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ABSTRACT

Carbon isa truly versatileelement Essential to lifeit candisplay a large variety of properties,
according to the hybridationof its orbitals

Among the many sectors carbbased materials have found applicationsone in particular
has experiencedsaidden development: organic electronfdser all, living beings constituted
by carbon in a large amourtitave foundseveral ways tdranspet electrical signalsThey
exploit charge transport mechanisms differntn those exploitedn standard electronics,
which is based on inorganic semiconductors.

Organic semiconductor®SCs)offer some remarkablieatures such as easy processability,
flexibility, a wide selection of moleculebjodegradabilityand biocompatibility For instance
devices like organic light emitting diodes prove the paatif OSCs in electronics.

A particularly promising, category of OSCs is that bighly conjugatedsp-hybridised
molecules, i.e.cumulenes and polyynealthoughtheoretical stdieshave been conducted on
them, there is still much to learn, starting froamarge transport mechanisnms molecular
assembliego technological applicationsvhichhave been hindered by the notorious reactivity
of sp-carbon chaindHowever,organic field effect transisto(©FETs)based orsp-molecules,
TetraphenyB]Jcumulene(henceforth namefB]Ph) have beerabricatedrecently, paving the
way for further investigation of these systemsiiganic electronics

In this thesis work,thin films of a similar but longer and more conjugatedolecule,

Tetraphenyb]cumulene ([5]Ph), have been optinged to act as active layer in OFETs
Moreover, photo and thermal stability of bg8}Ph and[5]Ph have beennvestigated, as the
properties of such materials thin films are still largely unknownand siitable operative
conditions should be assessed, in ordeligoover their true potential.

As a matter of faccombiring the knowledgacquired orj3]Ph, taken as a referencand the
results of the stability tests, it was possible to fabri¢aleh transistas with a fied effect
mobility up to 103 cm?Vs and a nearly ideal behavigusroving that[5]Ph films are well
applicable inorganic electronics.

Key-words: sp-carbonatom wire cumulenesgarbyne organic electronics, ofet, stability






SOMMARIO

Il carbonio & urelemento assai versatile. Essenziale alla vita, puo esibire una grande varieta di
proprieta,in base afibridazione desuoi orbitali.

Fra i numerosi settori in cui i rexiali di carbonio hanno trovato applicazgruno in
particolare haompiutouna crescita improvvisaddlettronica organica. @ltronde, gli esseri
viventi, costititi in larga parte da carbamihanno trovato diersi modi petrasmettere segnali
elettrici, sfruttando meccanismi di trasporto di carica diversi da quelli utilizebélettronica
tradizionale,basata sui semonduttori inorganicil semiconduttori organici (OSCoffrono
alcune notevoli quakt, come ad esempio la facilita nel processarli, la flessibilita, una vasta
gamma dmolecole fra cui sceglierda biodegradabilit@ la biocompatibilitdA riprova di cio,

i LED organici hanno ithostrato la validita dematerali a basedi carbonionell@lettronica
organica.Una categoria diOSC particolarrante promettete € quella dellenolexmle a
ibridazionesp, molto coniugatecome cumuleni polyyne Nonostante isno statcondotti studi
teoricisu questi matéali, c@ ancoratanto da apprendere, a partiag sheccanismi di trasporto

di carica, per arrivare a& applicamni tecnologiche che sono stateostacolate dalla nota
reattivita delle catene di carborsp. Tuttavia, di recente, sono stati fabbricati dei transistor
organici a effetto di cempo (OFET), contenenti una delle sopraccitate molecole,
TetraphenyB]Jcumulengddora in poi chiamato [3]Ph), come materiale attearendo la strada
afuturi studi su questi materigber IGelettronica organica

In questo lavoro di tesg stata dimizzatauna molecola simile, ma piu Iga e coniugata,
Tetraphenyb]cumuleng([5]Ph), da impegare come materiale attivo in OFET. Inoliestata
studiatda stabilitatermica e alla luce di entrarap[3]Phe [5]Ph,dato che le proprieta di questi
materiali in film sottile sono ancora perlopiu sconoscigeche definire delle condizioni
operative adegue € fondamenta per poter raggiungeril loro vero potenzialeDifatti,
combnando le conoscenze acquisite sul [3datocome temine di paragonai risultati delle
prove di sabilitd, & statopossible fabbricae transistor a base di [5]Rton una mobilita
déeffetto di campali 10° cn?/Vs e untrend di transfer quasi ideale, a dini@zione del fatto
che [5]Ph puo essere utilizzato con success@etetiironica organica.

Parole chiave:carbonio sp, emuleni, carbine, elettronica organica, ofet, stabilita.
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INTRODUCTION

One of the most interesting characteristics of carbon is its versatility, which is a direct
consequence of its capability of bonding with itself in many different allotropic forms.

Especially in recent years, carbon has proved to be an essential asset to the technological
progress. In particular, its more recent allotropic forms are conquering moreamndtention,

due to the incomparable properties they featbiog example, anotubes are considered the
mechanicallystrongesimaterial that is knowmandfullerenes are the most efficient acceptors

in the photovoltaic sectdl]. Carbon seems to be an element of superlatives.

One of the sectors thatdideveloped the most in the last decade is that of organic electronics.
Although organic semiconductordo not seem to hold up to their inorganic counterparts in
terms of charge mobility and overallectricalperformancd2], theyretain some advantages
easy processability, easy tailoring of molecules, mechanical flexjlalitgt biocompatibility
[3]7[6]. All these perks open the door to new applicatiossich as @ble and wearable
electonics,as wellas to a more sustainable approach to electronics.

This thesis worlenquiresa particular category of organic semiconductadsich are based on
sp-hybridised molecules, whose predicted propertiegsremely promising

Infinite sp-carbonatomic wires, i.ecabyne, areconsidered the most elusive allotropic fasi
carbon This is due tahereactivity associated tgp-carbonand its tendency to crosslifik]i
[11]. Although extensive theoretical study has been dedicattbynethis explains thedck
of experimental dataand technological applicationsegarding even its derivatives, i.e.
cumulenes and polyynes

In recent years, though, field effect transistors have been successfully fabricated, engdoying
active layerathin film of acumulenic molecule, i.e. Tetraphenylbutatri€f8Ph) [12], [13].

This thesis work focuses dhe stability and oriurther optimisation of transistors based on
[3]Ph, as well as another cumulene, Tetraphenylhexapen(fgRé), which holdspromise as
its backbone isongerand more conjugate@&Employing them in transistors, sintey workas
semiconductors by exploiting the field effect, is a way to study warerstandhe actual
potertial behindsp-hybridised carbon.



The first two chaptersf this thesisre dedicated to an introductiondecarbon and to organic
field effect transistors.

After an explanatiorabout thematerials and thenethods used during the experimeis
Chapter3, the next three chapters deal with éxperimentaresults.

Chapter 4 focuses on the optimisation of [S5tRim films, setting the already optimised [3]Ph
as a reference. Moreover, film characterisation is presented through all the techniques employed
to analyse and monitor the stages of the development of a §pidf[im.

Chapter 5 is dedicated to the stability tests, carried out in order to assess suitable operative
conditions to avoid any degradation on [3]Ph and [5]Ph. Mostly, light and heat atenihé
that have been enquired.

Finally, Chapter 6 presentle electrical analysis results, with commentary on the transistor
performances and on differences between [3]Ph and [5]Ph.



1 . SP-CARBON ATOMIC WIRES

It is widely known that carbon can bond with itself in several different allotropic forms.

This happens because &sand?2p orbitals are only slightly different in energy, and as such
they can almost be considered degeneBatdinearly combining them, molecularbitals can
be obtained.

