLA values
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Fig. 1.6 Band structure of the infinite chain possessing different BLA vé8jes.

FromFig. 1.6 we can notice how the energy gappsoportional to the BLA valueZhegap increasswith
increasing BLAAs we will see latethis model is very usefuh describingmany of the properties ate finite
chains as welif the right value of the BLivasadapted.BLA turned out to be a vgruseful parameter when
it comes to carbon atomic wires. Many properties atependent on its value Energy gap as was
demonstrated reactivity,” -conjugation and even charge transfeoptical propertiesall theseand more can
be tuned bychanging the BLA valu&he BLA is indeed a direct measure of thelectrons delocalizatiorAll
those parameters vary with varying the degree of thelectrons delocalization

1.2.2 Vibrational properties

0

“q
Fig. 1.7 Phonon dispersion relation for twarbyneconfigurations Qumulene (left), and polyyne (righf].
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phonon interaction, which makes their vibrational properties very important. A simple-sialid model has
been adopted to study the vibrational properties of Carbyne.

In Fig. 1.7 the phonon dispersion relation is represented for cumulene and polyfssecumulene is a ore
dimensionalcrystal with one atom per unit cebumulene only hathree acoustic phononstwo transversal
and one longitudina As thenumber of optical phonons equad-3, where N is the number of atoms per unit
cell, cumulene does not havany optical phononsPolyyne on the other handis a onedimensionalcrystal

as wel) but with two atoms per unit cellThus, its phonodispersion relation is composed of three acoustic

phonons, two transversal and otengitudinal in addition to three optical phonons$wo transversal and one
longitudinal as well.
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Fig. 1.8 Longitudinal acoustic (LA), and longitudinal optic (LO) phonons dispersion relation for different BLA values. BLA ititcreases w
the arrow[9].

In Fig. 1.8 one can see the cleatependentof the longitudinal optical phonons on the BLA vallde
overbending of the phonon dispersion relati@an be attributed to theinteractions beyond the nearest
neighbor approximationThe delocalized -electrons are responsible for the lomgngephonon interactions
in such systemsSince the BLA is a measure of the delocalization of tbkectrons, thenit is clear why the
longrange phonon interactios increase with increasing the BLA

1.3 Finite spcarbon chains

Finite spcarbon chain®avepreservedsome of the infinite chain properties. On the other hasdme dher
properties get strongly affected parameters that did not plag role in the infinite chain pictutéd he effect

of the end groups and the length of the chaire the main parameters that control the chain properties in
this caselndeed, Yang and Kertedemonstrated the limithat the Peierls distortion stagto lose its effect,

and the effect of the end group starts to appeastead.Throughcomputational efforts, theyet 52 carbon
atoms as the transition lim{tLO].

1.3.1 Effect of enegroups

The effect of theend-groups of the wiren its properties can bstrongly detected in th&LA valuesariatiors
with different endgroups In the case of the wires terminated witiH groupfor instancethe BLA takes high
values This is because thast GH bond of the chain forcespure sngle bond character to one side of the
last carbon atom in the chajmhich accordingly forces the next bond to perely triple bond andforce the
alternationof a single tripleWhile in the case of the wires terminated wit@H, the end groupin thiscase,



forces the next bond to be a double and sa ®he BLA valuesn this casetend to be very small (less than

0.05 A). However, never yet zero, and in this case and regardless that the BLA value is not zero, we can ¢
call the system a structure with a cumulenic character, while the previous one can be called that it has the
polyynic character

Another example of the effect of the emgtoupsis when chains terminated with $garbon domains were
synthesizedIndeed,the presence of sptermination led to a decrease in the BLA vakieHowever it is not

the size of the spdomainthat wasthe main elementin fact, it was the nature of the $3p bond thatmostly
affects the BLA value Different use of end groups was proposed by Tykwinski and his group when they
managed to synthesize relatively shortsmbon chains terminated ¥ two phenyl groups on each side
suchaway, adouble bondwas forcedon the wire[11] [12]. Indeed, this technique was successful in inducing
the cumulenic character, achieving very low Bhlues and relatively low band galwo of those systems are

the main investigated molecules in this thesis

1.3.2 Effect of the chain length

The effect of the chain length is rather sghi forward. With increasing the chaifength, the BLA values
decreaseThs is indeed expectablgince with increasing the length of the chain theonjugation increases
as well.However, this is the general trend, bilte parity of the number of carbon atoms in the chain plays a
role as wellAn add number of carbon atoms ithe chain decreases the BLA values as it helps in fotteéing
double bond charactein cumulenic like chaing\lthough with increasing the number of carbon atoms in the
chain theBLA values decrease, however, it will never be z&sdhe chain length razhes theinfinite chain
limit, the effect of Peierls distortion wikeep the BLA athe value predicted by theolid-state model for
infinite chains
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Fig. 1.9 (a-d) carbon atomic chains with different terminationgdrogencapped (a), phemdapped (b), vinylidereapped (c) and
uncapped (d)(e)Bond length against the bond index for different terminated chains, (f) BLA as a function of the number of atoms in
the chain for different terminated chainhe data are obtainedsingDFT calculation$13]

An excellent example to summarize what has been said fgin1.9, where using DFT calculations, bond
length, and BLA values have been calculated for different chains with different terminations. From the seconc
panel, the trend of the BLA against the number of atoms in the chaileas as it decreases with increasing

the number of atoms. From the same panel, we also notice how argemap which forces a double bond
tend to decrease the BLA values of the chains to the cumulenic regime, as in the case of the vioglghene
chain.The difference between the cumulenic regime and the polyynic regime is also noticeable in that graph.



We conclude that, by proper choice of the egbup and the chain length, we can achieve a wide range of
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1.3.3 Synthesis

When it comes tahains synthesjghings are tricky due to the high reactivity gf-sarbon. There are mainly
two ways of chain productiartchemical methods anghysicalmethods.One example of chemical methods is
polymerization In Fig. 1.10 we can find different physical techniquésr carbon chains productionArc
discharge in liquids a technique where two graphite electrodes come cl@s® a high voltage is applied
between them creating an arc discharge where different carbon forms get produced inclmoagbon
chains Another technique ipulsed laseablationin liquid, where a gnahite target (or carbosrich target) get
radiated with nanosecongulses oflaser Spcarbon chais get produced as well along with other carbon
forms. The commorproperty between those techniques is the presence of a con§miedium (liquid in this
case and in the other techniques inert gas is uséathjs confiningnedium forces the carbon atoms to
aggregate out oéquilibriumwhichinducesthe sphybridizationand theproductionof the chains.
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Fig. 1.10different physical techniques for carbon chains produdn

1.3.4 Stabilityissued a2 f dzi A 2y a

The major difficulty for both chemical and physical synthesis technigrges fact,the bottom-up fabrication

of longer and longer molecules approaching the infinite limit. Indeed, the biggest challenge was the higt
reactivity of the spcarbon in the bain and its tendency to crosslink transforming into more staiyfe
hybridization carbon form.Therefore, any attempt to induce stability should focus on the elimination of the
crosslinking effec A successful try was done by growiagg spcarbon chairinside the core of double wall
Carbon NanotubeWCNT]14]. This work has showthe possibility of producing long chains if the interaction
with the environment has been avoideAnother way to prevent the crosslinking is bging an ionic liquid
with alow concentration of the wiresThe low concentratioprevents wires interaction with each other and
therefore crosslinking[15]. However, stability in ambient atmosphere is mandatory fechnological
applications Interaction with metals found to be a stabilizing factdr mixture of the wires with silver
nanoparticles found to induce stability in both solution and solid statgas found that hydrogen terminated
chainsmaintain their $ructure for several monthgvhen mixed with silver nanoparticles. Thxture was to
perform Surface EnhancedRamanJectroscopy(SERSneasurements However, it was found that the
mixture maintained almost the same -sprbon signal for several montlas $iown inFig. 1.11 (a). The
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measurements were done in solution and after thexture wasdried to form a film of hydrogen capped
polyyne chains ansdilver nanoparticle§l6].

A very important technique was proposed by Tykwinski and Chalifourselarge end groups which can
induce a kind of steric hindrance preventirigetwires coming clos@gig. 1.11 (c)). This techniqguendeed was
a very successful way that led to the production of very long chains (up to 44) leseyte the infinite wire
limit [17]. Cataldcet al. have shavn that systems composed of $parbonstructure combined with sigarbon
chainare significanly stabe in ambient condition$18] (Fig. 1.11 (b)).

In film
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[__AgNps S 28
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Raman shift (cm™) . ¢
©) (b) Raman shift (cm™')
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Fig. 1.11 Different techniques to induce stability. @anning electron microscope (SEM) imagsileér nanoparticles mixed with
hydrogen capped polyyne chaiasd the Raman signal of sp carbon along several month&dman signal fophenylterminated
chains Bowing stability in solution an@mbientatmosphere. (djlifferentchains terminated with bulk groups to indwusterichindrance
and prevent crosslinking].

1.4 Characterization techniques

In the last decadgattention has been gibbed to spcarbon chains as@iticalmember of the family of carbon
structures and as a class of materials itself.

This attention has been strengthened by the preparation and characterization of different chains with
different lengths and end groupblevertheless,and even thoughthe theoreticalwork isat advanced states
however, the experimental work is still at its early stagBsis is in fact due to the difficultiggreviously
mentioned regarding the stability issge This makes the characterizationof sp-carbon chaingextremely
difficult. Moreover,the identification of spcarbon within other carbon hybridized structures is far from trivial.
Here Ramamand UWWisspectroscopy play a key role in the realization of sp carbon #sawélifferentiating
between cumulerc and polyymc chains
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1.4.1 Ramarspectroscopy

Raman spectroscopy &hondestructiveechnique (when doneorrecty) probing thevibrational properties
of the material. It is highly sensitive to crystallinity and localeordt is used for crystals, nanocrystassd
molecules in solution and solid state.

It relies on Raman scatterir{snelastic scatteringof monochromatic light, usually from a laser in the visible,
near infrared, or near ultraviolet range. The laser light interacts whth material vibrations (phonong,
resulting in the energy of the photorikat are scatteredncrease or decreasé hechangein energy gives
information about the vibrational modes in the system.

— e = Virtual

- |
>

s sy o AL - — — — virtual level
A level r level
hw, hw,, hw, hw, ho, ho,
2 2 2
1 S| 1
Y 0 4 ho, 5 . Yy + ho
a) Rayleigh scattering b) Stokes scattering c) anti-Stokes scattering

Fig. 1.12 schematic drawing of the three scatteripgotons

When the materiabetsradiated with a photon of frequency, and an electrorabsorbsthe photon and get
excitedto a vrtual state, two main decayingrocesse®ccur(the absorption and the decaying processes are
instantaneous and not real\ decaying process which is responsible for the elastic scattering phtiten
(Rayleigh scattering), on whittne electron gesexcited from the ground state and decstp the ground state
emitting a photon with the same frequency.. However there is the possibilityof an inelasticscattering
(Raman scattering)When theelectron decays ta vibrational state different from the groundibrational
state, a photon gets emitted with a frequenaqual. (- - i 8 K S NI the frequency of the phomowhich
wascreatedin the processin this casgwe have theStokes scatteringiVhen the electron getexcited from a
vibrational state different from theibrationalground statebut decays to the ground state, a photon wih
frequency equal . +. jisemitted, and in this case phonon getannihilatedin the pocess and we have the
anti-stokes scattering This electrophonon interaction is responsible fahe phenomenon of Raman
scattering.

However according to quantum theorgndadaptingthe harmonic approximation modgivo mainselection
rulesresults. Firstonly phononsat the center of theBrillouinzoneare Raman activéribrationswhich cause
anisotopic polarizability. Seconda second order excitation is forbidden under the harmonic approximation
and has a very low probdity if the harmonic approximation was relaxed

Ramantechniqueshowever, have always beercdticalcharacterization tool when it comes to carbbased
materials.This is becausef the symmetry of carbon structusgthe tetrahedral for spcarbon, tke trigonal
planar for sg-carbon and the linear for sparbon) that allowsfor the presence of Raman active normal
modes.
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Fig. 1.13 Different Raman signals for different carbon structuk¥e.can notice the absence of the overlap between the sigpgls

Another reason which makes Ramspectroscopya powerful tool when characterizing carbon structures is
the different Raman fingerprint signals for different carbon structures {ggel.13). The absence of overlap
0SG6SSy (KS RATTS MBnyfict dieltotieOséraatiiy SoDRamah 3pédiréséopythe
hybridization state of the carbon atomand thechemicalenvironmentsurroundingthe bonds.

As shownin Fig. 1.13, sp>-carbon Raman fingerprint is within 130800 cm' region while for spcarbon it
lays inthe region 1802300 cm'. Uncovered by any other signals from any different carbon systems
Howeveradoptingthe infinite sp-carbon chainsnodel, only polyyneanshow a Raman signal. That is because
polyynehasoptical phonons whileumulenehas onlyamustic phonons which according to tipeeviously
mentionedRaman selection rujé¢heir frequency is very low and practically cannot be s&énis is true only
for the case of the infinite wirewhen the BLA value jgrecisdy zero.However,Francesco Inn@mnti et al.
have show that finite cumulene chainsouild be detected using Raman spectroscodgingDFT calculatics)
they have show that the longitudinal modevhich is responsible for Ramaignalof polyynechains resulting
from the BLA oscillatiorget almost suppresseidr cumulenechains However,other longitudinal modestill

can be observetbr cumulene chaingl9]. These longitudinal modes can be detected thanks to the chain end
group effect.

The main vibrational modevhich isresponsible for thechains Raman signalwgat is calledthe effective
conjugation coordinat ECC) modelt is an out of phas€C stretching modeand its origin is the BLA
oscillation. This modeshows a significant dependence on the BLA vallerder to understand tis
dependence, one should understand the effect of theonjugation on thevibrational frequency of the chain
Indeed,for increagd™ -electrons delocalizatigra decrease in the bond energy followghich results in a red
shift in the vibratiomal frequency of the bod. In Fig. 1.14 the Raman spectrum gshenytcapped polyyne
chains with different lengths is reportedhe detailed analyses of thgp-carbonarea in the spectrumufpper
pane) with the comparisonto the DFT alculated spectrum for different chain lengttfower panel)is
reported.We can notice the reghift of the spcarbon beak going for longer chain lengthaother important
information is the relative intensity of thpeaks corresponding tdifferent chain lengths giving information
aboutthe relative concentratiorior each length.
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Fig. 1.14Ramanrspectrumfor phenyl capped polyyne chaiwith different lengths(a) the spectrum of the chainsgolutionwith solvent
spectrum bellow focomparisonthe arrow shows the beak from the phenyl termination while the dotted square shows the signal from
the spcarbon clains. (b)he spectrum of the solid state @ammparsonwith the molecules in the solutiore, @) detailecanalyses of the
sp-carbonareain the spetrum (c) with the aid of DFT calculated spectrum for different chain leiib®js

As was demonstrated Ramapectroscopy is indeed powerful tool inthe characterizationof sp-carbon
chains and sggarbon structures in general. With the aid of DFT calculatioriormation regarding the chain
length and the concentration of thdifferent chainsan be gainedAnother important informationis the type

of the chainwhether it is cumulenic or polyyniés will be demonstrated along the thesisanysteps in the
research work on carbon atomic wirase mainlydependenton Raman spectroscopy which again shows the
importance of this technique as characterization tool for sparbon as it is for other carbon systems as well.

1.4.2 UltravioletVisible (UWis)absorptionspectroscopy

U\-Vis absorption spectroscopyis a nondestructive techniquerobing the electronic transitins in the
material. It isawidely used technique in the field of organic materials both in solution atldeiisolid state
as well.

Whenlight passes through the materjaome of it ge$ absorbed and some get scattered and transmitted.

The absorption process takes place when an electron absorbs the incoming photon and gets excited to a
available electronic state. The energy difference betweenitiitéal and the final stateanust be equal to the
energy of the absorbed photon. Tiploton of least energyo get absorbed gives information about the first
allowed electronic transition. The wavelength at which the maximum number of photons get absorbed gives
information about the most probable electrantransition in the material.
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Fig. 1.15 Schematic qualitative diagram of the electronic ground state and the first excited state with vibrational states for each
electronic state. On tqgphere is the absgtion spectrum corresponding to those electronic transitions. The arrow indicates the most
probable transition. The numbers indicate the vibrational energy levels for each electronizdgve

In Fig. 1.15we can see a schematic qualitative diagram for a diatomic molecule. The diagram describes the
ground and the first excited electronic states. Each electronic state encloses different vibrational states.
Following the harmonic approximation, the vibratidistatesare equally spaced. The two diagrams represent
two differentmolecules. In the first diagram, the overlap between the ground and thiteekstates iigher

than that of the second molecule. This degree of overlapping is an indication of theedefgthe molecular
geometry deformation upon electronic excitation. The arrow indicates the most probable excitation process,
which is direct excitation. The absorption spectron top reflects the different excitation processes. The
lowest energy absorlie photon corresponds to the lowest energy excitation process. The highest intensity
peak in the absorption diagram corresponds to the most probable excitation prodessliffererce between

one peak ard the one that follows corresponds to the differembetween the vibrational energy levels.ist

worth mentioning that the first allowed transition usually is the transition between the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), however, in organic materials
this is not always the case. Two main pieces of information can be deducedhedd\-Vis spectrumfirst,

the optical band gap of the material. Second the diffe@between the vibrational energy levels of the
material.

When it comes to sgarbon atome¢ chains, UWis spectroscopy is an extremely powerful tool in
characterizing and identifying different types of chains.
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Fig. 1.16 U\-Vis specta for two types of cumulenic chains with different egndups For each typethe spectrum is taken for diffent

chain lengths. The number in square brackets is the number of double bonds in the chain. The table indicates -taeeloyest
absorptionmaximumand the corresponding energy valfzd].

In Fig. 1.16 we can find the UWis specta for two different types of cumulenic chains with different end
groups for eachtype. Each spectrum shows the absorption of the cumulenic chains with differeirt cha
lengths. From the graphwe can deduce different trends and features for cumulenic chains. First, a
characteristic feature is the presence of two separate main bands of absorption. Thiswisver, a
characteristic feature for cumulenic chains, white polyynic chains the reshifted absorption band is
absent. Second, going to higher chain length results insheft in the absorption spectrum, indicag a
decrease in the optical band gap with the increase in the chain leAgibther insight is thathe increase in
the chain length is accompanied by increase in the spectrum complexity. The lowesergy absorption
maximum shows the decreade the effect of the enegroups going to longer chains. The difference in the
lowestenergy absorption maxiom between the chains with the same length but different egrdups is
decreasing going from shorter to longer chains.

The last example shows the rich informatiomtlian be deduced from UVis spectroscopy when it comes to
sp-carbon atomic chains reseah. That indeed indicate the significance of this technique for bofie
characterization of the wires and the differentiation between different wires species.

1.4.3 Electrical Transpoharacterization

Charge transport across the chains is significantly ingmbrfor fundamental science and technological
applicationsespecially in the field of electronicklowever, electrical transport characterization of the sp
carbon chains is far from trivial.
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Too many parameters affect the results of an electrical transpageriment. The role of contacts, the
atmosphere effect, the interaction with light and the temperature dependence, all that and more affect the
results, making it difficult to conclude a generalized r@éability of the wires structure throughout the
measurements is a big issue as well. Indeed, theoretical work is far advanced regarding trpregpenties

than experimental results.

With the aid of first principle calculatiorld. D. Lang and Ph. Avoudsemonstrated that the parity of the
number of carbon atoms irpscarbon chains affecthie conductance of the chain significanthowever, they
assured that thedensity of states atthe Fermi level and the matching between the chains and the metal
electrodes is the leading factor in the charge transport pro¢28 The same authonserformed calculations
demonstrating the voltage drop across the wires in contact with metal electr@differential resistance)
They were abldo demonstrate that at zero voltage a charge transfer from the metal to the chain siccur
however, it creates a barrier causing bending in the wire. This bending leads to significant decrease i
conductancd?23]. Another work adressing the charge transfer between the wires and metaloparticles

was done by AMilani et al. showing that when the wires get in contact with silver nanopartj@desharge
transfer occus leading to polyynicumulenic transition. This transition, Wwever, is a function of the wire
length. This was indeed confirmed experimentally through surfadeanced Raman spectroscopy (SERS)
measurements, which showed an agreement with the calculated value of charged [2éesAnothe
interesting theoretical demonstration was done Rgnato Batista dos Santetsal. showing that in graphene
wire-graphene configuration, an electric field parallel to the wire can induce semiconductor to metal
transition. This transition is due to theontrol of the spin polarization inside the wire through the applied
electric field[25]. The strong electrophonon interaction and the higlbebyetemperature of the one
dimensional carbon structures inducé&d H. Wongnd hisgroup to take a theoretical quest, hunting for high
temperature superconductivity in reduced dimensions carbon structures. Indeed, they demonstrated that
different configurations of sgarbon structures withspecific geometrical parameters auld show
supeaconductivity up to a temperature window of around 100 K. However, the maximum temperature is
different for each structurg26].

Moving from theoretical predictions to experimental woyidiu Cretuet al. was the first groupo report
electrical current measurements of a single carbon atomic wire F$gel.17). The currenthowever,was

lower than what was expected in thegoand they attributed that to the strain on the wire which incresge

BLA valug27]. Same work was done By La Torret al. who were able to measure the conductance through
the graphenewire-graphene system. They managed to show the semiconductor behavior predicted for
polyynic chains and the metallic behavior for the cumulenic chains. Moreover, they showed that, lvehen t
axial strain is relaxed on the chain, zgraint vibrations overcome the difference in the bond length between
the single and the triple bonds, which induced a transition from a polyynic chain to a cumulenic chain,
accompanied by semiconductor to metaansition as wel[28]. L. T. Caand his group andrerdaous Ben
Romdhanend his group demonstrated through electrical transport measurements that, in the case of a single
chain or an assembly of molecules passed cnaponchains the contacts play a crucial role in the overall
conductivity of the system. The formal group performed their measurements on single chains connected to
sp? and sp carbon, showing that $type contacts increased the conductivity of the system withltiple

order of magnitudes in comparison to3dype contactg29]. On the other hand, the latter group performed
their measurements on an assembly of molecules passed @arfion. They demonstrated that symmetric
contactsr YR GKS YIGOK 2F GKS CSNXA fS@SftQa RSyaArle 2
the overall conductivity of the syste[B0].
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Fig. 1.17 Gonductivity measumment ofthe in-situ prepared grapheneire-graphene system as shown in the SEM image. The gray
area is the current when the wire was connecting the two graphene rig@hs

From the previous discussipwe can conclude that electrical transport characterization of carbon atomic
wires is of great difficulty. Few experimental works were done in this area in comparison to the theoretical
ones. Huge diversity in the results reflecting the sensitivity to m2eS YSy 4 Qa4 a S  dzLJo
significant change in conduction in response to external factors can be of great iritetiestnext generation
electronics.

1.5 Potential perspective

In the recent years and after the efforts in the field of sp carbased systems from chemical and physical
synthesis techniques to characterization and understanding of the fundamental physicochemical properties
experience has been gained in dealing with these systems for optimizing their behavior towards possible
future gpplications in science and nanotechnology

The ability to tune the properties of the wire through changing the egrdups and the wire length is
appealing. It opens many technological possibilities and makes tharspn atomic chains a fertile fiefdr
prospective applications.

One good example is what $ireen proposed byranghao Het al. As demonstrated, a change in the chain
length or the endgroup can induce a shift in the sp Ranpeak. By using thisrinciple,they designeda whole
family of @arbon atomic wiregs shown irFig. 1.18, showing distinct Ramapeaks and used this behavian
super-multiplexedoptical imaging antbarcoding[31].

In the theoretical work oN. D. Lang and Ph. Avoutigy predicted conductance values for even number sp
carbon chains of around double the quanta of conductance. However, experimental results still fahisom t
value. Sgcarbon chains also present itself as a simple system for studying superconductivity at low
dimensionality as was proposed By H. Won@nd his group. Indeed, this is another example showing the
gap between the theoretical and experimental sikan this field.
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Fig. 1.18 Carbon rainbow, 20 different polyynic chains on top (a) with thetasbon Raman signal bellow [{31].

Another outstanding possibility for all dken nanoelectronics is the graphemére-graphene systemsAs
mentioned in the previous sectigit was found through computational methods supported by experimental
measurements that a process of charge transfer occurs between the nanoparticles andgbelwing SERS
measurements on diphenglapped polyyit chains which stabilize the wireand induce a transformation
from polyynic state to cumulenic state. Such behavior was not observed for hydoagged polyyit chains
for example, which indicates that the charge transfer and the polygminulenic transition is a peculiar
property of the sp2 end groug Some of those systems have been already synthesized and showed very
promising results. One example is what mentioirethe previous section and the possibility of strain induced
semiconductoimetal transition. Another way to induca semiconductommetal transition is also possible
using a parallel electric field as was mentioned ihe previous section. However, thiast result was
theoreticallypredicted,and experimental validation is still needed.

F-carbon atomic wires caalsobe the building blockfor novel materials and complex nanostructurés.

good example is theyperiids systems, graphyne (GY) and graphe{@DY,)whichare one of the appealing
future structures of that kindThose systems are w&ell-organized sp and sp2 carbon atoms ordered in
crystalline form instead of individual chains, an extended 2D crystal formed of sp2 carbon hexagons which ar
interconnected by sgrarbon chains with different length&lthough the theoretical investigation of these
systems started back in 1987 as a modified form of graphene, however, they gathered more attention in the
lastdecadedue to their prospective applicatis in the view of their predicted peculiar electronic structure
Indeed, the extended crystal models of these systameslike their father graphenesustaining the famous
Dirac cones Promisingly enoughprimary bottomup synthesis of such systems has iesiccessful. In
particular, the group of Haley has been extremely active in this area, synthesizificagoients and 2D
molecules of GDY of different dimensions and topologstasvnin Fig. 1.19[32].
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Fig. .19 Molecular fragments of graphyne (a) and graphdiyne (b, c, d) (left). Extended crystal models for graphyne (e) and graphdiyn
() (right)[2].

As was demonstrated in this chapter carbon atomic wifésld is rapidly developo with too many
opportunities for improvement and research.lot of outstanding properties were theoretically predicted for

the wires. Howevemuchexperimental work istill needed to close the gapetween theory and experiment
which make sp-carbon chais an exciing field for research ana very promising field for technological
applications.
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2 Electrical transport imrganicsemiconductorsand organic field effect

transistors
In amaterialcontaining mobile charges (conductor or semiconductor) when exposed to an electri®iefd (
external origin, an irreversible charge transport phenomenon (electric curben¢cus, which removes the
crystal from its thermodynamic equilibrium.From a macroscopicpoint of view (adopted by the
thermodynamics of irreversible processes) when the electrical field is small, we are within the linear response
regime In that case, thehenomenologicah K Y Q & law Fdldst ¢

A P

Where: is the chage current density vectofbold symbolsare vectors)Its flux through a surfacéis the
current, represents the amount of charge per unit time, flowing through the surface:

QY &

wheren is the unit vector pointing in the direction of the current.

When the electric field moves therystal from its thermodynamic equilibrium, a net flux of charges is
generated. This flux moves with a net velocity which is called the drift velbsityThis velocity is proportional
to the electric field, and the proportionality constant is called the drift mobiliy (

hm S
The drift mobility can be connected to the current density tighits relation with conductivity,():
. Q& ¢8

where'Qis the electron charge arglis the number of charge carrier.

2.1 Organicsemiconductor®lectricalcharacteristics

However, organic semiconductors are formed of molecules or macromolecules connected with weak van de
Waals forces, in therder of 10 kcal/mol. This weak force is comparable to the thermal energy at room
temperature, kT, where k is the Boltzmann constant and T is the temperature in Kelvin. Unlike the case ©
inorganic semiconductors, which have strong covalent bonds endatiice rigidity and periodicity, which is
negligibly affected by lattice vibrations (phonons), organics cannot be considered as a rigid body anymore an
the lattice vibrations lead to loss of periodicity. Giving this, we can represent the charge darttigssnedium

as delocalized electronic wavefunctions that tend to be localized by the presence of some degree of disordel
leading to a density of states heavily localized. Indeed, the conventional description of valence and conductiol
bands is exchangealith the HOMO and the LUMO description respectively.

In Fig. 2.1 a simple illustration of the formation of the organic semiconductor electronic atirecis shown.

The first panel (a) shows the structure of the potential well resulting from the nucleus Coulombic potential in
the hydrogen atom, where the electron occupies the lowest energy level 1s. The second panel (b) shows th
structure of the potental well of a polyatomic molecule. In this case, when the atoms come close, their core
levels remain localized on each atom while their outer most energy levels get merged to form a common
molecular orbital (MO) where the valence electrons get shared bywthele molecule. In this case, the
difference between the HOMO and the vacuum level (VL) is the gas phase ionization energy of the molecu
GKAES (GKS RAFTTFSNBYOS 08G658y GKS ['ah FyR (K& =]
casewhen the molecules come close forming a molecular solid. Unlike the case of the molecular formation
out of single atoms, the MOs of different molecules do not merge forming one obgitaluse the molecules

are connected via van der Waal week force®werer, the HOMO and the LUMO stay localized on their
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molecules with very narrow intermolecular bandwidths. The merge of the molecular potential wells, however,
occurs close to the vacuum level well above the LUMO I¢vlS YSNHBS 2 F (K See,lidzhisSy
case,is corresponding to the degree of overlap between the molecular orbitals which is proportional to the
intermolecular distances. In panels (d and e3chematicillustration of the HOMO and the LUMO of the
molecular solid together with thenization energy and the electron affinity. The ionization energy of the solid
is slightly lower tharhat of the isolated molecule and the electron affinity is slightly higher. This difference is
due to the multi-electronic electronic effects wherein # solid state, the electronic polarization of the
surrounding molecules stabilizes the ionized one.

(b)

LUMO

—VL

/

Core _]'LAJL
levels| TP N1
® Nucleus eeee Nuclei
Molecule
Y
d Molecular solid
( ) VL VL (e) VL
X
LUMO I LUMO
P E, Ep s
HOMO HOMO

Fig. 2.1 Schematidllustration of the formation of the energy levels in molecular solids where (a) represents the hydrogen atom, (b)
HOMO and LUMO of one molecule, (c) molecular solid, (d, ) simple illustration for the energy levels in the mole@8ar solid

Generally, organic semiconductors are intrinsic which means both electrons and holes contribute to the
electrical conduction. However, as in the case of the inorganic semiconductor, we can still classify the organ
semiconductors as-type and rtype semiconductors. This classification is not related to the material itself,
but it comes from an external origin. The organic semiconductor-tigo@ when most charge carriers
contributing to the current are holes, while it is a-type semionductor if most carriers are electrons. The
main factor which determingthe type of charge carriers inside the organic semiconductor is the energy
barrier that these charge carriers must overcome to enter or exit from the semiconductgrcharge
inNeOQt A2y ® ¢KAA OFNNASNI Aa LINBLRNIAz2YylFf G2 (GKS Sy
semiconductor. Considering the case of metallic electrodes, if the Fermi energy level of the metal is closer t
the HOMO of the semiconductor, then it is eagor the hole to get injected, therefore, most of the charge
carriers, in this case, will be holes and we havetgpp organic semiconductor. On the other hand, if the
Fermi level is closer to the LUMO than the HOMO, the case will be efyge @rganc semiconductar

A good example of the role of contacts in the definition of the organic semiconductor type is sh&ign in

2.2, where the energy lesis of a gold electrode and pentacene, a highly studied organic semiconductor are
represented. We can see that the gold Fermi level is deep in such a way that it is very close to the Pentacer
HOMO which facilitates the injection of holes in this case.diffierence between the Fermi level of the metal
contacts and the semiconductor does not only define the type of the charge carriers, but it is one of the main
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causes of the nomegligible contact resistance due to the injection barrier. However, thetiojebarrier is
affected by many factors besides the energy level alignment at the raetalconductor interface. The dipolar
interaction, for example, is of significant influence on modulating the injection bakissther example is the
traps at the inerfacebetween the contacts and the semiconductehich have different effects on the contact
resistance. If therapsact as intermediate states facilitating the electron or the hole transfer, they decrease
the contact resistance. However, if they are geeaps localized at the interface, they can trap the charges
from entering the semiconductor anah this case, they increase the contact resistance.

| Energy (eV)

L 2

— 3 ﬁ- LUMO
—4 E,=2-3eV
—5 Ep ———" HOMO
holes
— 6
Au(source) Pentacene

Fig. 2.2 Energy levels of a gold source and Pentacene as an example of an organic semiconductor showing the alignment of the Fer
level of the metal which facilitate hole injectif84].

2.2 Charge carriers in semiconductors (Polarons)

In1927Born and Oppenheimdormalized their approximation that the electrons in condensed matter follow
their atoms movement while the atoms adjust their positions based on the average position of the electrons.
Six years latecandayproceededforward sugjesting that a charge carrier added to an insulator, shall be self
trapped in a potential well which is created because of its presence. The carrier presence induced a shift i
the equilibrium positions of the adjacent atoms coping with the new situatind areating a trapping
potential well for the charge carrier as widkeFig. 2.3). This selrapped carrier movement is limited by the
movement of tke trapping atoms. Thus, it moves very slowly.

[ ] ([ ]
T e C o .

Fig. 2.3 Two examples of a polaron. The hashed area represents the charge@aioad while the dark circles represent the atoms
(on the left the atomi@quilibrium position modification is represented by the white circles while on the right it is represented by the
arrows). The two polarons represent two different polarization of the charge carrier cloud and the effect this polanizéit@atomic
equilibrium positions shift§35].
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2.2.1 Polaron formation and types

The term Polaron is often used to describe the charge carrier together with the dwmgich the carrier
altered their equilibrium positions. However, this term is rather used in a more general sense to describe the
charge carrier with the altered atomimotions in response to the carrier presengee twoprevious situations

led to classifyng the polarons into two main types, a weakupling polaron and a strorgpupling polaron.

The weakcoupling polaron condition describes a carrier which is nottssftiped while the strongpolaron
condition describes a setifapped carrier.

Theweakcoupling situation occwwhen the interaction between the carrier and the atomsvisakenough

to be overome with the characteristic phonon energy. However, the chtdi2zd LINS &Sy OS 4 A f
vibrational frequencies of the atoms and correspondingly the atoms will affect the carrier motion changing its
effective mass. Indeed, the weabupling polaron effective mass is slightly larger than that of the bare
eledroniccarrierhy G KS 20KSNJ K yRXZ GKS adGdNRy3 O2dzZ) Ay3 Lk
is larger than the characteristic phonon enerthen the carrier will see the potential well it created as nearly
staticandwe can call the carriess selitrapped. Inthiscasdl KS A G NRy 3 O2dzLd Ay 3 L2
extremely larger thaithat of the bare electronic carrier.