The hybridisation of those orbitals can occur in three different waireen the orbitals
hybridise to formfour equivalenti-bonds, the carbon atoms are said te§enybridised. The
resulting material is called diamondhich is an electrical insulator, duette single bonds

As a matter of fact, from those bonds, their disposition in space and their vibragbaslour,

many more properties can be inferred. This thesis warlaisly focused on charge transport

so that is the aspect that will be discussed first and foremost, but in reality the study of carbon
bonds is key to understand the incredible versatility of this element.

It is possible that one of thiaree 2p orbitals is left unhybridised, so thréebonds will be

formed and the lef2p will contribute to creaté -conjugation, whichis related to orbitals
delocalised over more than two atoms and which lends the material a conducting character
along the direction of thé-bond. This issp’-hybridised carbo: graphite, graphen&arbon
nanotubesnd fullerenesire all made o$p’ carbon atoms.

Both sp? andsp® carbon are very stable and commonly employed mateakitough diamond
is not so easily found in nature, since its formation requires high tempgeratud pressures

Carbon can also hybridise its orbitals in a third way: it can formiavonds and twé-bonds,
achievingsp-hybridisation.Given that” -conjugation favours conductivity, due teclouds
being easily polarisable, it is predictednd confirmed by calculations as well as by
experimental datahatsp-carbon might retain very interesting charge transport properties

Figures 1.1(ajc) arethe schematic representations of carbon hybridisedgh sp?, sp,
respectively.
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Figure 1.1 Carbon orbitals in ap*-hybridisation; b)sp’-hybridisation; c)sp-hybridisation.

1.1 sp-hybridisation

When carbon isp-hybridised, it arranges itself itD linear chains of monoatomic thickness.
The ideal, infinitely long material based on this is called carbfotially, another definition
of carbyne refers to a bulk material, made of parafi@arbon chains, interacting through weak
Van der Waals forced4].

As a matter of fact, the possibility of the existence of carbyne is up to question bectigse of
notorious reactivityof sp-chains[7], [9]1[11], [14]i [16]. “-bonds are more energetic than
bonds meaning that being in a linear chain is not an energetically favourable configuration for
carbon. On the contrary, the plarsructureof sp?-carbonor the tetragonal one &’ are
extremely stableand sp-carbon tends to crosslink tower its energylndeed, long carbyne
chains have only been found within mudtall carbon nanotubes, which acted as a barrier.

While an infinite chain of carbyne has not been synthetised yet, thanks ity denstional
theory(DFT) calculations it is possible to have an esteem of the properties expected from this
material. It is supposed to have extremely high Young modat82 TPa,even higher than
carbon nanotubg47]. Carbyne effective area was caldathto be 13 000 ffg, which is four

times that of graphend8]. Thermal conductivity is quite high as well, between 80 and 200
kW/m K, which is higher than that of graphene and carbon nandtl®e3 his has been related

to theremarkable vibrationactivity that carbyne ansp-carbon based molecules disp[29]:

in particular, a very active effective conjugation coordinate (ECC) mode is present, giving rise
to Ramanrsignals in a region (18002300 cm'), which is uncovered by other carbon based
materials[21]i [23]. Indeed, Raman spectroscopy has been largely employed to investigate
molecul es based on sp-carbon [21]i [25].

Above all, carbyne electrical properties are considered extremely interesting, as they are
tuneableranging from insulator/semiconductor to metallic character.
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1.2 Cumulenes and polyynes

It is now time to explain that carbyne garesent in two different configurations.

The first one, referred to as polyyne, display an alternation of single and tripls. bdnid
generates a bond length alternation (Blefyual to| r1 i r2 |) different from zero, as can be
observed irFigure 1.2(a) The second configuration is called cumulesed it is depicted in
Figure 1.2(b): theoretically, its BLA should be equal to z€wmulenic wires tend to be much
stiffer than polyynic oness they hardly deviate from linearity due to the double bondshwh
do not leave degrees of freedom like single bond4.@p

—p —
LD-O00-00-O OO
a) b)

Figure 1.2 a) Schematic structure of a polyyne, withreferred to the triple bond length andreferred to the
single bond lengthh) Schematic structure of amulene, with equally long bonds.

These two structures are actually different in electrical character and statdlityr ardinked.

Infinite carbyne has not been synthetised as of yet. However, finite segments of it have. By
stabilising the strcture with bulky engyroups,which protect the internadp-carbon chain with

their steric hindrance, polyynes up to 44 carbons have been syntlig@igda6]. The longest
cumulene that can be considered kinetically stable, on the other hand, is the [9]cumulene, where
[9] refers to the number of double borj6].

The difference in their stability can be attributed to Peierls distortidnich affects 1D crstals

with one atom per unit cellThe cumulenic unit celias aone single carbon atobasis(indeed,
cumulenes do not possess an optical phonon braastgll carbon atoms are equally spaced
one from anothemyhile the polyynicunit cell basisncludestwo. The bond length alternation

in polyynes leads tthe doubling of the periodicity and sottte opening onenergy gap at

the edge of the Brilluoin zondhis, in turn, causea slight decrease in energy, thus more
stability. In Figure 1.3, it is posble to see that, according to Peierls distortion alone, the
cumulenic structure is highly unfavourable. Indeed, if it were only for this effect, cumulenes
should not exist.

The reason why it is still possible to synthetise cumulenes sits in the faéetbds effect only
becomes predominant above a chain length of 52 carbon g4&#hsBelow that value,
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termination effects have control over the configuration. This also leads to the conclusion that,
if ever a theoretically infinite carbyne could be #hetised, it would be a polyynkdeed, the
long carbynes found inside CNT were polyyf#8].

1 —
175 -

150 -

Enargy / cell imhartres)
=

050 -

025 -

0.00 -

0.15 010 0.05 000 005 (1 R 1] 0.5
BLA (A)

Figure 1.3 Structure energy in function of BLA, with a maximum in correspondence of the ideal cumulene, with
BLA = 0[15].

Stability asde, Peierls distortion effect influences the electriiaviour of these materials as
well.

The ideal cumulene does not display any gaps in its band structure. This is associated with
metallic behaviour, as charges do not need to overcdmaerir to transition to another state.
Indeed it can also be proved through Huckel theory (linear combination of atomic orbitals,
LCAO) that the energy gap is dependent on B2%\.

Figure 1.4displays the relation linking the band gap to the BLA. O tof that, the energy

band gap also depends on the chain length, i.e. to the number of carbon. With cumulenes, it is
actually common to count double bonds, instead of carbon atoms, sincectoimgugation
lengthis whatfavours delocalisation of-electrors, making conduction easier and shrinking

the energy gap.
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Figure 1.4 Energy band gap in function of BLA. A trend associated to wire hersgt to the number of carbon
atoms, is also show29].

In reality, a null BLA is inpossibleto achievedue to enejroups so finite cumulenes are
semiconductors, rather than conductors, but they are characterised by a smaller gap than
polyynes at set chain lengths

On the other hangolyynic energy gap implies a semiconducting or insulating behaviour.

In regard to single-molecule conductance, polyynes, due to their non negligible BLA, follow
the relation linking the conductance to the length of the molecule through an exponential:
‘09 'Q ,where"Gisthe conductance,] isthe exponential attenuation factor (usually ranging
between 0.2 A and 0.5 A), and 0 is the molecular length. This implies that longer molecules
should be less conductive. Cumulenes, on the contrary, with their very small BLA, feature an
attenuation coefficient equal to zero (meaning that the conductance is independentrom the
length) or less than zero, i.e. the conductance increases with the length [30].

Finally, within the family of cumulenes, it is necessary to distinguish odd-cumulenes, which
have an odd number of quasi-double bonds, from even ones. they present a different
arrangement of molecular orbitals, caused by mesomeric or inductive effects coming from end-
groups.