The binding energy of a weak coupling polaron is mainly due to the cardeced softeningCarrierinduced
softening is the decrease inhe carrieQ&y SNH& Ay NBalLlRyasS (2 GKS OF1l
frequencies of the atomdg:orthe strong coupling polararthe investigation of its selirapping when done

under the adiabatic limjishows that it is a ndmear phenomenon. The adiabatic approdakes into account

that the chargecarrier shifts the equilibrium positions of the atoms and alter the stiffness constants that
RSTAYS (KS I mickons) it thié latbidic2nyads€s are infinite while the defuation stiffness
constant remais finite. Thus, in the adiabatic limithe atomic vibrations are suppressethe nonlinearity
comes from the dependence of the s&ldpping potential on the wavefunction of the séthpped carrier

which is affected by the change in the sepping potential itself Indeed, the nature of the interaction
between the carrier andhe surrounding atoms determine the state of the dedfpped carrier.

The extension of the selfapped stategenerally dependg8 y G KS O NYordMNilieractdris. S wai NP
types of interaction are present in this case, lanagge electrorphonon ineraction and shortange electron
LIK2y 2y AYGSNIOGA2yd ¢KS&S AYyGSNIOGA2ya NS NBaLE
FNEIjdzZSYyOASa yR SlidzAf AONRdzY LRAaAAGAZ2Y A | Wihjustznd K S
longrange electrorphonon interaction the selfi NI LILJIS R OF NNA S NdssoliNh&d thedongh y |
range electrorphonon interactions are usually strong is of the order of few angstroms. In thiswasean

call this a large polaron. On theéher hand, the seltrapped carrier with only shontange electroqphonon
interactions results in an infinitesirttg small radius which in a real material will be confined to the smallest
possible unit, an atom or a chemical bond. In this ceepolaronis called a small polaron.

Ver(r)
Vir(®)

< 1/R3

o< 1/r

R |R

Fig. 2.4 Large and small polarons potential wells. (left) The large po@motential well resulting from the loaginge electrorphonon
interactions where the well depthliSNR2 L2 NI A2yt (2 (GKS Ay@SNES 2F (KS OF NNASNDa
from the shortrange electrollJK 2 y 2y AY i SNI OlAz2yada sKSNB G(GKS ¢Sttt RSLIK Aa LINI
[35].
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In Fig. 2.4 the large and small polarofpotential wells are represented with the relation between the
potential well depth and the charge carrier special extent raddenerallythe larger the radiughe shallower

the potential wel] however, the time which the charge carrier spsrah one site is an important factor
determining the potential well depth. The longer the time the carrier spend on one site, the deeper the well
gets and eventually a largmlaron can collapse to a small polaron which happens in the case where both long
and short electromphonon interactions are presenVe can think of the carrier and the surrounding medium

as an object moving ia sand sea, the longer this objediags at one place, the deeper it gets in the sand
which increases the difficulty of its motion. The shape and the size of this object play an important role in the
depth of its immersion in the sand sea. The same way the radius of the charge carrier and theatportari
state of this carrier play an important role in the shape and depth of the potential well this careigtes

This analogy makes it easier to understand the role of defects and disorder in confining the charge carrie
special extent. Defects ind¢hmaterial indeed can pin the charge carrier which gives the polaron enough time
to collapse to the smallest possible unit while disorders can cause severe confinement to the carrier
decreasing its radius. The effect of the type of electphiwnon interacion on the potential well shape and
depthis pronounced. From the schematic graph, we can see that therlomge electromphonon interaction
changes the shape of the potential well to more smooth borders while the shage electrorphonon
interaction N2 Rdz0OSa | @SNE adGSSLI LRAISYdAlLf gStfd ¢KS R
radius is also different depending on the type of interaction. For the-tange electrorphonon interaction

the potential well depth is proportional to thgidSNE S 2F G(GKS OKI NHS OIl-radyédh S NI
electronLlIK2y 2y AYGSNI OGAz2y GKS ¢Stf RSLIGK Aa LINELRNI
[35]. This difference in the relation according tcetkifference in the type of interaction is another form of
nonlinearity of the selrapping process.

¢KS fINBS LRfINRYQa f2y3 NI RAdzA | f f 2@herefok,it mives SE
with a coherence length which is longer thdmetcharacteristic site to site separation. Tamge effectivanass

of that polaron along with its long coherence length allow it to move while weakly scattered by phonons.
Indeed, the very large effective mass of the large polaron cathgepolaron to mee slowly but at the same
time makes it difficult for weaklispersionphonors to cause any significant scattering. Thus, this kind of
polarons ges scattered only by stronglispersionphonons and show/mobility which falls with increasing
temperature. Thanobility of this type of polarons is typically larger than 2fs. The long coherence length

of the large polaron satisfies the condition of the strong coupling polaron coherence motion. -8topiing
LRfINRYyQa Y2dA2y Aa O2KSNByYyd AT GKS OF NNASNJ (NI
changes ocauto the selftrapped energy in response to the classical movement of the atoms which itself
SylFrofSa GKS OF NNASNI iNF yaTS Ntode Codsdai@icohardne > (G KS  f

An energy condition must be satisfiédr the charge carrier in a small polaron to be confined to a single site.
The small polaron is only staplé the carrier transfer energy is much smaller nithe selttrapping energy

in such away thatthe classida? @SYSy i 2F G KS | {2 vi@@pingpatdhtalid naghgblg  (
to the confining potential. The condition for the small polagbatability opposes the condition for the
O2KSNByl adNey3a O2 wldiaxy i KLI2 falYNuEnisOritaRetehtiNaiaé the snall
polaron motion isin the form ofoccasionally phonociassisted hops with very low mobility typically much
lower than 1 crVs. In this type of polaronthe mobility increases with increasing temperature as the density

of the phonons increase.
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Fig. 2.5 The tree of polaron typea.is the site to site separation distan{@5]

Fig. 2.5 summaries what was demonstrated showing the three types of polarons with the condition of
formation of each type. Three types of polarons can be distinguished depending on the interactian of th
charge carrier with the surrounding medium. When the charge carrier modulates the vibrational frequencies
of the surrounding atoms without changing their equilibrium positions, we have the sweajling polaron.

This situation happens when the carrienpimteracts weakly with the atoms via longnge electrorphonon
interaction. When the interaction between the carrier and the atoms leads to a shift in the equilibrium position
of the atoms along with their vibrational frequencies, we have the stromgpling polaron. In this case, we

call the carrier as setfapped. According to the type of the electrgrhonon interaction the strongoupling
polaron can be classified into two types of polarons. For relatively strongréomgge electrorphonon
interactioy) = G KS OF NNASNDA &aLSOAlLt SEGSyd sAatt oS t2y13
polaron type is large polaron and its carrier is delocalized over several structural units. When thespert
electron-phonon interaction is rekaely strong, the charge carrier will collapse to the smallest possible
structural unit and the polaron type, in this case, is small polaron.
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2.2.2 Molecular Polarons

The molecular polaron is the polaron which its $edpped charge carrier is confined to agle molecule.
Thissituationhappers in molecular solids when the small molecular orbitals overlap between the molecules
results in narrow electronic energy bands which hinder the carriers intermolecular motion forcing its
confinement on a single molecule

Generally, three types of molecular orbitals can be envisioned according to the degree of the charge carrie
confinement within the single molecule. If the carrier is delocalized ovewti@e molecule then we have a
polaron equivalent to the previousldiscussed weak coupling polaron. A smaller polaron can be envisioned if
the charge carrier is confined to a subset of equivalent stradwmits such as a ring or a chain of atoms and

in this casethis polaron can be equivalent to the strong coupliagge polaron previously discussed. The
smallest molecular polaron that is formed is when the carrier collafusthe smallest structural possible unit
such as an atom or a chemical bond and this is equivalent to the strong coupling small polaron case.

A <aling analysis was proposed by Emin ef38] in order to identify the type of molecular polaroifhis
method is to find the adiabatic potenti@nergyminima for a charge carrier in a deformable molecule in a
medium with pdar molecules.

Oov ~ 5 ¢®
o 0 U
In equation ¢® , the adiabatic potential energy is represented as a function of a dimensionless scaling factor
defining the polaronic charge carrier extent. Three terms contribute to the total energy of the system. The
first term is the carrier kinetic energy ternthe second corresponds to the shoerange electrorphonon
interaction potential energy term and the third is corresponding to the ioagge electrorphonon
interaction potential energy ten andd is the dimensionality of the expansion of the charge carrigne
OF NNASNRa (AYySGAO SySNHE& GSNXY RNA@GSA GKS -ghoddNA S N
interactions terms induce carrier confinement. In this conteleé shortrange electroAphonon interaction
describes the interaction between tlwarrier and the motion of the atoms of the same molecule. On the other
hand, the longrange electrogphonon interaction describes the dependence of the carrier potential energy
on the movements of the polar molecules of the surrounding medium and itledcdde Frohlich electron

phonon interactiorn[36].

The solution for the previous equation is represented-ig. 2.6 as a function of the scaling factor L. As
expected, by varying the magnitude of the three terms we get three different solutions where the minimum
for each solution is different from the other. Each minimum in each solution is corresponding to one of the
envisioBR G(G&8LJSa 2F Y2t SOdz I NJ LI2f | NPy ad CphddodrderaBtions A 3 K
terms become negligible and we get a solution corresponding to free energy which is decreasing witt
increasing L. This solution is represented by thevea) where the minimum is indeed at the maximum
possible L @). When the longange electromphonon interaction is strong enough to balance the kinetic
energy term we get a solution with a minimum which is in between the two extreme sides, in theemiddl
between the delocalization over the whole molecule and the collapse to a single structural unit. This solution
corresponds to a polaron which its charge carrier is occupying a subset of equivalent structural units withir
the molecule and is representeceb G KS OdzNIBS 0060 ® 2 KSy GKS OF NNXR S|
electronphonon interactions terms dominate over the kinetic energy term in equatga . The solution, in

this case, is free energy which decreases with decreasing L. Thusiniheum is at the smallest possible L

kb 6KAOK A& O2NNBALRYRAY3I (2 I LRtFNRYyQa O NNR SN
solution is represented by the curve (c).
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Fig. 2.6 Solutiors for the polaronfree energy as a function of the scaling factor L with a schematic drawing of the three solutions on
top. The diagonal hatched big square represents the surrounding medium. The white circle represents the solution (@joof a pol
occupying all the molecule with its minimum energynmatThe square hatched area represents the solution (b) a polaron occupying a
subset of equivalergtructural units within the molecule with an energy minimum at an intermediate distance betwgand.the
smallest possible structural unit(LThe dot represents the solution (c) corresponding to a polaron which is collapsed to the smallest
possible structural unit as the energy minimum is located. §86]

As previouslylemonstrated, polaron formation is associated with carrier induced shifts of atomic vibrations
and equilibrium positions. This effectrizagnified in the case of molecular polaromsdeed, for molecular
polarons carrier inducedhift of molecular vibratios is relatively large as the extent of the carrier state is of
the size of the molecule. However, this effectriere pronouncedn intermediate size polaronsince their
carriers are the most polarizabibecausdhey are neither constrained by the molecule dimensions nor by the
OF NNASNDa O2fftlljasS (2 GKS avirftfSad dzyaid

2.2.3 Polaron transport
Weak coupling polarons transport can be treated as a band like transport where the carriers move freely anc
exhibit occasionalcattering events. The mobility, in this case, depends on the polaron effective mass and the
characteristic time between two successful scattering events according to this relation:
D
o= @

a

where e is the charge of the electron,ig the time letween two successful scattering events andisnthe
effective mass. The effective mass of the polaron increases with increasing the strength of thanigag
electronphonon interaction and the polaron mobility decreases. The scattering probabilityases with
increasing the temperature leading todecreasén the time between two successful scattering events which
decreases the mobility of the polarofihis type of transport is not believed to be of a major effect in organic
semiconductors conductio However, in some highly pure single crystals conduction measurements,
evidence of bandike transport was detected like in the caserabrene[37] and TIPSpentaceng[38]. This
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transport mecharsm is characterized with relatively high electron mobilities (more thaen®Vs) which are
inversely proportional with temperature.

Large polaron moves coherently as previously demonstratedfanthe condition of coherent movement to

be fulfilledtheRA &G yOS 06SisSSy G¢g2 aoOFGiGSNAy3 S@Syida Yd
we can set the carrier diameter in the case of large polaron as the minimum distance between two scattering
events and this would lead to very high mobility ietinass of the carrier was the mass of the free electron.

| 26 SOSNE aAyOS fFNBS LRtFINRYyQa STFFTFSOGAOBS Yl aa A:
this case, is much less. This large effective mass makes it difficult for low momentmongito cause any
significant scattering and the time between two successful scattering events, in this case, is greatly elongatec
This proportionality between the effective mass and the scattering characteristic time leads to mobility which
is independat of the effective mass to a good approximation. Indeed,-dimaensional large polaron mobility

can be approximated by the following relation:

‘ QO
Ty &

where gis the sound velocity in the material, L is the large polaron lengthllaedhe Boltzmann constant.
We can see that for high sound velocity materials the mobility increases. This proportionality is related to the
LIK2y2yaQ Y2YSyidl ghyelodtyatddtidphdnons movelwih-ldiv minienta and can only
weakly scatter charge carriers. However, in the case of the temperature dependence, the situation is more
complex tha the simple negative dependence in this equation. When temperature inesstige density of
phonons increases as well and that is what is shown in the previous relation. However, there are two othel
important effects for increasing temperature. By increasing temperature, the disorder incraadtwe large
polaron lengthdecreases On the contrary, with increasing temperature, the momenta of the phonons
decrease which makes it less able to cause significant scattering to the polarons. However, regardless of th
O02YLX SE RSLISYRSyO0S 2F (KS Y20 mbblity ene2alfy décrdasesISuk G c
increasing temperature.

Small polaron hpping is the most complex transport process out of the three polaron types. As previously

RSY2Yy&aGNI GSR avYrftt LREFINRBY Y20A2y Aa Aohthime&tSoBY i d
atom or chemicabond, it only can move if the atom moved. Thus, small polaron movement is induced by

phonons and their mobility increase with increasing temperature.

InFig. 2.7 aschematic illustration of the small polardwoppingprocesss shown. In the lower subpanels, the
molecular configurations and the effect of the charge carrier (circle dot) on it are repessdn the upper

addzo LJ y St a3z dréphingPdteNtidivél MaDsed by Bdlegular deformation in response to the carrier
presence is represented. The left panels represent the situation before the tunneling process while the right
panels represenit after the carrief tnneling. The arrows between the two panels represent the tunneling
process and the arrovisizes represent the probability of each process. As the temperature increases, the
degree of equivalence between the two sites increasbiwincrease the tunneling probability. This behavior

is represented by the three cases (a), (b) and (c) with increasing tunneling probability going from (a) to (c)
This representation, however, is not particularly accurate. fidygpingprocess, irffact, practically only occurs
when the two sites are almost equivalent as illustrated by the case (c). Thus, small polaron transport is mainl
governed by two factors; how often the atomic vibrations offer the chance fohtmpingprocess and how
probably the carrierwill take this chance and perform the hop. The density of hlopping opportunities
offered by the atoms increases with temperature while the hopping probability increases with increasing the
OF NNA SNIDa G NIF yaTSNI of thel Balgeafridrs to thkd SeRporuyitiesoffeed dy thé f A (
atoms to hop, two types of small polarons transfer regimes can be identified; adiabatic transfer and non
adiabatic transfer. In the adiabatic transfer regime, carriers envisioned to take Bepping opportunity
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which is offered by the atoms while in the nadiabatic transfer, carriers rarely take hopping opportunities
and thus show relatively lower mobilities.

Small-polaron transport

fol— L Ll Lo}

Lo

A 4

Fig. 2.7 A schematic illustradin of the small polarohoppingprocess. Atomic vibrations modify the getfpped carrier potential well
depth which allows the carrier to tunnel to the nearest equivalent site. The tunneling process probability depends ore¢hefdeg
equivalence betweaethe two sites. Processes (a), (b) and (c) represent three different cases with three different tunneling probabilities.

When the polarons density is high enough to fill most of the space, the hopping distances is just a few time
longer than the carrie® NJ RAA® Ly (GKAA OFa&asSs (GKS GNFyafFSNI A
phonons energies which the carriers interact with and the polaron transfer is adiabatic. In other words, the
transfer integral of the carrier is larger than the paas binding energy or the reorganization energy. On the
20KSNJ KFyRE ¢gKSy (GKS K2LILAyYy3 RAaGryOSa I NB YdzOK
usually smaller than the phonons energies which the carriers interact with and the trassferadiabatic.
In this case, the transfer integral of the carrier is lower than the polarons binding energy or the reorganization
energy. The transfer integral, the reorganization energy and the temperature affect the electronic transfer
rate accordingo the following equation:

T p R

Qe _ ||T"\§(2 S

where"Qis the Blank constant, is the reorganization energy ardis the transfer integral39]. Again, the
temperature dependence is more complex thahat is shown in equation¢® as the temperature affects
020K GKS LIRfFNRYyQa o0AYyRAYy3d SySNHe FyR (4KS (GNIXyars
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When it comes to organic semiconductors, there are different explanations for the conduction mechanisms
and up to now, there is nolear picture of a unified rule. Most of the times more than one mechanism are
involved which makes the interpretation very difficult. However, in this subsection, | have reviewed the basic
physics concerning charge carriers and transport in semicondugsorsrally and molecular semiconductors
particularly which can be applied to organic semiconductors as well. Paring in mind that in one organic
semiconductor charge carriers can take different forms of the previously demonstrated polarons. Depending
on different external parameters, carriers can go back and forth from one polaronic state to another which
exponentially increase the difficulty of describing a transport mechanism in one semiconductor material.