Even cumulenes are characterised by two degenerate, orthogonal to each other, * -systems, each
of which can conjugate with the terminations on one end only. In Figure 1.5(a), it is possible to
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observe an example of even tetraphenyl-substituted cumulene (Tetraphenylpentatetraene,
[4]Ph).

Odd cumulenes display two non-degenerate " -systems. One of them is extended along the
cumulenic core and to both terminations, while the other is confined to the sp-chain (Figure
1.5(b) depict the case of [5]Ph). Thisactually leadsto an increase of the BLA in odd cumulenes,
due to end-groups effects [16]. Nevertheless, even cumulenes are considered less conductive
[30], due to theshorter onjugation

aryl substituted cumulenes

Y \ 4 o \? N4 L7 : z :\_/r'.

a) opgRy  — PR - AR
o R P g N
<% o H Y

Figure 1.5a) " -systems of evearyl-substituteccumulenesb) " -systems of odd angubstituted cumuleng&6].

Furthermore, odd cumulenes are considered easier to synthetise, hence their wider diffusion
with respect to even cumulenes [7].

1.3 Tuneability

Finite sp-carbon molecules at@ghly tureable[15].

By controlling their length, as explained in the previous section, it is possible to control BLA
and energy gap, which inrtuinfluences the electrical properti€ngineering the chain length

is not the easiest task, however, as the longesigtbkain gets, the more unstable it becomes.
Indeed, bulky groups doot seem to be able to allow for growing cumulenes longer than
[9lcumulenes. Other stabilisation strategies should be considered, such as stabilisation by
rotaxanes, as depictedkigure 16.

Not only that, but the terminal grogpplay a pivotal role in shaping the molecule. It has been
alreadysaid that bulky ones are chosen to stabsisehains. In fact, they can force either a
cumulenic or polyynic character onto it, tddi-phenyl substituents atenown to induce a
cumulenic character onto the chfl®], [31].
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Figure 1.6 [9]cumulene stabilised by bulky end groups and a rotaxane mol[82jle

Terminations also have an effect on BLA, and this is why finite cumulenes cannot have a null
BLA, although it can be very small (below 0.02 A). Indeed, the closest double bonds to the end
groups are consistently the longgd].

sp?-based endjroups, such as phenyls, can also extend-it@njugation.

Other effects can have an influence over those molecules. For example, strains induced in the
linear chaincan affect the Raman signal of this molecylg3]. This is associated to an
alteration in vibrational properties and very possibly to electronic transitions as well, since it is
common for conjugated molecules to show coupling-efectrons and vibreins[34].
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2. ORGANIC FIELD EFFECTTRANSISTORS

2.1 Working principle ofOFETs

Organic field effect transistors atfereeelectrodedevices,and they are considered the organic
counterpart of metabxide-semiconductor FET (MOSFET), tee twoarchitecturesshare some
similarities. First of all, they both exploit the field effect to modulate the conductivity of the
active layer: through the application of a voltage at the gate eledvejlethe charge carrier
density can be altered, i.e. increasedhst the currentflowing betweerthe electrodesource

and drairupon the application of a bias between them) (16 effectively controlled by the bias

at the third electrode.

Figure 2.1 depiaithe structure of an OFEWhich is composed of three main items: conductive
electrodes, an insulating layer and an active lajeose comonents can be arranged in 4
different configurations, but more on this later on.

i..:'
ey

<]

1: Gt ..___.-'"'

Subatiats =

Figure 2.1 Schematic representation of the structure of an OFET.

One main difference between OFETs and MOSFETSs is the regimegythesily work in.While
MOSFETSs can operateoth in depletion and accumulatiomode[35], OFETs only work in
accumulation regime.
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In a ptype OFETs anegative gate voltage is appligdorder to accumulate positive charges
(often referred to aghole® for simplicity) at the dielectrisemiconductor interface: thain
accumulation layer of majority carriers is formed, leading to an increased charge carrier density.
Similarly, in nrtype OFETS, the application of a positive gate voltage esulhe accumulation

of negative charges (electrons).this way, the gateoltagemodulatesthe conductivity of the

active layer througlthe field effect. Whe a voltage is applied between source and drain, a
current can flow through the channel, tlee dielectriesemiconductor interfac&herefae, a
smooth, conformal interface is crucial

It should be pointed ouhat in MOSFETS the regions beneath source and drain are typically
made of highly doped semiconductgusually silicon) while in OFETSs there is no need for

that, as pristine organic semiconductors are characterised by a low conductivity that keeps the
off current, i.e. theurrent flowing when the device is turned off, very low.

Before moving on to the analysis of OFEWsrking regimesit should be noted that some
ideality conditions should be satisfied, in order to apply sameequations employed to
characterise MOSFETS6].

A Field effe¢ mobility should be independent from the applied voltage after a certain
threshold Vi, defined as the bias needed to have current flowing from source to drain
(it is negative for gypes and positive for-types) Moreover,the mobility should be

constant throughout the channel.

o)

Field effect mobilityis mathematicallyexpressed as — where Qis the

elementary charg& is the diffusion coefficient of the materid® is the Boltzmann
constant andYis the temperature is the drift velocity of the charge carrier a@ds
the electrical field Thus, mobility is associated with the velocity of charge carriers
within a material and is linked to the current.

A Contact esistance should be negligible. This rarely happens in OFETSs, but the subject
will be dealt with in detail later on.

A Charge transfer should not be hindered by traps across the channel. Thisifs also
guestionwhen it comes to organic semiconductors (OSE®re on this later on.

A The transverse electrical field should be much larger than the longitudinal one

In addition to that, an ideal OFET should not display dual switching on, hysteresis (which will
be explained latey)and linear mobility should be egluto saturation mobilityLinear and
saturation rgimes will be explained in a moment.
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Figure 2.2 Transfer curve of anideal OFET ina) linear regime andb) saturation regimewith the current in
logarithmic scalec) Output curve of an ideal OFET

Figure 2.2(a) is theharacteristidransfer curve of an OFET in linear regime: drain voltage is
kept fixed at a relatively lowalue, while voltage gate is varied continuouslyd the source

drain current is measureilVhen the voltage gate reaches the above defined threshold, the
current reaches a plateau. We can observe the linear regime &lgari 2.2(c), in the first

part of thecharacteristioutput curve. An output curve is obtained byieg fixed the voltage

gate and varying the drain one. It is possible to see that at the beginning the relation between
drain voltage and current is lineaneaningthat the semiconductor channel almost actaras

ohmic resista this is the linear regimdBy increasing the voltaggate by discrete steps, the
slope increases, as itis inversely proportional to resistance, i.e. it is proportional to conductivity,
which relies on the gate bidSometimes, in the linear regime of an output curve, the relation is
not perfectly linearfy nst ead an fAS0 shape is present: t

h
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issues,and it is a deviation from ideality. Figure 2.2(b) is the transfer curve of an OFET in
saturation regime: drain voltage is now highbr the output curve, as the drain vgka
increases, the voltage drop in the dielectric decreases, and so does the charge density. This leads
to a saturation and the current reaches a plateau: this point is callegflinstier that point,

the current is no longer dependent on the drairageltbut it is still quadratically dependent on

the gate voltagehis is the saturation regime

Lineer regime In

|

—_ Source mummmmmmmmmy Drain — Vosa®« Vo=V
Gate

a) b) .

VG > VM VD

Channel pinch-off In

c) Pinch-off , A

Ve>Vm  (Vp=Vg-Vp) Vo oot Vo
.
Saturation regime f
| o
__Source —*Vpsu> Vo=V
= Ip sat ®

£ ) Pinch-off ﬂ N

Vg > Vn (Vo= Vg~ Vn) Vo

Figure 2.3 a) - b) arerespectivelythe schematic representation and the output cofrttee linear regimec) i d)
represent the pinebff point. )1 f) are refered to the saturation regime.