2.3 Organid-ield Effect Transistors

Field effect trasgistors are three terminal devices (source, drain and gate) which use a vertical voltage appliec
between the source and the gate to modulate th@rent flowingbetween the source and the drain. They are
known for their high signab-noise ratio and theilow energy consumptiorOrganic semiconductors entered

in the field of field effect transistors thanks to their practical advantages over inorganic semiconductors. These
advantages include large area lawost fabrication, flexibility, lightveight and theability of functionalization

in order to tune their properties. The first organic field effect transistor has been fabricated at the end of the
80s andsince thenprogress in this field has been rapidly growing. Organic field effect transistors avalpot
showing growing importance in modern technology but they represent a valuable tool for studying organic
semiconductors from the point of view of fundamental physical propertikes charge transport mechanisms

and structuralproperty relationship.

Aschematic drawing of a typical field effect transistor is preseRin2.8 where the main device components

are shown. The device at its simplest fooonsists of five main components; source and drain electrodes,
organic semiconductor active medium, a dielectric insulator layer and a gate. The current flows between the
source and drain electrodaipon applying a drain voltage while the source electrisdesually grounded. This
current is modulated upon applying a vertical voltage between the gate and the source which produces ar
electrical field between the source and the dielectric insulator. This electric field induces charge injection from
the sour@ and drain electrodes, hence forming the conduction channel at the semiconductor/dielectric
interface. By applying a gate voltage, the charge density in the conduction channel increases which leads 1
an increase in the souredrain current as well

ﬁ’ Transistor channel ’ﬁ
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Fig. 2.8 Schematic drawing of a typical organic field effect transistor
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2.3.1 Device architecture

Organic field effect transistopssess four different configurationsbasi? y A da O2YLR Yy Syl &
In Fig. 2.9 the four possible configurations of the organic field effect transistors are represented. In panel (a)
the top gate/top contact (TG/TC) configuration is shown. In this configuration, the semiconductor is first
deposited on a substrate then the source and drain electrodes are deposited on top of it followed by the
dielectric then the gate electrode. In panel (thle top gate/bottom contact (TG/BC) is shown. In this
configuration, the source and the drain electrodes are firstly deposited on a substrate then the semiconductor
followed by the dielectric insulator layer then the gate electrode. In panel (c) the imottate/top contact
(BG/TC) configuration is shown. In this configuration, the gate electrode is firstly deptsgedhe dielectric
insulator layer followed by the semiconductand finally the source and drain electrodes. In panel (d) the
bottom gate/bottom contact (BG/BC) configuration is shown. In this configuration, the gate electrode is firstly
deposited then the dielectric insulator layer followed by the source and drain electradéginally the
semiconductor material.
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Fig. 2.9 Four configurations of organic field effect transisti34].

The top gate configurations are generally more selective in terms of the choice of materials. Since the dielectri
insulator layern these configurations must be deposited on top of the semiconductor layer, some technical
considerations must be considered. The main issue in this scenario is the ability of the semiconductor tc
sustain whatever deposition technique which shall be usgdiépositing the dielectric layer. This selectivity

put constrains on the semiconductor and the dielectric choices. Another issue, which generally appears whe
choosing the top gate configuration, is that the off current of the device is generally highemparison to

the bottom gate configuration. This can be due to oxygen doping that can occur when some oxygen molecule
get accumulated between the dielectric and the semiconductor interface during the deposition process. An
important consideration wheapplying the gate electrode is to make sure that the gate covers all the distance
between the source and the drain electrodegherwise there will be a high resistance area which is not
affected by the gate and the total resistance of the device will increase.

When it comes to the choice of the source and drain contacts position generally the bottom contact
configuration is favorable il&NY & 2 F YI ydzF | Ol dzNAy 3 O2YLX SEAG&d | z
exhibit higher contact resistance. This behavior can be attributed to the disturbance which is caused by the
electrodes to the semiconductor material uniformity. When the semicantoluis deposited, the area of the
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interface between the contacts and the semiconductor exhibits a more disordered morphology which arises
from the contacts disturbance. This disordered area increases the traps density at the contacts/semiconducto
interfaces which increase the difficulty of charge injection from the contacts leading to a decrease in the device
performance in general.

An example of the effect of the bottom contacts on the semiconductor grain size is shéign 210, where

on the left panel (a) a schematic drawing of the molecules at the interface area and on the right panel (b) ¢
scanning electron microscope image of the contact/semicmbar interface area is shown. From the image,

the grain size of the pentacene in contact with the gold electrode is smaller than the grain size in the regior
away from the electrodeddowever this is true for some cases especially for high crystalliraismolecules

but in generala bottom gatébottom contact configuration can be more convenient for crystalline materials
as PH3 in which it would be complicated to make a good top interface.
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Fig. 2.10 contact/semiconductor interface between gold electrode and pentacene as a semiconductor showing effect on grain size. (¢
schematic drawing of the deposited molecule, (b) scanning electron micedstage of the interfac§40].

Regarding the relative position of the source and drain electrodes to the gate, the four configurations show
two possibilities. When the source and drain electrodes are on the same side of the gate with respect to the
semiconductor layer, we have what-salled the coplanar configuration. On the other hand, if the source and
drain electrodes were on the opposite side of the gate, then we have the staggered configuration. In the
staggered configuration, the chargesistcross thdow conductivitybulk area éthe semiconductor to reach

the semiconductor/dielectric interface which increases the charge injection difficulty of the ddwitee
coplanar configuration, the charges will not have to cross that high resistance semiconductbubthie
charge injetion area will be confined to the conduction channel depth since the charge injegtitns case,

is only lateral

2.3.2 Operation regimes

In organic field effect transistors, the organic semiconductor is generally of low conduethaty it is in its
intrinsic formand by applying the gate voltage charges start to accumulathee semiconductor/dielectric
interface leading to an increase in the current. This working mode is called the accumulation regime where
by applying the gate voltagee have the orhigh currentand,when no gate voltage is applied, we have the

off low current. In this mode, the gate and the drain voltagee of the same sign. Fortppe devices both

the gate and the drain voltages anegativeand the charge carriers are holes white n-type devices both

the gate and the drain voltages gpesitiveand the charge carriers are electrons.

Usually, two types of electrical characteristics are measured on a transistautpet curve Fig. 2.11a)and

the transfer curvefig. 2.11b). The output curve shows the resultswéasuring the drain current as a function

of the drain voltage while the gate voltage is constant for each sweep. However, the gate voltage is increase
in a stepwise starting from zero to the maximwalue,one stepper sweep. The transfer characteristigrve
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shows two sweeps between the drain current and the gate voltage where the first sweep is done at constant
low drain voltage while the second sweep is done at constant high drain voltage.

The drain voltage is responsible for the charge movement fioensburce to the drain; hence it is of a direct
effect on the charge distribution along the conduction channel. Based on the drain voltage there are two
distinct regimes the device operates at, the linear regime and the saturation regime.

When the drain vitage is low, the charge distribution in the conduction channel is nearly uniform, then the
device work as a resistor whose current is controlled by the gate voltage and in this case the drain current/gats
voltage relation is linear and it follows thisa&bn:

O ='0w w —w b
v S

where W and L are the channel width and length, respectigrtyG is the unit area capacitance of the gate
dielectric.

When the drain voltage further increases, the uniformity of charges in the coimtuchannel gradually
disappears and the Coulombic interaction between charges starts to affect the effective drain voltage value
at the drain electrode. At high drain voltage, the effective potential difference between the source and the
drain saturates fa pinchoff value equal to the difference between the gate voltage and the threshold
voltage. At this pincloff point, the arriving charges number is no more dependent on the applied drain
voltage, but instead, this number is now modulated by the galeage. Any further increase of the applied
drain voltage will only move this pingif point from the drain side towards the source side and will not affect
the current anymore. Thus, we can expect a square dependence of the drain current on the gaje aolla
indeed the drain current in the saturation regime follows this relation:
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Fig. 2.11 (a) example of transistor output curve wherg Vg, Vr, are the drain voltagegate voltage, threshold voltage respectively
and b is the drain current. (b) Typical transfer characteristic curve in the linear regime where the drain voltage is kept abastant
low value and g is the transconductand@4].

2.3.3 Field effect mobilitand parameters affecting device performance

The mobility of the charge carriers in the semiconductor is an intrinsic property of the material. However, the
mobility which is measured in the orgatffiield effect transistors is a macroscopic property of the device which
its upper limit is the intrinsic mobility of the organic semiconductodeed, there are several factors which
affect the mobility of the devicasthe contacts resistance, the densiytraps and defects in the material,
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the semiconductor grain size, the dependence of mobilty on the gate voltage the
dielectric/semiconductor interface effect on mobility. Howeverdpfimizing the factors affecting the device
performance, a fiel@ffectmobility as close as possible to the intrinsic organic semiconductor mobility can be
achieved. lisworth mentioning that the organic semiconductor doping process was not mentioned as a good
strategy for increasing device mobility. Indeed, dopiag increase the overall mobility of theevicebut it
usually increases the bulk conductivity which increases the off current of the device and decreases significant
its on/off current ratia Thelatter is a second important parameter when it comes tarisistors fieldfor
practical applications the on/off ratio must be more tharf)L0

The device mobility is, ifact, the collective mobility which is the resultant of all different mechanisms and
regions in the conduction channélhedifferent mobilities corresponding to different areas in the devjce
collectively contributeto the final device mobility in such a way that the minimum mobility out of all
dominates over the others acting as a bottleneck for the current. The collective mobility then fotlug/s
relation:

- — — E — p
representing different mobilities for different regions.
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Fig. 2.12 Typical mobility dependence on the gate voltage. The upper curve represents the intrinsic mobility of the organic
semiconductor while the lower curve represents the field effect mobility of the semiconductor in thg3igvice

In Fig. 2.12 the mobility dependence on the gate voltage is represented with two curves. The upper curve
representghe intrinsic mobility of the orgaic semiconductor while the lower curve represents the field effect
mobility of the semiconductor in the devicélhe intrinsic organic semiconductor mobility as was
demonstrated is always higher than the field effect mobility. However, both mobilities arslight decrease

with increasing the gate voltage to high values. This behavior is indeed expected for devices which are as clo
as possible to be ideal. At a high gate voltageigh number of charges accumulate in the conduction channel.
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This accumuaition induces a Coulombic interaction between the charges which increases charge scattering
and the overall mobility finally decreases. However, in many cases, the mobility increases with increasing th
gate voltage which is considered a rioieal behavior The increase in mobility with the gate voltage can be
attributed to two main reasons. The first possibility is that, with increasing the gate voltage, deeper traps are
gradually filled; thus, the incoming new charges see only shallower traps, so theywtbvhigher mobility.

The second possibility is that by increasing the gate voltage, the energy barrier between the contacts Fern
level and the semiconductor conduction level (HOMO itype devices and LUMO intype devices)
decreases. When the injeonh energy barrier decreases, the charges are efficiently injected into the
semiconductor and the overall mobility of the device increases as well.

InFig. 2.13a <hematic drawing of the effect of the gate voltage on the Fermi energy and theigapswn.

On the left (a) the state with a low gate voltaghere the Fermi energy is still nbighenough to fill the traps
which lead to a high barridor chargegdo overcome when hopping from site to site as indicated by the arrow.
On the right (b) the state when the gate voltage increaseghis case, Fermi energy is nearly at the edge of
the barier and the traps are nearly filled his situation facilitates the charg®sovement and increases their
overall mobility. This type of gate voltage dependence of mobility can be seen in the polycrystalline devices i
comparison with large crystals degf The polycrystalline devices usually show an enhancement of mobility
with increasing the gate voltage but with the same type of semiconductor material, this dependence
disappears for large crystals.

Apart from the mobility another parameter which is important in field effect transistors is the threshold
voltage. The threshold voltage is the voltage where the current starts to increase with the gate voltage. Ideally
for organic field effect transistorghe threshold voltag should be zero.
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Fig. 2.13 Schematic drawing of the effect of the gate voltage on the Fermi energy and the traps. On the left (a) the state with a low
gate voltage and on the right (b) the state when t&e voltage increases. The arrows indicate the direction of the charges (red circles)
hops[34].

2.3.4 Traps and hysteresis

Hysteresis cycle in the transistor measurements is the difference in the current between the forward sweep
and the backward sweep of the gate voltage. This difference can be attributed to the traps that are formed at
a high gate voltage. At high gate voltages, the charge density in the conduction channel is high and th
interactions between these charges increaghich in the presence of a trapping factor lead to charge
trapping. The hysteresis is represented by a shift in the threshold voltage which in the case of an ideal organ
semiconductor should be zero. However, there are two main fa¢ckhaiscan lead to the shift in the threshold
g2t ar3S tA1S GNI LA Ay GKS ASYAO2YyRdzOG2NJ 2NJ 02y il
resistance was described in the previous subsection and with the same arguments, the shift of the threshol
voltage can be explained. However, in the case of the hysteresis, the threshold voltage is different concernin
the forward and the backward sweep of the gate voltage. To understand the origin of this difference one
should analyze the dynamics of the nseeement process. When the gate voltagejiplied,and an electric
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field is generated between the source electrode and the dielectric surface. When the gate \intteepses

this electric field strength increases accordingly. This electric field mbees/stem from its equilibrium state
which forces the mobile charges in the material to move accordingly to regain the equilibrium state. The
number of charges accumulated on the dielectric surface is then proportional to the electric field stigngth.
increasing the gate voltage gradually during the forward sweepe mobile charges are accumulated on the
dielectric surface. The drain voltage, in this case, move these accumulated mobile charges and we measu
the drain current accordinglyif there are taps at the dielectric/semiconductor interface, those mobile
charges fill these traps and they are no longer mobile. Let us imagine that upon increasing the gate voltage
NVethenpb 2F OKFNHSa | OOdzYTHA & 6 SR By R (i & Sc@ 6f tfzpSisNdiviged St
AyliaYasadmAit S OK rthvpb8dchalrggd®y dgerbasing again the gate voltage with the same amount
NVe the same number of charggs bshould leave the interface for the sake of equilibrium. However, only
mobile chargedNn can move to leave the dielectrisemiconductor interface Thus,the decrease in the
current, in this case, will be proportional fob & whilebin the forward sweep the increase in the current
glra 2yfe LINBJLERNIAZ2YIE (2 nb

The traps which are responsible fothis phenomenon is mainly the traps present at the
dielectric/semiconductor interface. These traps can be intrinsic traps in the material itself or traps due to the
dielectric layer or traps resulting from the adhesion between the semiconductor andefexttic. The traps

are any reason which forces the carrier to collapse to a severely bound state. Examples of intrinsic traps the
can be present in the semiconductor material itself can be impurities of defects which bin the charge carriers
leading to tleir collapse, grain boundaries and disorder in the semiconductor which can confine the charge
carrier special extent leading again to its collapse. High surface roughness and poor adhesion between tt
semiconductor and the dielectric material can be reason¥ 2 NJ OKIF NHS OF NNA SNDa 02
dielectric constant materials are known to interact with the polarons in the semiconductor binning their
charge carriers. Sis a widely used dielectric material. However, it is known to bletkpa transport and

create traps for gype transport because of the dangling hydrogen atoms connected to the oxygen atoms on
its surfacd41].

2.3.5 Organic semiconductoesdsp-carbon in field effect transistors

Organic semiconductor materialsan be classified into two main categorigsolecular materials and
polymers. Small molecules usually show better degdpesformances than polymeric materials. However,
small molecules are generally less stable and mofficdlt to process than polymeric materials. In both
categories™ -conjugation is a key element in the material performance in field effect transisByrincreasing

the conjugation, the electronic overlap between molecules or macromolecules is bel@uatt¢ase leading

to an increase in the transfer integral. Besidmcreasing the conjugatignmolecular packing and
intermolecular distances are important factors influencing the transfer integral. Processability is an important
factor which has an indact effect on the device performance and reproducibildy.

Four possible molecular packing configurations are showfign 2.14. In panel (A) we cafind the
Herringbone packing (fage-SR3I SO ¢ Aavel@dufiich achieves the least -overlap between
molecules and hence expected to show the worst performaieatacene is known to take this packing
configuration.In panel (Bherringbone packing #v (i K-ovérlap between adjacent molecule shown. This
configuration is not perfeatoncerninghe = -overlag however, it is better than the previous configuration.
Rubrene is a good example that takes this configuratforother configuration is théamellar motif, 15 -~
stackingwhich is shown in panel (C). In this configuratitthe = -overlapis larger than the previous two
configurations and hexydubstituted naphthalenkene diimide is an example which takes this cijufration.
The pest configuration in terms of ~overlapis thelamellar motif, 25 -stackingshown in panel (D)TIPS
PENs known to take this configuration.
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Fig. 2.14 four possible molecular packingrdurations.(A) Herringbone packing (fate-edge) without -overlap. (B) herringbone
LI O A y Joverlapibétweer adjacent molecule. (C) lamellar mot, istacking (D) lamellar motif-8 -stacking [42]

Molecular aésign strategies most of the time aim to increase conjugation and improve packing. However, high
conjugated materials usually show stability problems due to their narrow band gap. Rigid molecular backbone
is ore of the strategies to increase the conjugation as it prevents the rotation of different units in the molecule
leading to loss of conjugation. Rigid molecular backbones are also important for crystallinity due to the
absence of free motion in the moleculd. dranback which accompanies the high crystallinity is the poor
solubility which leads to difficulties in processing. A usual way to overcome the solubility problem is to add
subunits to the side or the head of the backbone which act as a crystallinity hindesgtutiors with little
electronic effect on the conjugation for example. The substitutionsadseused to forcea different form of
packing aiming for better -overlapbetween moleculesAnother way of using substitutions is to make use

of the electonegativity of these substitutions where high electronegative substitutions aetnasectron
acceptor and decrease thlOMO and the.UMO energy while low electronegative substituticas as
electron donner and increase the HOMO and the LUMO energislef/éhe molecule.