Figures 2.3(ajf) sum up the stages a OFET goes through while functioning, both with a
schematical representation of the channel and with the output curve, step by step.

It should be underlined that the mobility extractezhirthis graph is not the intrinsic mobility
of the material. Rather, it refers to the whole device.

The saménolds truefor the threshold voltage, which is heavily influenced by charge injection
and contact resistance.

In general,film defects, dewetting problems, contact resistance, etc, affect the overall
performance of the devicand so extrinsic factors should always be taken into account.
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2.2 OFET architectures

As mentioned above, the components of these devices can be geometrically amanged i
different ways. In particular, there are 4 configurations that can be adopted to fabricate a
transistor of this kindeach with peculiar characterist{&3.

A Top-gate topcontact: he semiconductor is the first laydeposited on the substrate
thensource andirain are deposited on top of it. Dielectric deposition follows and the
gate deposition is thiast step The drawback of this configuration is the necessity to
deposit the source and drain contacts on top of the semiconductor: this can lead to
degradatia of the active layeras those electrodes are often metals, requéienated
temperatureso deposit Additionally, this coplanar architecture (in regard to source,
drain and conductive channel dispositaon as opposed to the staggered @known
to lead to charge injection issyedue to geometrical reasons: the injection surface is
smaller[37].

A Top-gate bottorrcontact:source and drain are deposited first, then the semiconductor,
the dielectric and finally the gate. This is a commonly picked cardigpn, since it
does not involve significant risks for the active layer, as the dielectric materials is often
a polymer, which can typically be processed at room temperatures. Besides, the
dielectric on top of the semiconductor protects it from the patemvironment.

A Bottomgate topcontact: the gate is deposited first, then the dielectric, the
semiconductor, and source and drain. This configuration involves depositing the
electrodes on top of the active layer

A Bottom-gate bottorrcontact: the order igate, dielectric, electrodes, semiconductor. It
is usually picked to study new semiconducting materials, often in controlled, nitrogen
atmosphere, as nothing is deposited on top of it. This can be detrimental as well, though,
if the semiconductor is partitarly unstableBesides, thi€oplanararchitecture shows
charge injection issueo

Figures 2.4 (ajd) representhe 4 possible configurations for OFETSs.
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Figure 2.4 Schematic representations of devicesanfigurationsa) TGTC;b) TGBC;c) BGTC;d) BGBC.

2.3 Active layer in OFETs

A major differencebetween MOSFETs and OFETSs sits in the electrical properties of the
semiconductors employed in the respective active layidray differ both in the intrisic
properties and in the processes that they und&goexample, OSCs are often deposited in
thin film either from solution or by chemical vapour deposition.

For the most part,rganic semiconductors can be divided into polymers and small molecules.

Pdymers feature a very easy processability by several techniquggst(jorinting, spin coating,

bar and blade coating, chemical vapour deposition, etc), in conjunction with a large variety of
moleculesand optimal mechanical properties, flexityilabove any other. Indeed, polymers are
crucial for the development of flexible electronics. The downside of using semiconducting
polymers has to do with their poor mobilityp to 18 cn?/Vs), as they are notoriously prone

to disorder and low crystallityi, due to kinetics reasons. A few examples of this category of
OSCs are N22Q@P3HT and polythiophenek general, they are based on aromatic rings and
thiophenes, which rely on $parbon to promoté-conjugation{38].

The second kind of OSCs is thategory of small molecules, which the semiconductors studied

in this thesis work belongs ifthey have a much higher tendency to crystallise, with respect to
polymers, as they are characterised by a lower degree of disorder. They are typically based on
sp>-carbon, so aromatic rings, bef-carbon based ones are gradually catching the attention of
researchers. They can be functionalised to improve soluéildypther propertiesor to force
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them into planarityOne of the most employed semiconducting smallecules is pentacene,
which has been proved to reach mobilities of the order of magnitudé af®s, withanon-

off current ratio of 18 The drawback of this lies in the fact that those molecules are
considerably harder to bring to filf88].

There is a third route, when it comes to OSCs, and it involves blending two or more components
to exploit the characteristics of all of them.

For example, it is a common strategy to blend small molecules with polymers. The idea is that
of combining the easprocessability of polymers, with the higher conductivity of small
moleculed4].

Either semiconducting or insulating polymers can be used. In the former case, the polymer
actively participates in the charge transport, leading to the enhancement etdtrecal
performance of the blend The drawback is related to the difficuliy telling apart the
contribution to mobility of each component.

On the opposite, resourcing to insulating polymers does not hinder the study of the small
molecule sinceinsulating polymers, by definition, do not conduct current, meaning that they
donotdirectly contribute to charge transport

Thanks to their easier processability from solution with respect to small molecules, insulating
polymers can act as an amorphous binder for the studied small maadutelp in achieving

a good coverage all over the sample. Furthermore, through a phase separation mechanism
occurring during the film formatiof89] this strategy allows to better control the small molecule
crystallization and consequently obtainingrfd with better charge transport properties.

Finally, the insulating polymers can provide the small molecule layer with a partial self
encapsulation from oxygen permeation and humidity.

When blendingoolymers and small molecules, phasparation can take plack.on the one

hand, the vertidaphase separationan improve the charge transport performance of the
semiconducting film, on the other hand, this phenomenon can lead to unpredictable drawbacks.
Indeed, it is specifically dependent on the blend components and on theireatie,difficult

to predict and controF-or examplein bottomcontact devices ki the ones fabricated in this
thesis workif the polymerpreferentially segregates the botom interface chage injection
betwea the conductive contacts and the semiconductiygrlavill be severelyhindered
Vertical phase sparatbn might also be incompletedue o kinetics likely leading tothe
embedding otmall molecule crystditesin a paymeric matrix in this casethere will not be
percolaton pathdor chargebetween source and drain.
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Many factors should be taken into account whemmtlating a k#nd, namely, chemical
composition of the components and their relative amothresaverage molecular weight of the
polymer, the solubility of the components in the solvemtystallisation kineticsthe solvent
surface tensigrevaporation ratedeposition conditiongtc[4], [39]. Themolecularweight of
the polymer is particularly importaridue to thermodynamic reasomadhigh average molecular
weightis linked to anincreasedendency toward phase separationitassults ina positive
mixing Gibbs energyvariation, according to Floriduggins equatiorf40]. Furthermore a
higher molecular weight leads to better mechanical propeitieparticular an mproved
plasticity with respect to brittleess,as well aso an increased viscosityvhich is a crucial
parameterfor certain deposition techniqueBor example, screen printingquiresa high
moleailar weight while spin coating works bettemn low viscosity solutions[39].

2.3.1Doping organic semiconductors

Inorganic semiconductor doping involves the intentional insertion of impurities, in a controlled
amount, into the material, in order to modify the conductivity as needed. For organic
semiconductors, the doping involves a charge transfer between two ras|aabnor and an
acceptorso a reductiomoxidation reactionyhich can be either reversible or not, according to

the doping technique employdflectrochemical, photo and charge injection dopiragedurs

are reversible, while chemical doping is riearticulary relevarn is the charge injection doping,

which is a reversible process that does not involve counter ions or other external substances,
thusdistortions are reduced. It is carried out by applying a valtsgéhis form of selfioping

can very wdlhappen spontaneously, while the semiconductor is in active state in a transistor

P-type materials act as oxidised dogjorhile ntypes undergo reduction. Just like inorganic
doping, the goal is to increase the conductivity of the pristine material.

It is important to underline that, in general, organic semiconductor are considered ambivalent.
However, they do show a tendency either to fsped or rdoped. This has to do with their
molecular orbital levels. B/pes are those materials displaying a déeghest occupied
molecular orbital (HOMO), while #tiypes have a low lowest occupied molecular orbital
(LUMO).