Pentacene and rubrene are among the most established organic molecules in the field of organic electronics
Pentacene with a band gap of 1.8 eV indeed, has sttbe highest mobility which was recorded for organic
semiconductors of 40ne?/Vs [43]. Although the band gap and the molecular packing are important
parameters to be considered when designing organic molecules for electioidhe case of pentacene
shows that they are not always the leading factdfer examplghexacenewhich is more conjugated than
pentacene has a lower band gap of 1.4 eV, shows lower mobilitgrotind 4 eM44]. This situation is an
example of how difficult it is to put a general rule when it corttesrganic semiconductors. Indeed, research

in this area is still in its early stages and due to the complexity of parameters and its large number, finding :
general rule is a challenging issue.
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R=t-Bu,
= R=SiMe,t-Bu,
I R=Si(i-Pr)s,
R=Si(CgH13)s.

R

Fig. 2.15 pentacene with sggarbon chains as subunits with different terminati¢fs].

Spcarbon chains have never been investigated as semiconducting material in the field of field effect
transistor. Howeer, spcarbon units are usually used as subunits for processability improvement or to force
one form of molecular packing over the other but not as the main element in the moleknlexample of

using spcarbon chains as subunits to improve packing aadility is shown irfrig. 2.15. Indeed this strategy

led to changing from thélerringbone packing (fage-S R3S 0 ¢ AoveKap atmifiguration obtaind by
pentacene tdamellar motif, 25 -stackingconfiguration which an example of using substitutions to improve
the molecular packinf#5].

The molecules ifig. 2.16 are an example of sparbon chains in the field of organic field effect transistors. In
this work, it was shown that by introducing an electron donating group as in molecule 2 and 3 the transistor
showed currat modulation while for molecule 1 there were no working devices. The mobilities for molecules
1 and 2 were 0.3 and 3*10cn?/Vs respectively, which an example of using substitutions to modulate the
energy levels of the moleculg6]. It is worth mentioning that the all sparbon structures which were
investigated before, are usually short polyynic type chains and no cumulenic chains have ever been use
before.
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Fig. 2.16 molecules with spcarbon chains as the main compon ).
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3 Materials and methods

In this chapterthe investigated molecules in thigork will be presented along with the protocols | used in
preparing the sampleghe characteriation methods and proceduress well. The instruments used in the
investigation process will be shown too.

3.1 Investigated molecules

Four molecules have been investigated in this work Ph5, BRIZBDiphenylacetylene (DPAgnd 1,4
Diphenylbutadiyne (DPBPh5 and Ph3 arevo moleculessynthesizedy Tykwinskiet al. shown inFig. 3.1,
while DPA and DPB are commercial molecules.

3.1.1 Cunulenic molecules

ph3 phd

Fig. 3.1 Ph3 (left) and Ph5 (right) molecules. On,thye molecular structure is shown while in the bottom the XRD molecular structure
and the bond lengths in A are shoythe XRD data were provided by the manufactural)

Ph3 and Ph5 molecules are composed of a chain @ldpon atoms connected with double bds in a
cumulenic configuration and terminated with two%sparbon atomsone on each sideThe sp-carbon atoms

are connected to two phenyl groups each. The connectidheédwo phenyl groups on each side is the reason

for the cumulenic character in thehain. The chain in Ph3 is composed of four carbon atoms connected with
three double bonds while in Ph5 the chain is composed of six carbon atoms connected with five double bond
(seeFig. 3.1). The name was chosdrasedon the structure where the Ph represents the presence of the
phenyl groups terminatioswhile the numberthat followsrepresents the number of the double bonds in the
chain.

These molecas have been previously characterized in our laboratory in terms of their Rapgantia and
their crystal formation when dropasted on a surface. On the other hand, the XRD on the powder of the
molecules and the UVis spectrum in solution va beenprovided by the manufacturer.
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3.1.2 Polyynic molecules

©:©© \_/

Fig. 3.2 1,2-Diphenylacetylene (DP£n the leftjand 1,4 Diphenylbutadiyne (DPE)n the right) molecules

DPA and DPB are composed of a chagpafrbon atoms connected with an alternation of a single and triple
bonds terminated with two phenyl groupsne on each side. The chain of the DPA is composkediotarbon
atoms while the chain in DPB is composed of six carbon atoms connected iryaipaay (sed-ig. 3.2).
These moleculeare known to form colorless crystals and are used as building blocks in organic synthesis.
is worth mentioning that the similarity between the molecules makes a good base tmmaparativestudy.

3.2 Device fabrication and preparation

In this section, the device fabrication which | did in order to obtain my results will be explained. Bgtem
bottom-contact pregatterned substrates have been used for the transistor fabrications. These substrates are
commercially available from the Fraunhofer institute. The molecules have been deposited from solution using
drop casting and spin coating methods. In some experiméntstypes of seHassembled monolayersere
usedwhich lappliedon the Fraunhofer substrase

3.2.1 Substrate preparation

The Fraunhofer substrate is a premanufactured substrate designed especially for organic field effect
transistors measurements. There aigteen devices on the same substrate divided into four groups. Each
group is composed of four devices having the same distances between the source and drain electrodes
(channel lengths)2.5, 5, 10 and 28m. The contacts are made in an interdigitated wayere half the

devices in the same group are aligned vertically and half are aligned horizontally. The contacts pads are 0.5
0.5 mnt and the channel width for all the devices is 10 mm while the whole subsgats* 15 mn? (see

Fig. 3.3).
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Fig. 3.3 Fraunhofer substrate. The number between every four devices is the distaneebé¢he source and the drain electrodes.

All the devices have a common gate and possess the configubatitom gate/bottom contact (BG/BC). Each
device is composed of gold source and drain electrodes of thickness 30 nm deposited on top of an adhesic
layer of ITO of thickness 10 nm. The dielectric insulator is 230 nmad&g€d. Thecommon gatdsa Si wafer
n-doped with a dping concentration of 3*18 cm® (seeFig. 3.4).

Before depositing the molecules on the substrate specificcleaning protocolwas followed. First, the
substrate was rinsed with acetone then was emerged in acetone and left in an ultrasonic water bath for ten
minutes. This step is necessary for removing a protection polymeric thin film which is deposited on the
substrate by the manufaurer for protection reasons. After that, the substrate was rinsed with isopropanol
then was emerged in isopropanol and left in another ultrasonic water bath for 10 mintibessubstrate is
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then dried using a nitrogeflow to remove the isopropanollhisstep is necessary to remove any left acetone

on the substrateAfter that and just before the molecul@eposition, the substrate was cleaned with oxygen
plasma cleaning. The oxygen plasma cleaning is done by putting the substrate in a plasma geméchtor w
uses low pressure ionized oxygen to burn any left organic impurities on the substrate. After the cleaning
processthe substrate is immediately used for molecules deposition.

10 nm ITO 30 nm Au (Gold) 10 nm ITO

Dicing resist

Fig. 3.4 Fraunhofer subsate device architecture and components.
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In this work, two selassembled monolayers were usedyctadecyltrichlorosilane (OTS) and
pentafluorothiophenol (PFBTJhe OTS was used to passivate the OH groups csutifece of the SO2 which

are known to cause traps in the semiconducton the other handthe PFBT was used to modulate the work
function of the gold electrodes in order to decrease the injection barrier between the gold and the HOMO
level of molecular grstals

OTS is an alkyl chain terminated from one side with the functional group Bl termination is responsible

for the OTS attachment to the OH group on the surface of the silicon oxide. The Cl detaches from the chal
and the dangling bond in the silicon atom replaces the hydrogen in the OH group and attaches to oxygen. |
the preence of oxygen in the environment, a polymerization reaction takes place between the different OTS
molecules linking silicon atoms together with an oxygen atom in between to form a monolayer covering the
silicon oxide surface and removing hydrogen fromgbeace (sed-ig. 3.5).

OH group on the surface of the silicon oxide acts as a pinned trap for the moving chargegnic
semiconductorsThe dangtig protons of hydrogen interact with electrons moving in the conduction channel
and hinder their movement; in other words, blockype conduction in the transistor. If the moving charges
were holes, their interaction with the dangling proton would be lpssnounced; nevertheless, it will create
hysteresis when the gate voltage is swept forward and backward. Therefore, removing hydrogen from the
surface was essential for-tgpe measurements and for eliminating a possible trapping factor-ippp
measuremats. However, OTS selfsembledmonolayer SAM has another effect which is making the
surface hydrophobic. This effect must be optimized in such a way to allow for the molecules to be deposited
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Fig. 3.5 OTSSAMon silicon oxide functionalization process.

For applying the OTSAMon the substrate, a protocol was followed. A solution of OTS molecules and toluene
with an OTS concentration of 2@/ml was prepared inside the glove box where oxygen and weadeor
concentration were kept to the minimum. The substrate was emerged inside the solution and was left for two
hours. The reason that the process had to be inside the glove box is that the presence of water boosts thi
polymerization process too much ardthick film is formed on the substrate. The duration of the process
along with the concentration of the OTS in the solution determine the coverage percentage of the surface.
However, the perfect coverage, in this case, is not desirédraakes the subsate too hydrophobic for the
molecules to be deposited. Indeed, after several trials, these parameters were folrathe optimum for

this applicationAfter the two hours, the substrate was then taken out from the solution and rinsed in toluene
followed by hexanefollowed byisopropanol then dried out using a nitrogéow.

The PFBT molecule is a benzene ring with all the hydrogen atoms substituted with fluorine atoms except on
which is substituted with SH group. This SH group is responsible for the attachment to the gold surface afte
the hydrogen atom is released and theatdm attaches to the gold (seEig. 3.6). The extremely high
electronegativity of the fluorine atoms is the main reason for creating a dipole interawtith gold leading

to a change in its work function. However, as the work function of the metal decreases in response to the
PFBTSAM it becomes closer to the HOMO of the semiconductor than the LUMO. ThusSRAR®h gold
electrodes blocks-type condution and facilitate gype conduction.

For applying PFB$AMon the gold electrode, the following protocol was followed. After cleaning the
substrate as previously explained, the substrate was emerged in a solution composed of PFBT molecules a
isopropaml with aratoof 4>t Kk MH Y ® ¢KS &adzoadNIrdS ¢l a tSTFa Ay
with isopropanol and then dried out using a nitrogen flow. The substrate is then immediately were used for
0KS Y2tSOdzZ SaQ RSLRAAGAZ2Y D
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Fig. 3.6 PFBT molecule on the right and its-ssl§embled monolayer on the gold surface on the left where (a) is the top view while (b)
is the side vie47].

3.2.3 Drop casting

The main technique that was used in this work to deposit the molecules is drop casting. Drop casting is
simplesolution-baseddeposition technique. In this technique, a drop of the solution containing the molecules
is dropped on the substrate and left tiny. After the solution is all dried out the left molecules on the substrate
form the desired deposition.
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Fig. 3.7 Drop castingleposition process is representedadanction of time showing different pises of the evaporation where at the
depinning point the phase changes from uniform deposition to a disordered low thickness deptBjtion

This technique is characterized by a coffee stink pattern of deposition. At therntagjiof the deposition, the
molecules take their time to accumulate on the borders of the droplet and form thick more uniform
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deposition. As the droplet diameter ameightfurther decrease the evaporation process enters in a different
phase where fast eymration occurs and deposition of less uniformity and thickness results in the middle. In
Fig. 3.7 the deposition process is represented as a functidntime showing different phases of the
evaporation where at the depinning point the phase changes from uniform deposition to a disordered low
thickness deposition. Many factors affect this proced®e solvent, the molecules, the surface, the
temperature, the amount of solution which was dropped, these factors maie optimization of the
deposition process.

In this work,Dichloromethang(/ | i )/wéasiused as a solvent for the cumulenic moleculeshtanxéne was

used for the polyynic molecules. The molecules concentration in the solvents was the same for all molecule
of 4mg/ml. The solvent and the concentration were chosen after the work of Y. Pensotti. He worked on the
cumulenic molecules to optimizbeir deposition conditions and Raman characterizing tHé8]. A certain
amount of the solution was sucked byracrometerpipette and released on the substrate to evaporate. The
amount of the solution to be drop casted wasand 100>l per substrate. This amount was chosen after
different trials to determine the best amount. The major problem that was faced was the film uniformity
Snce the substrate contains sixteen different devictee loss of uniformity changes the filshape and
thickness from device to another. However, drop casting technique allows the crystals to form freely which
decreassthe defects in the crystals and prodwdarge crystalline domains.

3.2.4 Spin coating

Spin coating technique is similar to the dr@sting techniquebut in this technique, the substrate is fixed on

a rotating stage. Right after dropping the solution on the substrate the stage starts to spin to cause a
centrifugal force on the solvent which was just dropped. This centrifugal force teadst evaporation and

more uniform film. The film properties depend on the acceleration and the final speed of the rotating stage
(seeFig. 3.8). Thesolvent, the molecules, the surface tension, the temperature and the amount of solvent
dropped play a similar role like in the case of the drop casting technique.
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Fig. 3.8 Spn coating film formation stages on the I¢#t9] and a picture of the spin coater on the right

3.3 Characterizatiotechniques

During the work, Raman spectroscopy,-Ui¢ spectroscopy and electrical characterization for the moéscul
were doneand, in this sectionthe procedures which were followed to obtain the results along with the
protocols for data collection and analysis will be explained.
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3.3.1 Raman

The Raman spectrum of the four molecules was obtained insthletstate form. Tre molecules were
deposited on the Fraunhofer substrate and a silicon substraiieg thedrop casting deposition techniquend

were characterized usingvo micro Raman measuring instrumenfor each instrument one laser type was
used argon ion (Ar+) lagewith a wavelength of 514,5 nifgreen laserjor the first instrument(seeFig. 3.9)
andlaser diodewith a wavelength o¥85nm (red laserfor the second instrumentWith the green laser, two
intensities were used 1 mW and 0.1 mW. The red laser was used in two intensities as well, 1 mW and 10 mV
The laser was focused on the molecules using integrated optical microscope lensagnification 5X, 10X,

and 50X. With the red laser, two types of lenses were uked) focal length leresand short focal length
lenses

To obtain the spectrum, the instrument was calibrated with silicon and the peak was centered at 520 cm
After the calibration, the spectrum of the molecules was obtained in a dark room to reduce the noise.

RENISHAW ¢!
inVia Raman Microscops

Fig. 3.9 Micro Raman instrumenr{used for green laser)

3.3.2 UWVis

The U\-Vis spectrum of the molecules was oinied using two experimental setups, direct setup and an
integrating sphere setup. The direct setup as showfig 3.10 only collects the direct transmitted light
through the sample. The light coming from the monochromator is split into two beams, one passas
through the sample and the oth@as®sthrough a reference sample. The transmitted beam from the sample
is dekcted by a detector placed in front of the sample. Thus, only direct transmitted light is detected while
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scattered light is not. The integrating sphere setup as shovigir8.11 allows the collection of the scattered

light as well as the direct transmitted light. In this setup, the data can be collected in transmission mode or
reflection mode depending on the place of the sample in the sphtoeever, he reference sample spectrum
should be measured separately.
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D:lamp = = Halogen
(UV) weem smmm Jamp (vis-NIR) SAMPLE
ST
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Filter

~

Beam ‘ Is(A)
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¢ ~—r]
~ Detector
Monochromator REFERENCE

Fig. 3.10 Direct transmission setup.

Glass substrates were used for the transmission measurements and Fraunhofer substrates were used in tt
reflection measurements. The protocol that was used to obtain the spectrum was as followsa Biaseline
frequency sweep is done by the instrument where no sample is installed. After the baseline check, the sampl
is installed along with the reference sahapn the direct setup or alone in the integrating sphere setup. The
spectrum is collected for the sample and the reference sample and the data is deduced according to the
following formula:

. Y

Y ~ oP
where T, Tsand T are thefilm transmittance, sample transmittance and reference sample transmittance
respectively. The absorbance is deduced out of the transmittance according to the following relation:

6 ¢ 11T CY og

where A is the absorbance and T is the transmission in peagent
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Fig. 3.11 Integrating sphere setup.
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3.3.3 Electricatharacterization

The main work in this thesis wasdbaracterize the solidtate form of the investigated molecules electrically
This electrical charserization was done in two ways, resistivity measurements and transconductance
measurements. The solstate form of the molecules was obtained using the previously described deposition
techniques, drop casting and spin coating. The characterization wasawothe Faunhofe substratesn an

inert atmosphere insidea glove box with water and oxygen concentrations of aronti ¢ 0.5 ppm
respectively. The instrument which was used in the characterizatitimeig\gilent B1500A Semiconductor
Device Analyzerith a current resolution 00.1 fAconnected to dour-probeadjustable stage with an optical
microscope camera on togéeFig. 3.12).

Fig. 3.12 The fourprobe stage inside the glove box with the optical microscope camera.