2.3.2Charge transport in organic semiconductors

In order to effectively study the charge transport properties of OSCs, it is essential to understand
the mechanisms behind it.

In recent times, a new thegrthe transient localisationas been proposed to explain the
conduction phenomena of OSCs, replacing theooldinvolving charge hopping from one
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molecule to the othefhe new theory allows to explain the experimental data compliant with
a bandlike behaviour, as well as those that cannot be explained by a semiclassical description
[41].

The oldMarcustheory sypports the fact that charge carriers, generated in organic molecules by
dopingandpartially self-trapped by the distortions around thezan move with greater speed
and ease along the conjugated molecule (intrachain), but that cammiategchain jumpfom

one molecule to the other upon thermal stimulato@mrying out a reductieoxidation reaction
between two moleculeShese motionsare always associated to distortions, as the donor
molecule relaxeswith a relaxation energy linked to polaron bindamergy,and the acceptor

one needs to accommodate the new chaegeding to a strong electrasibration coupling42],

[43].

This theory presestan issuecalculations revealed thatcannot explain polaron localisation
[44]. Moreover, small polarotheory does not worleither, asad hocregularisations are needed
to make calculations compliant to eviderfég].

As for the semiclassicdloch-Boltzmann theoryit does no@apply either. Bloch-Boltzmann
description of charge transpasdlies on theconcept of Bloch states, which are plane waves
modulated by a periodic functiomhich describe particles moving in a perfectly periodic
potential, such as an ordered crysWkll defined wave packets only encounter scattering
rarely, but this cannot apptgp more disordered, more thermally active molecules.

Poor conductors like OSCs present a disruptiaim@BlochBoltzmann theorysince the lack

of high-degree order, and especially the thermal molecular motions cause the carriers to.scatter
After a scater event, loss of coherence takes plaognificantly reducing the a r rmearr s 0
free path.The wave function associated to the carriers ends up localised: mathematically, the
envelope functionwhichacts as a modulator for the wave function itself, deeaponentially

[46], as depicted blsigure2.5. This is called Anderson localisation aihdan be defined as the
incapability for waves to propagate in a disordered meddath

a)

Figure 2.5 a) Wave function of an extended stateeing the mean free path) Localised state, showing the wave
function (solid line)decaying to zero assisted by the envelope function (dotted4iB)




20 ORGANIC FIELD EFFECTTRANSISTORS

Thermal molecular motions are so large in OSCs because the molecules are held together by
weak Van der Waals forces, that only provide a weak restoring force to the distortions.
Combined with the important masses of typical organic molecules, this leexiseimely slow
motions, so that the carriers feel a significant disorder around theny given instan{45].

As slow as these motions aregthattice isstill dynamic meaning thathe static Anderson
localisation is too restrictive to actually debe this phenomenon.

To accommodate for the dynamicity of these systems, a time relaxation approximation is
applied toconsiderthe inelastic scattering events, due to low frequency phonons.

Experimental data, acquired on crystalline rubrenejadlgt proved the transient localisation

for time scales included between the characteristic elastic scattering time, below which quantum
ballistic regime is established, and a characteristic time associated to the molecular vibration
[41]. Figure 2.6 shas the trend ot a r r diffesiorsifunction of time scale.

Transient localisation theory explains why even highly crystallised OSCs show a mobility of
10 cnf/Vs, while inorganic semiconductors can reach evért@Vs in heterostructureg5].
Sucha low carrier mobility is due to very shorts mean free paths.

03
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Figure 2.6 Time scaleagainst charge carrier diffusi¢#5].

The localisation of the wave function only lasts as long as the typical time scalerafigoilar
vibration, meaning that at much longer times the behaviour of the cajyoesback to being
itinerant (diffusive).

Aside from low mobility values, the transient localisation theory can explain a large variety of
phenomena.
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For examplein pure saples at high temperature, where structural disorder is not too relevant,
the mobility trendollows a power law relation exactly like organic semiconductors do, and yet
the mean free path is equal or even shorter than the typical intermolecular spaopen in
contrast with BlockBoltzmann theory45].

Moreover, the Seebeck coefficient of OSCs is comparable to that of inorganiswygssting
some form of bandike behaviouf48].

Next, photoemission spectra confirmed the existence of a couplingdretive intranolecular
vibrations and the molecular orbitals, but this interaction does not n#reoglectronic bands
as expected from polaron thed4g].

A further confirm to this theory comes from diffraction experimentsch have detected very

active thermal molecular motidb0]. Electron Spin Resonance (ESR) measurensport

the finite extensi on]l[54,fwhiléChargddodulated Specsodcopya v e f u
(CMS) confirms finite localisation leng{b2].

It is possible to conclude that transient localisation is a solid thesigh can explain charge
carrierso behaviour i nlikeimbdel aShe dMarduteeory about t h an

hopping.

2.4 Charge injection

When dealing with charge injection, it is about source and drain injecting and collecting charges
into and from the active layer. Charge injection issues can easily reduce the performance of the
device, eveif the seniconductor is perfectly crystallised in a good film.

The mechanisms by which charge injection occurs are the following: thermionic emission,
through which charges overcome an energy barrier thanks to thermal excitationadsiseid
injection, in whichmid-gap states are created due to defects and those help overcoming the
barrier, and finally field emissiomhichrelies on tunnelling. It should be noted that thermionic
and field emission can be active togetf3a.

In order to have good injectior,is essential that the electrode material, often metal, and the
semiconductor are compatible from an energetic level point of view.

For ptypes, the work function, i.e. the difference between its Fermi level and the vacuum level,
of the chosen metal shidube close to the HOMO of the semiconductor, which is related to the
ionisation potentialof the OSC For ntypes, the work function of the metal should be
comparable with the LUM{inked to the electron affinity of the material.
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There are situationghough, where the work function of the metal can be altered. It should be
always remembedthat the work function is a surface property. Thus, any change to the surface
can lead to oscillation in the energetic structure. Passivation of the metal, égpesa@ution,

can affect its charge injection efficiency. On top of that, phenomena of physisorption or
chemisorption (weak or strong) can also alter the metal work function. For example, if the OSC
is physisorbedat surface, thé-cloud can push the tadf the electron charge density back,
lowering the work functiofi37].

Other causes of charge injection issues are related to the semiconelested polaronic stase
and defectsan act as traps can hinder the performance of the whole deviceodslisorder
is also a factgrandtheHOMO andthe LUMO can follow a Gaussian distribution, with a width
of 0.1 eV[37].

Furthermore, the device configuration plays a role in charge injection,Amalready
mentioned, oplanar architectures (TGTC anBGBC) offer a smaller surface to the
semiconducting layer, so there is a smaller surface to engage in charge injection, with respect
to staggered architectures (TGBC and BGTC).

Solutions to overcome charge injection issues include the application edsselhbled
monolayers,which can alter the semiconductetectrode interface both topologically and
energetically, and swap of device configuration and/or electrode material.

2.5 Hysteresis

Transfer hysteresis is encountered when the detected currents fréomvtaed and reverse
sweep do not comply with each other. In other words, either the forward or the backward sweep
givesback a higher current than the other, as depicted in fRyd6(a}(b).

log (Ips )
log (Ipg )

- Vas ov + Vs - Vs ov + Vs

s

a) b)

Figure 2.7 Transfer curveshowinga) lower back sweep current (BSC) hysteresisdb) higher BSC hysteresis
[53].
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Hysteresigan be due to three main reasons.

A. Phenomena related to the semiconductor channel, divided into: majority or minority
charges trapped in tipeoximity of the semiconducteatielectric interface (Al); charges
flowing from the semiconductor into the dielectric (A2); ions and polarons moving in
the semiconductoipreventing other charges to access the chdA3¢l Those effects
deplete the chamhfrom charges and result in a lower current in the back sweep.