The resistivity measurements of the molecules were done using two probes, one is the source and the othe
is the drain. An-V relaion was obtained by sweeping the voltage and measuring the current. In the resistivity
measurements the sweeping was fast (1.4 V per step) and the measurement starteeb@ofto 60 V and

the current was measured with each stephe transistor measuremés were done using three probes
source, drain and gate. Since the stage is metal and the substrate has a common bottom gate, an insulat
layer was put under the substrate to decrease the noise in the measuremeéhes.transfer transistor
characteristic arve was obtained by fixing the drain voltage and sweeping the gate voltage while measuring
the current coming in and out from the three probes. Ideally, the gate current should be negligible and the
current coming out from the source probe should be ekaetual to the current coming into the drain probe.
However, a nomegligible leakage gate current is often encountered, which on the other hand has to be lower
than the sourceto-drain current

Giving all probes are properly connected to their electmdeur gate voltages sweeps were done to obtain
the transfer characteristic curve. Forward and backward sweeps in the linear regime with a fixed low drair
voltage and forward and backward sweeps in the saturation regime with a fixed high drain voltageéomer

The sweeping was optimized to medium speed (0.75 V per.dtepp-type measurements the gate voltage

was swept between 10 V anrfl0 V wherein the linear regime the drain voltage was kept fixe8 &t and in

the saturation regime the drain voltage we80 V. For the output curvehe drain voltage was swept seven
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times from 0 to 60 V and the drain current was measured along the sweep. The gate voltage was kept consta
during each sweep and was increased by a value of 10 V from sweep to sweep starting from 0 V during tt
first sweep up to 60 in the seventh sweep.

For analyzing the data and extracting the parametdfe transfer characteristic curves were used even
though the same parameters can be deduced from the output cué8ATLAB code was written and used
for the main data analysis. The main parameter thaswatracted using the MATLAB code is the field effect
linear and saturatiormobilities The linear mobility waplotted against the gate voltage according ttee
following relation:

b 10

——— 0%
wow'tw

where L, W and;@re the channelength, channel width and dielectric capacitance respectively. While the
saturation mobility waplotted against the gate voltage according to the following relation:

68 T

The derivatives in both equations wecalculated numerically and theg/ IV curve was smoothed usirthe
SavitzkyGolaynumerical filter method.

The threshold voltageras deduced as the intercept of th€\ ¢ curve fit with \& axis for the linear regime and
the $Osf® curve fit with \& axis for the saturation regime.
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4 Results and discussion

In this chapter, the results obtained during the work will be presented and discussed. In the first part of the
chapter, the properties of the molecules will be shown, after that the electibalracterization of the
molecules will be presented which is the main aim of the work.

4.1 Moleculat structural, vibrationadnd electronic properties

In this section, the properties of Ph3 and Ph5 molecules will be preseftedstructural properties obtaga
through XRD data (provided Bykwinskgroup) and the optical microscope along with the scanning electron
microscope image analysis will be shown. The vibrational properties will be discussed through Raman analys
The electronic properties will be alyzed through the discussion of WAs spectra of the molecules.

4.1.1 XRay analysis

By analyzing the XRD data provided by Tiygwinskigroup of Ph3 and Phmolecular crystalssome minor
differences in packing were found. Although both molecule®padthe sane packing configuration
(Herringbone packingbut one important difference is that Ph3 crystal has two molecules percefiitvhile

Ph5 crystal has four molecules per unit cell. The difference between the molecules in one unit cell is in the
torsion angks of the phenyl groups which is slightly different from one phenyl group to another. These
differences in the torsion angles make both Ph3 and Ph5 molecules slightly asymmetric from one side of th
chain to the other. Another difference which can be netidgs thatthe chainin Ph3has a little bend whilén
Ph5the chain is perfectly strgtt.

Fig. 1.1 shows the unit cell for Ph3 and Ph5 with the distas between the molecules in the unit cghe

data obtained from XRD on powder of Ph3 and PW#& can see from the figure that the nearest neighbor
intermolecular distance in Ph3 is slightly longer than Ph5 (longer by 0.1 A). However, there aretls®me
differences in the torsion angles of the phenyl groups and the frustration in the bond angle ofth®ss

on the sides of the chaithe angles are different from 120) ¢ KS G2NARA2Yy |Fy3f Sa |
conjugation and in Ph3 the anglase 26.5, 36.5, 27.5 and 34.5 degrees for the four phenyl groups while in
Ph5 the angles are 33.9, 34.5, 32.3 and 24.5 degrees for the four phenyl groups. Generally, the differences
the angles in Ph5 is less than Ph3 which is expected since Ph5 isdonddms less steric hindrance. Moreover,

the frustration in the spangle in Ph5 is less than Ph3 which can be attributed to the same reason (Ph5 angles
are 120.5, 121.3 and Ph3 angles are 121.2, 122.6).
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Fig. 4.1 Ph3 (top) and Ph5 (bottom) molecules in one unit cell with intermolecular distances shown in angdiffenent colors
represent different symmetry)
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4.1.2 Molecular crystals morphology

Before performing any characterization on the molecules, it wseful to have an idea about the general
features of the deposited films. Drop casting and spin coating were used to obtain the films and by analyzin
the images obtained bhe optical microscope and SEM of these filmgeneral idea about the crystakition

of the molecules under different conditions was obtained.

Ph3 and Ph5 molecules are known to crysslin needlelike crystas. Using drop casting techniquthe

crystallizationof the molecules was slower which led tlee formation oflong crystés while with the spin

coating method the fast eymration of the solution induced smaller crystals wamallervoids inbetween.

This difference can be seen lyalyzing the imags of the deposited films. Nonetheleshe difference
between the morphology and the crystals sizes between the drop casted films and theospéu films is
extremely dvious

(o]

Mag= S00KX 10 pm
128 Mar 2018

Fig. 4.2 Ph3 (a and c) and Ph5 (b and d) images tdkethe optical microscope (top) and SEM (bottom) of the molecules deposited
using drop casting technique.

The top panels ofFig. 4.2 show the optical microscope images of drop casted Ph3 crystals and Ph5 crystals.
From these images, two pieces of informatioan be deduced. Firsthe uniformity of the film and the
percentage of the surface coverage, second, the average size of the crystals of Ph3 and Ph5. The uniformity
it is clear from the images is not present in both molecules while the surface cevisrag far very low. The
crystals of Ph3 are longer in general than the crystals of Ph5 and from the scale on the images, an estimatic
of the average crystal lengtbf Ph3 is of the order of hundreds of microns whalePh5 is of the order of a
tenth of microns.Howeverthe density of the film and the surface coverage are found to be a function of the
crystal average length and size, the longer the crystals, the less dense is the film. This relation extenc
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throughout the analysis of different deposititechniques as well. More detailed information can be deduced
from SEM images of Ph3 and Ph5 (bottom panels). From the SEM images, we can estimate the average len
of Ph3 crystals to be between 200 and 398 while the average length of Ph5 crystals banestimated to

be between 20 to 3&m (this is in the case of drop casting).

(a) Ph3- *

Fig. 4.3 Optical microscope images of sfmioated films for Ph3 (a) and Ph5 (b)

Fig. 4.3 shows the optical microscope image of Ph3 and Ph5 films obtained using the spin coating technique
For both molecules, the films are denser amith much smaller crystals than the case of the drop casting
technique. An estimation of the average crystal dimension in both cases would be some micrometers. Thi
difference in dimensionality between the two deposition techniques will be very pronouthcedghout the
analysis of the molecules.

4.1.3 Raman

Raman spectra of the molecules were obtained and compared with the previous work on the same molecule:
in order to beable to use their spectra as a fingerprint throughout the characterizatidoreover, tte
differences between the Ph3 and Ph5 Raman spectra gave an insight into the differences between the twi
moleculesindeed, in this subsectigthe Raman spectra of these molecules will be discussed identifying those
differences andealizing the sgarbonfingerprint peak for each molecule.
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Fig. 4.4 The Raman spectra of Ph3 (top left) and Ph5 (top right) with the comparison between their spectra in the region of sp carbo
peak (bottom left) and the $gcarbon peaks (bottom right)

In Fig. 4.4 the spectra of Ph&op left) and Ph5top right) is shownandthe peaks corresponding to the-sp
carbon can be identified in the region fromthe 18002500cm™. The peaks related to the sgarbon in the

Ph3 and Ph5 moleculeare isolatedbottom left)and by comparison, one can see the redshift of the Ph5 peak
(centered at1985 cml) with respect to the Ph3 peak (centered2@37 cm'). This redshift is an indication of

a lower BLA value of Ph5 than Ph3. Tkisndeedconsistent with thecalculated bandyap for the two
molecules3.21 eV for Ph3 and 2.72 eV for Rt calculation was done by A. Milarn the other hand,

the phenyl groups in the two molecules can be identifiethenRaman spectra as weih the region from
1550t0 1600 cm® . & O2YLI NAy3I GKS (g2 patonsSright)it B fodnd thatibeO i NJ
aromatic ring peak in Ph5 is split in two unlike the case in the peak of Ph3. This split is explainable by th
presence of twghenyl groups on each side of the molecwdsthe split in the peak indicates that the two
phenyl groups feel a slightly different environment. However, the absence of the split in Ph3 peak can be a
indication of the absence of a different environment with respect to the two phenyl groups.
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Fig. 4.5 Ph3 and Ph5 deposited on a silicon substrate locked inside a sealed chamber to perform Raman without exposing to air

Raman measurements were done to check the stability of the molecules concerningrdiférmtions. It

was used to check the stability with time and it was used before and after the electrical characterization to
check for the structural stability. Another investigation using Raman was to check if the molecules are affecte
by the atmosphee. The solution and the deposition of the molecules were done in the glove box with nitrogen
atmosphere then the molecules were transformed in a sealed chamber with a glass topigsekb) to
perform Raman without exposure to the atmosphere. However, the molecules showed stability concerning
time, electrical measurements and exposure to the atmosphere, at least from the Raman point of view.
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Fig. 4.6 Raman spectra of a Ph3 crystal in a vertical orientation and a horizontal orientation with respect to the Raman lasaiqrolariz
(top panel) with the isolation of the 3pormalized peaks (bottom left) and the sp peaks (bottom right)

From the XRD datand the crystal formatioyit was useful to understand whether the crystal growth is parallel
or perpendicular to the carbon chain in the molecules. To answer this queREmnan analysis with polarized
laser was done when the crystal is parallel and pedicular to the laser polarization. By comparing the two
spectra as shown iRig. 4.6 for Ph3 it was found the followingThe two spectra were normaéd with respect

to the phenyl group peak at 1590 since the phenyl rings should have no preferential orientagtton{ left
pane). The spcarbon chain peaks at 2037 2rafter normalizationwere different witha more intense peak
for the perpendicular iystal orientation(bottom right pane). However, the polarization of this normal mode
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is stronger along the chain axes; thus, we can conclude that the crystal growth direction is perpendicular tc
the chain axes.

4.1.4 UWVis

U\-Vis spectroscopy was done on Rii8l Ph5 inthe solid state for both deposition techniques, drop casting
(DC) and spin coating (SRhnethelessP\-Vis spectra of the two molecules in solution was provided by the
manufacturer and with comparison with themlid-state spectra, some inforntséon was deduced.
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Fig. 4.7 Absorptionspectra of Ph3 and Ph5 in solution (a) and when deposited using drop casting (b) with the fitting of theteip ca
spectra of Ph3 (c) and Ph5 (d).

Fig. 4.7 shows the spectra of the two molecules in solution and drop casted. The spectra in solution show the
typical two bands for cumulenic structures in both molecules. By analyzing the bandsext\emgelengths,

we can see that Ph3 bandbtue-shiftedwith respect to Ph5 band and the optical band gaps deduced from
the spectra are 2.7 and 2.3 eV for Ph3 and Ph5 respectively. On the other hasd)itketate form of the
molecules shows lower opat band gaps for both molecules. From we can see that the bands in the solid
state are less pronounced and wider than their counterpart in the solution. However, the bands at the longest
wavelengtls are redshifted with respect to their counterpart in thelstion state. This redshift can be
corresponding to a new band which is formed due to the interaction between the molecules and this band is
typically of a longer wavelength than the bands of the isolated mole&ideever,the optical band gaps in

the sdid state are 2.48 and 2.07 eV for Ph3 and Ph5 respectively.
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Fig. 4.8 Absorption spectra of Ph3 (left) and Ph5 (right) when deposited using drop castirspin coating.
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Fig. 4.8 shows the spectra of Ph3 and Ph5 in the solid state when deposited using drop casting and spin coatin
techniques. Previously it was shown tithiop casting leads to bigger crystals with lesgarmity while spin
coating leads to smaller more uniform crystals. The difference in uniformity is pronounced in the spectra of
the molecules as the spectra of the drop casted molecules are less detailed and the contrast between the
strong absorption aras and the weak absorption areas is less timthe case of spin coating. When the film

is less uniform and contains more voids, it allows for the light to pass through the voids without absorption
leadingto the saturation of the detectowhich may hidesome bandslndeed, the main absorption above 350

nm shows additional structured components, probably tluéhe solid-stateinteraction between molecules,
which is a common feature in organic semiconductors. In particular, the main absorption presehtions

is retained in the solid state, with the formation of a new absorption at higher wavelengths. This feature is
present both for Ph3 and Ph5
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Fig. 4.9 Reflection spectra oft3 and Ph5 taken on the Fraunhofer substrate.

Fig. 4.9 shows the reflection spectra of Ph3 and Ph5 drop casted on the Fraunhofer substrate. In order to
obtain the reflection spectra of the molecules out of the measured spectra this formula should be used:

Y Y O YY 19
where R, R, Rand T, are thefilm reflection, the collected reflection, the substrate reflection and thm
transmission respectively. However, since the substrate is opaque, the molecule transmission was no
obtained; thus, the plotted spectra are just the collected reflection minus Hubstrate reflection.
Nonetheless, the bands seem to be consistent with the absorption spectra as in the case of the Ph3 th

reflection decreases starting from 500 nm wavelength and in the case of Ph5 it starts at 600 nm which are thi
same values of thstarting of the absorption for Ph3 and Ph5 respectively.

4.2 Electrical transport characterization

In this sectionthe resistivity measurements of the Ph3, Ph5, DPA and DPB will be presented. However, befort
that, a full dimensional analysis of the crystaldl e presented which serve the resistivity measurements in
this section and the transistor measurements in the next section.
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4.2.1 Dimensiomlanalysis

For accurate interpretation of the data dimensional analysis was done on the molecular crystals deposited
on the measuement substrate (Faunhofer substrate). The different types of morphology, teagth and
thickness of the average crystaid the substrate coverage were analyzed. Statistical data were collected by
analyzing SEM images taken for the sulissavith the molecules deposited on them (uslntage »oftware).

It is worth mentioninghat the deposition methodvhich was used mainly for the electrical characterization

is drop casting. The choice of this method was based on the previously mentioaggia for the two
deposition methodsFor simplicitythe area of the electrodes with the molecules deposited on top will be
called the device.

(b) PhS

Fig. 4.10 Optical microscope images of Ph3 device (a) and Ph5 device (b).

The film morphologies of Ph3 and Ph5 molecules are very diffeitams, S OK Y2 f SOdz SQa ¥
will be analyzed separately artifferently. Nonethelessthe main features of each morphology can be
compared and linked to the electrical transport properties laterf-ign 4.10 a microscopic imagehich was
taken by the optical microscope of the electrical characterization instrument for Ph3 andeRitgsbefore
starting the measurements
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Fig. 4.11 SEM images of two Ph3 devices showing two different morphologies (a and c) with a magnification of the devices on the righ
(b and d).

Ph3 crystals show two main kindsmorphologies when deposited on the Fraunhofer substrate, that can be
identified inFig. 4.11 where the SEM images of two devices are shadmthe top panel, two images of the

first morphology type with different magnification are shown, whilethe bottom panels therés the other

type of morphology. The first type can be described by shorrendense crystals while the second type

can be described as longer less dense crysthére the average crystal length in the first type is around 30
>Y gKAETS Ay (GKS aBiSwyhReniignhgdhat thé higkperfommpante devicas of Bh

were all of the first type of morphology and the average device coverage in this morphology was calculated
to be of 30% coverage with deviations from 10 to 508 same values were found for Ph5 as well despite

the difference in morphologithe calculatbon were done through image analysis of the SEM images using
imageJ softwarg
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Fig. 4.12 SEM image of a Ph5 device with two different magnifications

The Ph5 crystal®n the other handshow more or less one kind of morphology which is showkign4.12.
From the optical microscope image, it appears that the Ph5 film is unifochdemse. However, by going to
higher magnification using the SEM turned out that the film is composed of short crystals arranged
randomlyforming alow-densityfiim® ¢ KS | dSNI 3S ONBadGlft fSy3adkK GKIFQ

(b) PhS

NEMAS
Vs e Whends nd Suraces

Fig. 4.13SEM images of Ph3 (a) and Ph5 (b) taken from the side view of the Fraunhofer substrate showing the thickness and the qual
of the crystal/substrate interface.

Fig. 4.13 shows the SEM images of Ph3 (a) and Ph5 (b) taken from the side view of the Fraunhofer substrat
showing the thickness and the quality of the crystal/substrate interface. The average film thickness which i
taken to be the median of défent areas of the substrate for Ph3 is around>1¥and for Ph5 is of the same
value. However, the crystal/substrate interface as shown in the image of Ph3 is not ideal and most of the
crystals are not in contact with the substrate while the situatiole$s severe in the case of PhiSis worth
mentioningthat these images are taken on the side of the substrate and the film morphology in the center
where the devices are is very different from the sidésis, the information taken from these images cain

be extended to the devices area in any case.

We can notice a pronounced difference in the morpholbgiweenthis section and the previous section. This
difference is due to many factors like the type of the substrate, the atmospheric temperaturdféits is
noticeable due to the low boiling point of the solvent) and 8peed of the air around the substrate in the
time of deposition. Another important issue to be pointed out that different areas on the same substrate can
have different morphologies ral this is due to the previously demonstrated drawback of drop casting
technique.
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Fig. 4.14DPB (a) and DPA (b) devices microscope images.

In Fig. 4.16 the microscope images of DPB (a) and DPA (b) devices are shown. The crystals are colorless
the differences in morphology can still be noticed

4.2.2 Electricatonductivitymeasurement®f the depositectrystals

In this subsectionthe IV measurements on the depositedystalsfor the four molecules will be presented
along with thederivatives of the currents. The derivative of the current dlf@gresentsthe differential
conductivity of the depositedrystals It is worth mentioninghat all the derivatives in this subsection were
calculated numerically by Origin software and no filters were applied.
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Fig. 4.151-V curves of Ph3 (top leftPh5 (top right), DPA (bottom left) and DPB (bottom right).

In Fig. 4.15the FV curves of Ph3, Ph5, DPA and DPB molecules are sRb@rand Ph5 show a moderate
increase of the current at high voltages, while DPA and DPB shows a negligible current, essentially due
background noise. Therefore, Ph3 and Ph5 show a low comatimt of free charges and probably upon
application of a strong bias the energy levels bending allows charge injection from the contacts and therefore
a certain intrinsic conductivity
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Fig. 4.16 Deferential conductivity as a function of the applied voltage of Ph3, Ph5, DPA and DPB calculated from the-@renioes |
(DPA and DPB same scale, Ph3 and Ph5 different scale each)

InFig. 4.16the dl/dVcurvesof the four molecules are shown where DPA and DPB are on the same scale while
Ph3and Ph5 each is on a differestale due tahe high difference inconduction. The differeres between

Ph5, DPA and DPBre logical and justifiable in the frame of their molecular structure. Ph5 is the most
conjugated with the least band gap and is expected to show higher conduction which is the case. DPB com
in the second placas it is moreconjugated than DPA but since it is polyynic tyihe conjugation is not as
pronounced as the case in cumulenic type molecules. Indeed, looking at its conductionn@ioan identify

the increag of conductivity with the voltage typical for semiconductors. Going to DPA and aé digri’e was

in the noise regimgits conduction curve is indeed a flat noise with no useful informatitmwever the high
conductivity of Ph3 is consistent with thatrsistor measurements which will be presented in the next section.

4.3 Field effect transistoreith Ph3 and Ph5

Considering that Ph3 and Ph5 show only a low conductivity at high bias, we then fabricated field effec
transistors using these molecules as théwwcmedium Nonetheless, DPA and DPB molecules were tested in
field effect transistors as well but no current modulation was recorded using these molecules although severa
trials were done. On the other hand, Ph3 and Ph5 successfully showed currentatimdin their devices

and the transistor behavior of these molecules will be discusiad worth mentioninghat the results which

will be shown in this section are representative results aiming to demonstrate the concept. Howeawsr,
devices were faricated and tested and the observations which will be mentioned in this section are realized
in most of the devices of the same ca#iays, no artifacts can infiltrate through the results and affect the
conclusion.

4.3.1 Transistor behavior realization

For trarsistor measurementghe devices were fabricated using drop castimghe Faunhofer substrate. The
Faunhofer substrate has sixteen devices which offered the ability to have statistical data for each device
fabrication
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Fig. 4.17 characteristic transfer curves of two Ph3 devices of different channel length. The devices belong to the same substrate an
they were fabricated in the glove box then exposed tth@n measured in the glove box. The arrows show the direction of thenturr
sweepconsideringhat the linear regime (Vd$) is always measured before the saturation regime (8@ The two curves have the

same scale.

Fig. 4.17 showstwo transfer curves for Ph3 with two different channel lengths. A clear gate modulation is
present, despite a strong hysteresis in the reverse sweep. However, the charge modulation starts from zert
gate voltage and the hysteresis in the saturatregime become less pronounced with respect to the linear
regime, as well as by going to shorter channel lengths. It is worth to point out that these devices were preparec
in the glove box; then the sample was transferred in air to another glove balxd@lectrical measurements.
Indeed, in the first trials, only one or two devices were working out of the sixteen which profoundly challenged
the repeatability of the results. After several trials to find out the reason for the diversity in the results, it
turned out that the device should be freshly prepared and even the solution used in thecdsbipg should

be freshly prepared in order to have reproducible working devices
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Fig. 4.18 The characteristic transfer curves of two Ph5 devices of different channel length. The devices belong to the same substra
and they were fabricated in the glove box then exposedrtthan measured in the glove box. The two curves have the same scale

In Fig. 4.18two transfer curves of Ph5 is shown with different channel leegithese curves were obtained
by the same procedure as the previous curvesin the case of Ph3he hysteresiscycle is pronounced for
both channel lengths. However, the difference in thesteresidbetween the linear regime and the saturation
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regime is negligible with respect to the same case in Ph3. Anothegrvationis tha the maximum current

for Ph5 is way less thats counterpartin Ph3. Moreover, the difference in the maximum current between 2.5
>Y YR mn >Y OKIyySt fSy3aiKa Ay tKo A& 2F (GKS 2N
maximumcurrend S 6SSy Hdp >Y YR p >Y Ay tKp A& 2F (KS
associated to the average crystal dimensions and the film morphology of Ph3 and Ph5. Indeed, the averac
ONBaldlIf tSy3adK Ay tKo Aa IlchaBneherRythwith a redSonatieaidoint and
over that the film morphology in Ph3 ensures that these crystals will cross the gap between the electrodes
hy GKS 20KSNJ KFyRX F2NJ tKp (GKS I @SNr3IS Ada mm >
morphology does not ensure that every crystal which is longer than the channel length will cross the gap, a
any angle which the crystal will take will increase the gap length. This difference in the average crystal size ar
film morphology between Ph3 arféh5 will put limits to channel lengths for both molecules. This being said,
other phenomena could also play a role here, such as for instance an intrinsic worse charge transport of ph
or a more severe instability during the measurements

4.3.2 Comparison betwen devices prepared with PFBT and OT&ssémbled monolayers (SAMSs)
After several trials, the device fabrication process was optimized. Fresh solution is used to prepare new device
which are immediately measured and no air exposure was allowed. Cadngidhe very pronounced
hysteresis occurring during the measurements and the lacktgp@ operation, an OTS SAM was employed

in the device fabrication. As previously demonstrated, OTS helps in eliminating the traps resulting from the
SO2 dielectric thatould be associated with these two issues. However, the hysteresis persisted and even with
OTS, there was notgpe conductance. Another issue that we observed in the electric characteristics is the
presence of pronounced contact resistance. Contact t&st® may have different origins, as we discussed
above a possible issue is related to the energetic matching between the semiconductor energy levels and th
metal work functiontherefore,we employed here a PFBT satisembled monolayer
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Fig. 4.19 Thecharacteristic transfer curvemparison between devices with PFBT and devices witlofGPFS of different channel
lengths. The devicewith the sameSAMbelong to the same substrat&he two curves have the same scale.

Fig. 4.19 shows the comparison between the transfer curves obtainech VTS and PFBT Ph3for two
different channel lengthsThe First observation which can be noticed is that for OTS forward curves the

current modulation onset occurs at 0 V for linear regimes in both channel lengths but for the saturation regime
itonlydi F NIia FNRY T SNR Ay GKS Hop >Y OKIFyySt fSy3aik
the other hand, for PFBT, this behavior is less pronounced. This behavior can be explained in the framewo
of the effect of the measurement process the formation of traps and the threshold voltage shift due to the
presence of contact resistance. At first, the device is measured in the linear regime and upon moving to the
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saturation regime, the device is then already affected by the first measurempertess, inducing the
formation of traps and the threshold voltage is then shifted forward. In the 2.5 channel length; however, this
behavior is absent and here it comes the role of the contact resistance. The contact resistance tends to shi
forward thethreshold voltage of the linear regime than the saturation regime since the higher lateral field
employed in saturation enables a better charge injection. The contact resistance, however, is dominant a
short channel lengths rather than for long channeidths. Putting these two effects together we can justify

the observed behavioMoreover, the lesseverityof this behavior ilPFBTase is a sign on a decrease in the
contact resistance in this casehe gcond observation is that the off current in the case of OTS is always lower
than in the case of PFBT. On the other hand, ththerurrent of the linear regime in the case of OTS is always
less than in the case of PFBT while in the saturation regira®itly lower for 2.5 Ychannel length and not

10> Ychannel length. This observation is another clue on the decrease of the contact resistance in the cas
of PFBTBince the contact resistance is only not a limiting factor in the saturation regime ofth@mgpel lengths
which is where the two currents (OTS and PFBT) are the same.
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Fig. 4.20 The output curves for two Ph3 dexécone with PFBT and one with OTS where the gate voltage is etvatdsthe arrows
and the circles are to identify important features of the curves. The two devices hav&ditannel length. The two curves have

different scales.

Fig. 4.20 shows the outpt curves for Ph3 with PFBT and OF@&. OTS, the increase in current is not linear
with the gate voltage at low py therefore, the injection is not ohmic. Thisshape (the cireld area) is
completely absent in the case of PFBT. Indeed, in the case of PFBT, an ohmic injection is present. Normally
current should increase linearly with gate voltage but since in the second sweep the current is already affecte
by the first sweepneasurement, due to the hysteresis, then the increase in the current with gate voltage loses
its linearity. Here, however, only the forward sweep is shown for simplicity. It is also worth pointing out that
the drop-casting method employed in the device fadation does not lead to uniformity and reproducibility

of the crystal distribution on the substrgt¢herefore, a quantitative comparison between devices is not
always possible
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Fig. 4.21 Thecharacteristic transfer curvesomparison between devices with PFBT and devices witlof@Fs of different channel
lengths. The devicewith the sameSAMbelong to the same substrat&he two curves have tlsame scale.

Fig. 4.21 shows thecharacteristic curves for Ph5 comparing PFBT and OTS for different channel lengths. Thi
first observation is that the coents h these curves are two ordsof magnitude lower than their counterpart

for Ph3. Herehowever, the behavior is different with respect to whatstgeen observed with Ph3 curves. In

the case of OTS with 10 Ychannel lengththe linear regime currenis in the noise limit of the instrument
andno reliable information can be deduced from this part. However, the off and on currents in both channel
lengths are always lower in the case of OTS than MBiEtheless, in the case of PFBT, there is an obviou
degradation during the first sweep in the linear regime, affecting consequently the forward curve of the
saturation regime. Indeed, the turon of the device appeasshifted towards negative voltage values
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Fig. 4.22 The output curves for two Ph5 devices one with PFBT and one with OTS. The two devices>hagkahiel length. The
two curves have different scales.

Fig. 4.22 shows the output curves of Plér both PFBT and OTS. In the case of ®&3Jevice is completely

in the linear regime and this is a resultroény factors combined like the effect of the previous measurement
process, the contact resistance and the high density of traps. In the case gttiRFBdidence of the contact
resistance is absent indeed but the increase in the current with gate vakag# nonlinear. The drops in the
current in the middle of the curve are manually done by turnifigtiee light and turning it back on which
shows the effect of light on the currer smilar effect was found in the case of Ph3 as well and no further
investigation was done in this are&urrents are in general lower here, again as a consequence of the

degradation occurring during the measurement.
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4.3.3 Aging

Transistors were found to stop working when it was remeasured after a couple of weeds devices kich

were prepared and never measured until a week after did not work. Aftecludingthat both Ph3 and Ph5
devices lose their functionality with time regardless of the measuring process, the following investigation was
done.
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Fig. 4.23 The characteristic transfer curves of a Ph3 and a Ph5 devices which were measured after preparation and then three da)
later.

Fig. 4.23 shows the characteristitransfer curve of a Ph3 and a Ph5 devices which were measured after
preparation and then three days later. The curves show a general decrease in the currenthféhi3 and
Ph5.For Ph3 in the saturation reginmthere was no noticeable effect on the mobility while in the linear regime
the mobility decreased by three orders of magnitude. On the otierd,for Ph5 the mobility for both the
saturation and the linearegimes decreased with one order of magnitude measuring the device after three
days.However, Raman measurements were done on the device when it was working and after the loss o
functionality and no trace of chemical change was obsentddastfrom the Ramanpoint of view. Another
evidence of the absence of chemical degradation is thatmolecules on the devices which are not working
when redissolved and redeposited on fresh devices worked as good as bé&toeedecrease of performance
with time, inthis casecan be attributed to the environment (water and oxygen}tzet the working devices
were found to stop working when measured in the air which manifests the effect of water and oxygen on the
device performance

4.3.4 Hysteresis analysis
The difference in the current between the forward and the backward sweep is proportional tauthberof
trapped charges due to the measurement process. These charges as was demonstrated intaltagter
trapped due to traps which are formed at high gatoltage. Thus, by running a hysteresis analysis for the
linear regime and the saturation regime one could get information about the energy categories which these
traps belong. The hysteresis analysis normally done by reporting the shift in the thresiitaige between
the forward and the backward swespf the current.However this method does not consider the differea
in slope between the forward sweep current and the backward sweep current. Thus, in order to get the
percentage of the trapped chargégtween the forward and the backward swedlpintegrated the forward
and the backward current® get the total moving charges for both according to the following relation:
Qu . -
k 54 0 Do 18
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Then | took the ratio of the total moving chargeglie forward sweep to the backward sweep. The integration
was done numerically using Origin software and no filter was applied.
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Fig. 4.24 The ratio between the total charges in the forward sweep and the backward sweep of the current in the linear and the
saturation regime for Ph3 shown for different channel lengths and when using OTS, PFBT and exposing to air.

The graphs irFig. 4.24 show the ratio between the integral of the current of the forward sweep to the
backward sweep for the linear regime (left) and the saturation regime (righ¢)d€vices shown in this graph

are the highest mobility devices for every channel length for OTS, PFBT and the ones which are exposed to
before the measurement. In the linear reginike Air devices show the highest hysteresis for every channel
length(the data shown in the graphs are for the highest mobility devices however the observations which will
be listed are true for all the other devices which are not shown as well). On the other hand, the OTS device
show the least hysteresis in the linear imeg. For the saturation regimehe Air devices show the least
hysteresiswvhile there is no pattern noticed for OTS and PFBT in this case. We can divide the traps which cau:s
the hysteresis into shallow traps and deep traps based on whether the trapsraned in the linear regime

or the saturation regime. Adapting this classificatione possible justification that exposing to air increases

the shallow traps while decreases the deep traps. The traps we are talking about in this case are most like
suface traps which are accessible only at high gate voltaggsnterpretation is that exposing to air leads to
oxygen accumulation on the far surface of the semiconductor which acts as a far surface traps (surface trar
can be classified into faaurfaceand nearsurface traps with respect to the dielectric layer). This kind of traps
isindeed accessible at high gate voltages. By applying a gate voltagertheenergy of the semiconductor
starts to bend at the interface with the dielectric. At high gatdtages this modulation in theFermi energy
reaches the other side of the semiconductor and gets affected by the far surface tiapgever, the
measuring process seems to provoke oxygen diffusion into the semiconductor which in this case becomes
dopant instead of a trap. This interpretation is supported by analyzing the transfer curve for the Air devices.
Looking at the transfer curves kig. 4.17 one can notice how the backward current in the 25 does not

go back to the off current value but it goes back instead to a much higher value which is a sign of oxyge
doping (doping increases the off current). This effect is not present i ¥&urves nonetheless the
hysteresis iseverelydecreagd in the saturation regime. Indeethis behavior is expected since by increasing
the channel length the doping percentage decreases and the doping process becomes less effective. For tl
OTS it seemthat it reduces some shallow traps which are owene by increasing the drain currerhat
explains why the OTS effect on the hysteresis disappears in the saturation regime.
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Fig. 4.25 The ratio betweentte total charges in the forward sweep and the backward sweep of the current in the linear and the
saturation regime for Ph5 shown for different channel lengths and when using OTS, PFBT and exposing to air.

Fig. 4.25 shows the same comparison for Ph5 and since for long channel legtBanorphology does not
ensure closing the gap as was previously demonstrated, only data for the devices of 2.5 arichannel
lengths are reliable in terms of information deduction. However, there is no obvious pattern in the hysteresis
process as it was the case in Ph3. This absence of the order in the data may be attributed to the low numbe
of variables to be comparedifty 2.5 and 5 Ychannel lengths).
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Fig. 4.26 Comparison between hystere§ispresented by The ratio between the total charges in the forward sweep and the backward
sweep of the current on the vertical axispaturation and linear regimes for different channel lengths in different conditions

Fig. 4.26 showsthe comparison between the linear and saturation regimes hysteresis for each of OTS, PFB’
and Air devices. In all the data the linear regime hysteresis is always higireithth saturation regime
hysterics and this is expected indeed since in the linear regime deep and shallow traps play a role while in th
saturation regime only deep traps are involvétius by analyzing the difference between the linear hysteresis
and the saturation hysteresis one can get an idea about the ratio of the deep traps to the shallow traps in the
material. We can notice that generally going from OTS to PFBT to Air the difference in hysteresis between th
linear and the saturation regimes incies The low difference between the linear and the saturation
hysteresis noticed in the case of OTS can be understood in the framework of what was previously noticed the
OTS helps in decreasing the shallow traps. However, for Ph5 the difference in sigsbetsveen linear and
saturation regimes is the least although the general hysteresis for both is relatively high. This situation
suggests that most of the traps in Ph5 are deep traps and with OTS removing some shallow traps the hystere:
remains high oly due to the deep traps which behave the same in linear and saturation regimes.
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It is worth mentioninghat in this argument | used a different definition for deep and shallow traps than their
normal definitions. The traps are localized states in the bayap of the semiconductor. When these states
are in the middle of the band gathey arecalled deep traps while if these states were close to the HOMO or
the LUMO they are called shallow traps. In my descriptiaaed the term deep traps for the tragsat cannot

be overcome by the high drain voltage in the saturation regime while the shallow traps those which affect the
current at low drain voltage in the linear regime and their effect disappears in the saturation regime.