B. Phenomena regarding the dielectric layer, divided irgsidual (quasi) ferroelectric
polarisation of the dielectrinducinganelectric field on chargesside from the voltage
one(B1); ions moving in the dielectric (B2). Those effects cause the accumulation of
excess charges at the interfab@npensating the decreased potential in the back sweep
andproducing a higher BSC hysteresis.

C. Charge injected into the dielectric from the géteés effect also results in a higher BSC
hysteresig53].

Those mechanisms can be observed in figuse
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Figure 2.8 Schematic representation of the phenomena leading to BSC hydtesésis

Bias stress can aggravate the deviations from ideality of the transfer curve in the back sweep or
switching from linear to saturation regirftet].

In order to reduce hysteresis, a few solutions are proposed: smooth semicediettric
interface decrease the number of trigjslow dielectric constant insulatoedso decrease the
occurrence of hysteresis, and they also reduce threshold voltage and increase [Bibiiitsy
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application of SAMs and dielectric materials with no OH groups can also help lowering the
incidence dtraps[53].
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3. MATERIALS AND METHODS

3.1 Materials

3.1.1Active layer

The active layers of the transistors studied in this thesis work are based on two organic
semiconductors, namely the cumulenic small molecules Tetraphenylbutatriene (henceforth
referred to as [3]Ph, from the phenyl egidups and ththreedouble bonds buildigpthe central
backbone) and Tetraphenylhexapentaene ([5]Ph), differing from [3]Ph for a longer central
chain, made of 6 carbon atoms, instead of 4, bonded through Sdguésée bondsThis longe
conjugation narrows down5]Ph energy gapand it red-shifts its absoption spectrumwith
respect to [3]Ph, as it Wibe shown inParagraptt.2.1 Indeed,[5]Ph is red in colar, while

[3]Ph is yellow.The two molecules are depictedrigure3.1(a)(d), both in 2D and in 3D.

.f;o;-

J_,
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D

Figure 3.1 a) 2D structure of [3]Phb) 2D structure of [5]Phc) 3D structure of [3]Phd) 3D structure of [5]Ph.

> 9 0 O

Both [3]Ph and [5]Ph were synthetised by Prof. Rik Tykwinski and his team (University of
Alberta); in particular, [5]Ph, main focus of this thesis work, was synthetised via oxidative
homocoupling of a precursoleading to the formation of a diyne diol as an intermediate
product, and then to the final molecule, as showfigire3.2 [7].

) é’tr\ , CuClL TMEDA_ t‘;‘rx\ R ,""B ., SnCla HCI Mo :f,“’*r
e ﬁ ~ HO- ¢ . —————
Ar CHzCl Ar Ar Etz0, t AF Ar

Figure3.2[ 5] Ph synt hesi s, carried out byph&yl groupsylk wi ns ki an

The reasomg behind the choice of these two particular molectifemn the families of
[3Jcumulenes and [5]cumulenes has to do with their stability in solid state in ambient
conditions.For example, [5]Me, which is just as long as [5]Ph in terms of sp-chain, is highly
reactive [16].

[3]Ph and [5]Ph are both stable in air at room temperature, when kept protected from light, and
can be stored in fridgét 4 °C) for months. Furthermordhey are stable and processable in
common organic solvents, such as-Dj2hlorobenzene (1;DCB).

The decreased instability with respect to other equally long cumulenic molecules is due to the
bulky end groups, i.e. the four phenyl groups: with theiis hindrance, they protect the central
chain by preventing intermolecular interactions. By keepingsiiearbon chain isolated,
reactions of cycloaddition become less likely to happen.

A correlated effect of the steric hindrance of the phenyl grougiseislight distortion from
planarity they enforce onto both [3]Ph and [5]®hjchdo not lie perfectly flat on a plane. The
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extreme rigidity of their central cumulenic chains, constituted by double bonds, keeps the
backbone almost perfectly linear, buetkingle bonds connecting the end groups to the sp
carbons allow rotations to accommodate the phenyls. This distortion might affect the properties
of the molecules in many ways, but a crucial one is the packing in solid state. The specific
arrangement ofhe molecules will not be discussed in this thesis work, but there is ongoing
research studying the packing of both molecules in bulk and in thin films, since it is crucial to
determine their electrical behaviour. Moreover,dr@naticity of the phegl groups extend the
conjugation of [3]Ph and [5]Ph

In 2020, the first field effect transistor based orcapoon wires was fabricated by employing
dropcasted [3]Ph as active layer in a BGBC deyid. Since then, [3]Ph has been further
optimised andhin film transistors showing mobilities up to1@n?/Vs have been obtained
[13].

[5]Ph is less known, especially in regard to applications. At the beginning of this thesis work,
only one attempt had been made at fabricating transistors based moldgsile[56], but it is
catching the attention of researchers due to its potential properties.

Since its cumulenic chain is longer than that of [3]Ph, it is a more conjugated molecule, with a
BLA of 0,058 ([3]JPh BLA is 0,0897]) and a smaller energy gaptlween its HOMO and
LUMO. This suggests that, once optimised, it might be better at transporting charges, profiting
from the higher intrachain charge delocaéition. However, molecular packing motifs in selid

state are crucial to reach high charge mobititprganic semiconductotkin film [57]. Since
predictions on the impact of thep-chain length on the molecular packing have not been
reported yet, itsa priori impossible to predict if [S]Ph will ultimately perform better than [3]Ph

in OFETSs. Finallythe stability of these systems is usually decreasing with increggictzain

length. In fact, the longer the cumulenic chain, the harder it is for the bulky end groups to
prevent intermolecular interactions, leading to possible stability i$glidsshould be pointed

out that, even though [3]Ph and [5]Ph are stable when compared to longer cumulenes, stability
issues are still a concern. In particular, both molecules show severe photosensitivity, which can
hinder their performance in OFETSs if thisi® is not properly faced along all the fabrication
process. Chapter 5 will focus specifically on [3]Ph and [5]Ph stability.

Finally, it is interesting to point outhat from a singlenolecule standpoint it has ben
calculated tha{3]Ph and [5]Ph have the same conductanaes explained inSection1.2,
cumulenedend to have ainglemolecule conductance independent friiTa moleculatength
[30].
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Blends withnsulatingpolymers

As already stateth Section 2.3acommon strategy to optimise small molecule tilims in
terms of stuctureproperty relationship consists in blending them with insulating polyfdérs
[38], [39].

In this thesis work, Polystyrene (PS) @&aly(methyl methacrylatPMMA) were both tested
in blends with [5]Ph. [3]Ph:PS blentad already proveeffectivein OFETS[58], althoughits
performance is lower than the one obtained with optimgsestine [3]Phfilms. It is therefore
interesting to further investigate and optimihe deposition of both [3]Ph and [5]Ph with PS
and PMMA. Both polymers undergo glass transition around°Cl@nd both are soluble in
1,2-DCB.

PS was purchased by Sig&rich in atactic formulation, with average molecular weight of
2000000g/mol. Its repeaunit can be ole=rved inFigure 3.3(a). PMMA, shown in figure
3.3(b), was also purchased from SigAldrich and had an average molecular weight of
120000 g/mol.

|
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Figure 3.3 a) Polystyrene repeat uni) Poly(methyl methacrylate) repeat unit.

3.2 Device fabrication

Except for screening tests of solutions dropcasted onto prefabricated Fraunhofer substrates
(which will be described shortly), the complete transistors structure was entirely fabricated from
scratch, according to either T@Bor BGBC configurations. The detailed description of each
step follows.