4.3.5 Mobility analysis

As was demorigated in chapter two the field effect mobility shows a dependence on the gate voltage.
Analyzing this dependence reveafaluable information about the semiconductor and the device. In this
subsectionthe mobility dependence on the gate voltage will bealyzed and then the maximum mobility in
the curve will be adapted as the device mobility. Unlike the case of the dependence of mobility on the gate
voltage, the mobility should not depend on the channel length. Howevenast casesthis is not true and
analyzing the behavior of mobility with respect to different channel lesgtbain can reveal valuable
information about the nature of conduction processésother parameter that ideally the mobility should
not depend on is the drain voltaga other words the saturation and the lineamobility should be equal.
However again this does not happemmostcases and by monitoring ttdifferencesmore understanding of

the nature of conduction in the material can be achieMeé@ds worth mentioning thatthe crystal formation on
each device was differentherefore, a quantitative comparison between devices is not fully possible
Nonetheless, the following observations are noticed in most of the devices of the same conditions.
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Fig. 4.27 Ph3 mobility as a function of gate voltage for the linear and the saturation regimes with PFBT (left) and OTS (right).

Fig. 4.27 shows the linear and saturation mobility relation with the gate voltage for Ph3 with PFBT and OTS
By looking at the two curvesve can immediately realize thate¢hone for PFBT is the closest to ideality. For
PFBT the difference between the linear and the saturation mobility is not pronounced and the mobility in both
regimes slightly decreasedy increasing the gate voltage which nsrmal behavior as was previoysl
demonstrated. However, the linear mobility is still slightiywer, and its maximum is & low gate voltage-6

V in this case) while the saturation mobility is almost flat nonetheless its maximum is close to the middle of
the curve {27 V in this casePn the other hand, in the case of QT linear mobility is nearly constant with

the gate voltage while the saturation mobility increases with the gate voltage.bEhavior can be justified

in the framework of the contact resistance. For the lineatiity, the increase in the gate voltage has a little
effect on the charge injection and by increasing the charge density in the conduction channel traps are create
and the mobility decreases which is the case in PFBT. On thehathé)in the case of ©Sthis little decrease
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in mobility with increasing the gate voltage is compensated by a little impnewntin the charge injection
giving rise to almost constant mobility with respect to the gate voltadeving to the saturation regime, by
increasing te gate voltage, the barrier for the charge injection is decreased leading to an increase in the
overall mobility of the device. However, the contact resistarinethis caseis not a limiting factor for the
mobility, since the same mobility is reachexden thoughit was at high gate voltag€or PFBT the absence of

this behavior is evidence on threducedcontact resistance which indeed was the aim of applying the PFBT
SAMat the first place.
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Fig. 4.28 Ph5 mobility as a function of gate voltage for the linear and the saturation regimes with PFBT (left) and OTS (right).

Fig. 4.28 shows the mobity relation with the gate voltage for Ph5 with PFBT and OTS. We can notice that the
overall noise in the curves is higher than the case with Ph3 and that is because the currents here are arour
one order of magnitude less than in Ph3 case and with low curremdfise increases (notice with Ph3 curves

the channel length was 18 Ywhile here it is 2.5 um). Regardless of the npis& can notice that the linear
regime mobilities in both cases sh@awaximum at low gate voltage and slightly decrease after thatth@en

other hand,the saturation regime mobility in the case of PFBT increases with increasing gate wditkgie

the case of OTS its maximum is at V§8=V although it can be approximated as constant with the gate voltage.

In Ph5 generallywe can sayhat the contact resistance does not play a role in the conduction process and
this can be understood in the framework of the alignment between the work function of the electrodes and
the HOMO in Ph5. This is consistent with tfigéerencein energy gap b&een Ph3 and Ph5 where without
external factors Ph3 can be expected to show higher contact resistance thamBé&éd,by applying PFBT

one can think that the energy difference between the levels of the electrodes and Ph3 decreased and so th
contact resistance. However, in the case of Ph5 since it had low contact resistance already, applying the PFE
did not improve muchat this point. Nonethelessthe devices with PFBT for Ph5 showed much better
performancethan without PFBTOnN the light of this anasts we can assume that the increase of the mobility
with the gate voltage in PFBT case in the saturation regime is of different origin than the contact resistance
One can thik of deep traps which are filled with increasing the gate voltage as was dératatsin chapter

two. On the othehand,the absence of this behavior in the case of OTS is simply because the current is muct
lower in the case of OTS than PFBT and theretismaugh current to manifest the effect of the gate voltage

on mobility. In other words the behavior was hidden by the low curregmid upon measurementhe device
degradestherefore,the mobility extraction vill not be precise
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Fig. 4.29 Maximum mobilities achieved for Ph3 WwiPFBT and OTS for each channel length.

Fig. 4.29 showsa diagram of the maximum mobilities obtained for Ph3 in different conditions (PFBT and OTS
for different channel lengths). The maximum mobility out of them is 3*&6¥/Vs which is obtained in the
saturation regime using OTS at30rchannel length. However, all the saturation mobilities for OTS and PFBT
are in the same range of valueslthough the saturation mobility is always higtiean the linear mobilityn

both OTS and PFBT cases but the difference in the case of OTS is much higher than that of PFBT. Indeed,
linear mobility in the case of OTS is around two orders of magniastethan the saturation mobility while in

the case of PFBT it is of the same order of magnitude. This behavior again can be justified in the framework:
the contact resistance which is only a limiting factor at the linear regime.
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Fig. 4.30 Maximum mobilities achieved for Ph5 with PFBT and OTS for each channel length.

Fig. 4.30 shows the maximum mobiliteerecorded for Ph5 in different conditions. The maximum mobility out
of them is 3.3*16 cm?/V's which is obtained in the saturation regime using PFBT at X¢hannel length. As

in the case of Ph3 the saturation mobilities are always higher than the Imehilities. However, in this case

the differences are relatively small. Nonethelgssthe case of PFBihe differences are smaller than in the
case of OTShis behavior can be understood thinking of deep traps which are dominating the transport and
the low contact resistance effect. The low contact resistance effect sneaks into the results through the little
difference between PFBT and OTS in terntb@flifference between the saturation and linear mobilities

Finally, it is important to notice that these mobility values were obtained under the assumption that each
device is fully covered and all the area between the electrodes contribute to the current. However, the average
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coverage ohdevice as was calculatds 30% with variations from 10% to 50% which means that the mobility
values must be corrected on the bases of these vallieas, an approximate corrected maximum value of
mobility for Ph3 is 1*18cm?/Vs instead of 3*18cm?/Vs and the maximum mobiiitfor Ph5 is 1.1*10cm?/Vs
instead of 3.3*16 cm?/Vs. The calculated average device coverage was done by image analysis assuming the
the covered area fully contributes to the current whisla wrong assumptiorHowever, this assumption was

not relaxeddue to the difficulty of calculating the real area contributing to the conduction process (in
transistors the conduction occurs at the dielectric interface which requires a full contact between the
semiconductor and the dielectric otherwise there will @ conduction).

4.3.6 Conclusios and discussion

The frst conclusion ighat field effect transistor with spcarbon atomic chainbased molecules of the
cumulenic type was measured, which is the first report of this kind, to the best of our knowIStigéng

from the realization of the field effect in both Ph3 and Ph5 molecules which are cumulenic type molecules anc
the absence of the effect in DPA and DPB molecules whichmolyynic typeone can conclude thain this
casethe cumulenic structure is neked for the field effect to be realized. In chapter ghbave reported the

work ofA. Milani et alshowing that polyynic moleculegth phenyl groups showdecrease in their BLA when
interacting with silver nanoparticles as a charge transfer processro®n the other hand, in the wodone

on the polyynic moleculeseeFig. 2.16), it was demonstrated that electron don groupsare needed for the

field effect to be realized in the investigated polyynic molecules. Putting things together one can realize that
the electron dowrs mighthavecauseda decrease in the BLA and induced emationthis can be a possible
explanation although it still to be demonstrated

Another conclusion of the work is that PH8vicesshow higher mobility than Phéevicesin the framework

of the experimental configuration adapted. From the first sight, thsult seems counterintuitive if only the
energy gaps for the two molecules were considered. However, since FETs conmgasmglenic type of
molecules have never been measured, further measurements are needed to investigate the charge transpor
mechansms of these molecules and establish intrinsic strucpnaperty relationships. We can speculate
hereafew possible interpretations to describe the differences in the field effect transistors measured in this
work for Ph3 and PhBowever, it is worth metioning that the measured mobilities are the devéa®obilities

not the intrinsic mobilities of the molecular crystals used in the devices.

Starting from the XRD data, it seems that no big difference between Ph3 and Ph5 although Ph5 has a slig
advantag in steric hindrance and intermolecular distances. Thus, if Ph3 has an advantage in conduction it i
most likely will be not because of the transfer integral. Moving to the film morphology and crystals dimensions
for both moleculesPh3 has an advantage ferms of the average crystalline domain size, on the other hand
the difference in the film wettability of the surface cannot be identified for both molecules with the given
data.

Moreover, it is important to recall the transport properties which weresetved through the results. As was
demonstrated Ph3 and Ph5 both have traps which significantly affect their transport behavior. These traps
were classified into deep traps and shallow traps, each of which shows two different behaviors. On the othel
hand,it was shown that both Ph3 and Ph5 have contact resistances but Ph3 has higher contact resistance the
Ph5. It seems from these observations that the deeper traps in Ph5 are responsible for its lower charge
mobility.

The traps can be from an intrinsic drigas was demonstrated in chapter two or it can be due to the defects
and impurities in the crystal itself, at the grain boundaries or at the interface with the dielectric. The crystal
dimension and hence the lack of interconnection between source anch @@ild be one of the reasons
behind the difference in current and hence in charge mobility between Ph3 and Ph5. It is well established fo
organic semiconductors that beside structural properties of the material, the interconnectivity between
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crystallitesplays a crucial role in the charge transport. Nonetheless, we can have an idea about the charge
selftrapping in the molecules by looking at the effect of the charge on the vibrational frequencies of the
molecules as was demonstrated in chapter two. Indighe effect of an excess charge added to the isolated
molecule on its Raman spectrum was calculated by A. Milani. Although no experimental validation was don
but insightful information can still be deduced
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Fig. 4.31 DFT calculated Raman spectra for Ph3 isolated molecaleentral state, positively charged state and negatively charges
state. (the calculatioewere done by A. Milani)

Fig.4.31shows the Raman spectra of Ph3 calculated for the neutral, positively charged and negatively charge
isolatedmolecule. By looking at the spect@ne can immediately see that the charge is locatedthe sp-

carbon region since all the peaks are blueshifted except theaon peak in the region 1600 to 1700tm
which is redshifted (carrier induced softening effect). Moreover, the excess charge caused a split i the s
peak whichmight be a sig thatthe charge is more oriented towards one phenyl group than the other.
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Fig. 4.32 DFT calculated Raman spectra fobolated molecule in a neutral state, positively charged state and negativelgeshar
state. (the calculatioewere done by A. Milani)

In Fig. 4.32 the same calculations for Ph5 is shown and again it is clear that the charge is i thgisp.
However, the charge this time shows a different effect on thgsiak. As was previously showhat in neutral

Ph5 molecule the Sppeak was already split indicating a different environment for both phenyl groups.
However, the peak intensisweredifferent for the two spt peaks and here the presence of an excess charge
equalized thé intensities. This effect can be thought off as that the charge equalized the orientation of the
phenyl groups with respect to the Raman laser so that they show the same Raman intensity.

On the bases of these calculatiofghich is not experimentally verified yef)can assumé¢hat the excess
charge on each molecule is locatedtbe phenyl groups. By comparing the two graphs (of Ph3 andIRiab)
suggest thathe charge carrier is more confined on Ph5 than Ph3 molecule which is because of the highel
Raman shift Wwich is caused by the charge at Ph3 than Ph5 (this was explained in chapter two in the subsectiol
YOoY2f SOdzE I NJ LI2f I NBYyaQQo & forkhi deeperaraps ib Rhb than P13 ywhich was K (i
reflected on their mobilitiesf the mobility of Ph3 was really higher than that of Ph&d to confirm more
investigations are needed.

The previouobservationis a simpleway to describea complex transport process in Ph3 and Ph5 and most
likely that it is more than one factor combined to give a collective behavior that was observed in the results.
However, this simple model provides a good picture of what is happening in the materialooyet
provides a better rule of thumb to predict the performance of new material in the field of field effect
transistors. The first thoughts when designing a new molecule for electronics is to increase the conjugation o
the molecule. However, thinkingf the behavior of the charged molecule instead of the neutral molecule can
give more accurate predictions of the electronic properties. In thissss Raman calculations are of great
benefit in this area and the previous calculations is an excellent gbesfior that. Information about the charge
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carrier presence in the molecule and the effect of this charge carrier on the molecular vibrations and even the
atomic equilibrium position shitcan be deduced from the Raman spectrum.
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5 Conclusion antuture work

The main objective of this work was to obtain information about the charge transport of the four investigated
moleculesin their crystalline formand conclude a comparative study which aganeille the difference in
electrical transport properes in response to the little change in the molecular structure. Indeed, electrical
conductivity measurements were done on the four molecules and th¥ircurrents were obtained. The
cumulenic molecules showed higher current in general than the polyynleaules which emphasizes the
effect of the BLA on the conduction of the molecular crystdtswever, for the polyynic type molecu)ele
longer chain molecule showed higher currents than the shorter one which shows that for polyynic type
molecular crystks the conduction increases with increasing the chain lenGth.the otherhand, for the
cumulenic type moleculeshe Ph3 (which is the shorter molecule) showed higher currents than tAB5 (
longer moleculg However, we cannot conclude that the lengthtloé chain in this casewas the reason for

this difference in the conduction since both molecules showed different morphologies when deposited.

I A0SL) FA2NIHKSNJ gl & GF1Sy o0& dzaAay3d GKS .WRetplydet S a
molecules failed to show any current modulation after several attempts were done. On the other hand, field
effect transistors were successfully fabricated and characterized using the cumulenic type moleogles.
purchased Fraunhofer substrate was used f@& theasurements which is a substrate specifically designed for
organic field effect transistors characterization. The substrate has gold electrodes analsSiQlielectric
insulator layerSelfassemblednonolayers were used with the devices in order tgiove the performance

and decrease the extrinsic effects on them. GESlon SiQ surfacewas used to eliminate the surface traps

and to allow the rype current measurements of the molecules as;&®nown to create surface traps and
block ntype condution. PFBTSAMwas used on the electrodes gold surface in order to decrease the contact
resistance. The tw&AM where used on different devices and their results were compared. By comparing
different devices with different conditionthese properties ofhe molecular crystals were found. Ph3 showed
maximum field effect mobility of 1*18cm?/Vs while Ph3 showed a maximum field effect mobility of 1.1*10

4 cm?/Vs. Ph3 was found to have some contact resistance and by using tRERDBntact resistance was
successfully reduced. Both molecules showed a hysteresis cycle in their devices and the application of O
aSSYSR (2 atA3akKafe AYLNRYGS (GKS KeadSNBara 2yte
affected by the measurement process butgtiihenomenon was more pronounced in PiBe deeper traps

in Ph5 than Ph3 seemed to be responsible for the difference in mobility between the two materials.

Furthermore, Raman spectroscopy was used to check the stability of the molecules with time, aéngosph
exposure and after and before the measurement process. All four molecules showed stability in all conditions
Another use of Raman (with polarized light) was to identify the alignment of the molecules with respect to the
crystatgrowth directionwhichwas found to be perpendicular (only Ph3 was investigated). MoreaiMéVis
absorption and reflection spectra of Ph3 and Ph5 were obtaiRé& showed an absorption starts from 600

nm wavelength while Ph3 absorption starts from 500 nm wavelength showimghar optical band gap for

Ph3 than PhS-However, these values are for solid state films obtained using drop casting which is redshifted
with respect to the spectra obtained in solution forAnother observation was that the start of absorption of
Ph5 gets redshifted with changing the deposition technique from spin coating to drop casting while Ph3
absorption did not show any shiftinally, the deposited films wesmnalyzed usingn optical mcroscope and
scanning electron microscope image analysis where average crystal dimensions were obtained for Ph3 ar
Ph5 molecular crystal#t is worth mentioning that it was realized that visible light increases the conductivity
of both Ph3 and Ph5 cnads but no further investigations were done in this area.
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To take this work a step furtheone could investigate the effect of light which was reported in this work.
Another important parameter to be investigated is the mobility dependenc¢hertemperature where the
activation energy can be calculateBurthermore,theoretical simulations for Ph3 and Ph5 could be an
insightful tool for understanding their charge transport mechanisms in order to have a complete picture. As |
previously mentioned this w& can be considered a milestone and introducing moreaibon chaindased
molecules and structures to the field of field effect transistors is indeed a very promising@optbe other

hand, synthesis of new molecules, keeping in mind the electrardovébrational properties of the molecule,
when an excess charge is added or removed of the molecule can speed up the understanding of the overe
behavior of organic semiconductors. Finally, theoretical calculations can be a crucial forecasting tisol in th
area
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