3.2.1Source and drain deposition

Thedeposition technique of choicerfsource and drain interdigitated electrodes was thermal
evaporation of high purity gold on top of lithographies. @Gahs selected because of its high
conductivity, its resistance to oxidation and most chemical attacks, and, above all, it is
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compatible with [3]Ph and [5]Ph in terms of energetic levels, so that gold contacts can establish
decent charge injection to thersiconductor HOMO level. Indeed, the gold work function is
approximately equal to 5.1 eV (with small variations reported in literature depending on the
surface treatment), while [3]Ph and [5]Ph HOMO levels are-508 eV and-5.4 eV,
respectively.

TGBC plotolithography
The whole procedure is carried out in an ISO 6 Cleanroom.

The first step in the photolithography process is the cleaning of the glass sulfstwatdkali

1737F Corning glassgswvhich is accomplished through a-frinutelong sonic bath (50 Hz,

40 °C) in acetone, followed by arBinutelong sonic bath in isopropyl alcohol (IPA) with the
same settings for frequency and temperature, and then by a drying step under nitrogen flow.
Both solvents were purchased from SigAddrich.

Then, the substrate undergoes a further cleaning step in a plasmaagha@iePLA 300 AL,

in oxygen for Gminutes at 500 W. Done that, it is time for the deposition of the resists. Two
resists, MicroresistOR (Lift-Of f Resi st) 5B and Microposi't
positive photoresist), are employed to get a suitable structure, that not only allows for the
precise deposition of the metal contacts, but that also favours thaf lidf the resists
themselves during the stripping process. This will be thoroughly explained later on.

Both resists are spin coate8pin Coater Sawatec SML50) on the clean and activated glass
surface following the same recipe: the first step (velocity = 1000 rpm, aatoeer 500 rpm/s,
duration = 10 s) roughly spreads the liquid resist all over the surface, the second one (velocity
= 4000 rpm, acceleration = 4000 rpm/s, duration = 60 s) determines the thickness of the layer,
and the last one (velocity = 6000 rpm, aecation = 6000 rpm/s, duration =5 s) helps getting

rid of any edge defects, such as the thickening of the film. First, a 450 nm thick LOR 5B film

is spin coated and is annealed at 180 °C for 7 minutes right away. Then, S1813 is spin coated
to a thicknes®f about 1200 nm on top of the LOR lay@&igure 3.5(a)). The annealing is
carried out at 120 °C for 2 minutes.

Next, a patterned mask is mounted on the mask aligfeet Stiss MJBR In this thesis work,

two different patterns were employed: the first one, shown inrdigugure 3.4(a), is a
reproduction of the source and drain patterns on the substrates produced by Fraunhofer IPMS.
Those come with a dopegilicon gate, a 230 nm thick Si@ayer as dielectric, and gold source

and drain contacts. In Chapter 2, the drawbacksBBBC configuration were explored, and
SiOzis not an optimal dielectric for BGBC transistors based on [3]Ph and [5]Ph, as the presence
of dangling bonds is detrimental to charge transport and its relative dielectric const@:®)3.7

is higher than the @nof insulating polymers that are commonly employed as dielectric layers

-}
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in OFETSs. So, lithographies were prepared employing the same patterns: those feature a channel
width of 2 mm and channel lengths of 2.5 pum, 5 um, 10 um, and 20 um.

After a few attemis at fabricating transistors based on this pattern, a different one, hereafter
called CMS and shown in figufggure3.4(b), was preferred for lithographies. It has a channel
width of 2 cmand channel lenggof5 pm, 10 pm20 pm and4d0pum: theCMS longer channels
leadto ahigher channel resistance and so teegligible contact resistance in comparison with
the resstance of the active layeBesidesthe larger featuresllow for easy bar coating or spray
coating of the gate in TGBC devices.

a) b)

Figure 3.4 a) Schematic representation of a typical Fraunhofer pattern, witarmmehwidth of 2 mm and channel
lengths spanning from.2 um to 20 pmb) "CMS" pattern, with a channel width of 2 cm and channel lengths
ranging from 5 pm to 40 pum.

Once the selected mask is mounted, ghetoresisti.e. S1813, is UMured for 8 seconds
(Figure3.5(b)). To estimate the exposure dose, a dosimeter with three sensors was employed.
The 320 nm sensor detected a dose & 8¥/cm, the 365 nm one detected.6J/cn3, and

the 405 nm one 14@ mJ/cns.

The final step is the developing, carried out by immegdhre sample in Microposit MB19
andgentlymoving it around for 30 seconds, after which the process is stopped by immersion
in H20. During this time, the developer attacks and effectively dissolves the areas of the surface
that were exposed to UV lig, then it reaches LOR, that isotropically dissolves creating an
undercut below S181Figure3.5(c)).

The formation of the undercut is crucial, since it prevents Cr and Au from depositing on the
lateral walls of the lithography pattern during thermal evaporation. Weoéfor the undercut,

the metal contacts might get attached to the resists and end up stripped away along with the
resists themselves.

BGBC photolithography

In this different configuration, the procedure is more or less the same, except faletdds:
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First, the cleaning step is significantly less thorough with respect to TGBC configuration: the
surface to be patterned is a soft Parylene layer, which would be damaged by sonic baths, so the
samples are merely rinsed in acetone and isopropyhalicbhe plasma asher step is skipped

for the same reason.

LOR is spincoated onto the Parylene layer with the usual recipe, but it is then annealed at 150
°C for 9 minutes, instead of 180 °C for 7 minutes, to avoid thermal degradation of the dielectric
layer.

Subsequent steps are identical to the previous case.

Contactdeposition and lifoff

This step is carried out the same way for both TGBC and BGBC configurations, except for the
final cleaning through sonic bath, which is reserved to TGBC to avoid daméaige already
deposited Parylene of BGBC substrates. The patterned sample is loaded into a thermal
evaporator (two instruments were employ@&ROvap Glovebox Integrated -baun and
Moorfield MINILAB -080), that operates in high vacuum £PL0® mbaij). No mask is applied
between the sample and the metallic sources, so that Cr and Au are evaporated all over the
surface.

Cr is employed to favour the adhesion of Au, otherwise not prone to stick to glass. It is provided
by a tungsteitore stick,which heats p through Joule effect (without melting) and releases
atoms in vapor phase. Thanks to the high vacuum, those atoms have long mean free path and
are able to reach the substrates, where they solidify. The deposited layer is 3 nm thick, and the
deposition rat is 0.1A/s.

Next, Au wire is heated up by Joule effect, until it melts and evaporates. The atoms travel to
the substrate without colliding with others thanks to the high vacuum, then they solidify on the
surface. The deposited layer is 30 nm, while tgodition rate ranges from 03/s to 0.5A/s
(Figure3.5(d)). Low rates ensure the formation of a good quality layer, without internal stresses
or defects caused by large volume of incoming atoms in vapour phase.

Once the metal evaporation is over, it is time to rentbgeesists along with any excess of Cr
and Au. This is achieved by leaving the sampl€anhniStrip Micro DZor at least 30 minutes

or in nmethyk2-pyrrolidoneovernight. The very last step is a cleaning one, run with sonic
baths in acetone, for 10 mites, and IPA, for 5 minutes, to ensure complete removal of resists,
excess metal residues and stripfpegure3.5(a)-(b)).

Figure3.5(a)-(f) are the schematic representation of the whole contact deposition procedure.
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Figure 3.5 Schematic representation of the lithographic and contact deposition process for a TGBGjispice:
coating of LOR and positive photoresist S1813, onto thoroughly cleaned Corningogyldsscuring of S1813;
c) devdoping step, leading to cured S1813 and LOR dissolution, and to the formation of an urjetmnmnal
evaporation of Gold all over the surfa@);removal of the resists and of excess metal during theffifstep,
leading to patterned Gold on glasbstnatef) Patterned gold on Parylene in BGBC configuration.

3.2.2Active layer deposition

Early screening tests were conducted by dropcasting 12 pl from solutions containing cumulenic
small molecules (4 g/l in 1;CB) onto Fraunhofer substrates.

Dropcastings a quick and easy technique to run preliminary tests, since it allows to observe
bulk-like structures, and even accomplish electrical measurements, but it is not suitable to
optimise thin films, due to the poor control over coverage, layer thicknessgeowmity,
reproducibility.

As a better performing alternative, bar coating was picked as preferential technique to deposit
and optimise films based on [3]Ph, [5]Ph and blends.

Bar coating is widely used to deposit organic semiconductors, because it allows to cover large
areas quickly, granting good coverage, th&ss control and uniformityin fact, by setting
several parameters, such as heating bed temperature, bar speathshate gap, wireround

rod diameter, it is possible to finely tune the deposition, and obtain easily reproducible films
[59]i [61].
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Theinstrument employed during this thesis work is a TQC Sheen Automatic Film Applicator
AB4400, mounting a homemade system to control thesblstrate gap at a micrometric scale,
and a nitrogen flow system to accelerate solvent evaporation, if neededaiTbeaker sits
under a fumehood.

The procedure of bar coating a film starts with the cleaning of the substrate.

During this thesis work, semiconducting films were bar coated on a number of surfaces: low
alkali 1737F Corning glass (from Prazisions Glas @pdik GmbH), with and without gold
interdigitated electrodes on top, silicon wafers, glass microscope slides, and Parylene C layers.
Except for the latter, which is a soft surface that might be damaged by aggressive cleaning, all
the other substrates wesenicated in acetone for 10 minutes, in IPA for 5 minutes, and then,
after a drying step assisted by nitrogen, they underwent a surface activation treatment in a
plasma asheijenerElectronicFemtoPlasmafor 5 minutes, at 100 W of power and #bar

of pressure. Substrates with Parylene C already on, were simply rinsed in acetone and IPA.

The wirebar also needs to be cleaned before (and after) bar coating a new film to ensure the
removal of any residues from previous depositions, and any atmerof contamination from
the environment, since bars are stored outside the cleanroom.

Next, the substrate is placed on the heating bed, and the bar is brought above the front edge of
the substrateThen, it is time to set the deposition parameters. éifext of temperature and
nitrogen flow will be discussed in Chapter 4. As for the gap between the bar and the substrate,
it should be carefully seln fact, if the bar sits too low, effectively in contact with the sample
itself, the solution will be draged onto the surface by the bar, rather than the surface tension,
loosing uniformity in coverage and thickness. Also, damage could be caused to the surface
underneathif the bar sits too high, it will be harder to form a meniscus, which is fundamental

in the working principle of this technique. The solution is dropcasted onto the bar itself.

By capillarity and due to the surface tension gradient, which is established in the system, the
liquid will be driven to form a meniscus between the bar and theratdgtigure 3.6(b)). A

mass flow, triggered by a gradient in surface tension: this is called Marangoni effect; in
particular, the mass will flow from the lower surface tension region to the highg3ngs0].

Crystallisation will take place beneath the bar, which will move forward and will assist the
phase transformation across the surface, while the solvent evapbigtee3.6(a)). If the bar

sits too high and a meniscus is not formed, the solution withéxely spread onto the surface,
and it will crystallise less uniformly.

Indicatively, the bar should stand a few tensniérometresabove the substrate to effectively
deposit [3]Ph and [5]Ph, with the former preferring a sligindyrowergap than thdatter,
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although this might be due to the different wirars employed, 6 um for [3]Ph and 10 um for
[5]Ph.

Unlike dropcasted films, bar coated ones are less likely affected by the coffee ring effect.

The bar speed also plays an important role in thegigmo process, as the thickness of the film
strongly depends on it. Indeed, the relation between bar speed and film thickness follows a
power law:  v", where t represents the bar coated thickness, v is speéisaadoefficient.

As Figure3.6(c) shavs, U= -0.95 in evaporation regime, i.e. when bar speed is below 1 mm/s,
meaning that the thickness decreases by increasing the speed. On the contrary, when the bar
speed rises above 1 mmi3= 0.64, and the thickness increases with the bar speedsthis i
Landaulevich regimg60].

Finally, the solvent can also affect the deposition, especially in conjunction with temperature:
indeed, some solvents decrease their surface tension when the temperature increases, potentially
leading to loss of coverage afildn uniformity [59].
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Figure 3.6 a) Schematic representation of the bar coating psfé23$. b) Representation of a wikear creating a
meniscug61]. c) Regimes of deposition and thickness trends according to the bartbmteess relatiofic0].

3.2.3Dielectric deposition
Parylene C was selected for the dielectric layer of the transistors studied in this thesis work.

The reasoning behind this choice is twofold: one has to do with the matearakteristics, the
other one with the deposition technique.

Parylene C, whose repeat unit is showFigure 3.7, deposits conformally to the substrate
underneath, especially when evaporated at very low pressure, creatingakepiree barrier.

Its low permeability to oxygen and other gases makes it effective in stabilising reactive layers
underneath itParylene C is commonly used as dielectric material in OFETSs, its dielectric
constant being 2.9%63]. Suchlow value is favourable fdreld effect transistors, asobility p

is linked to the dielectic layer capacitancehrough the following relatiomn both linear and

saturation regimeA ® —. Cgpacitancas in turndirectly proportionalto thematerialdielectric

constan{0 © - ): so alow dielectric constantausesigher mobilities

Cl

Figure 3.7 Paryene C repeat unit.
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The second reason supporting the selection of Parylene C as dielectric material has to do with
it being deposited by chemical vapour deposition (CVD), a technique that does not involve
solvents or annealing, both potentially harmfultfoe cumulenes layer.

Some drawbacks of this material are related to its mechanical properties. It is a soft material,
easily indented and damaged, and, although it is usually flexible, it can become slightly more
brittle when deposited at very low presssiri.e. when it is less amorphous. Similarly, exposing
Parylene to thermal treatments might induce some degree of crystallisation, hardening the
material and making it more britt[63].

The instrument used to deposit Parylene C is Speciality Coatstgr8y°DS 2010.

The procedure is as followfichloro-di-p-xylylene, the dimer precursor, is loaded ir#o
vaporiser, which is connected to a furnace, set at 720 °C. Pyrolysis occurs and the resulting
monomer, in vapour phase, travels to the main chamhbieahstrument, where samples are

kept in vacuum. When the monomer molecules reach the substrate surface, they polymerise,
forming a compact layer.

The thickness of the layer varies according to the needs, but an average of 400 nm was deposited
for the tiansistors presented in this work. A thicker layer makes for a more effective barrier
from oxygen and water, and reduces the risk of a damaged dielectric layer, so short@incuits

the other hand, thinner Parylene C layers lead to higher currents. In additiontingpdarge

amount of Parylene C at low pressure can be very time consuming, so a thinner layer is more
efficient.

Parylene C can alscebemployed as an encapsulant, to protect the finished device from the
environment. In this case, a layer of 1000 srdepositedo ensure a thick barrier

To measure the thickness of the deposited Parylene C layers, a mechanical profilsipieder (
Step 1Q surface profilomeatewas employed.

3.2.4Gate deposition
Different gate strategies were actuated.

Starting from BGBC configuration, thgates were made of thermally evaporated gold. The
exact same procedure described in paragraph 3.2.1 is valid.

In this case, gold was evaporated either on the entire substrate surface, for Frdikehofer
patterns, or selectively through a mask, for CM3quas.
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As for TGBC devices, the main gating technique involvedj@tkprinting a Bly(3,4-
ethylenedioxythiophendjoly(styrenesulfonatehk (PEDOT:PSSClevios PJ700, purchased
from Heraeus)

PEDOT:PSS, inFigure 3.8(a) is a widely used organic camtor, due to its appreciable
conductivity, its flexibility, and its versatilitj64].

In the specific context of this work, PEDOT:PSS was selected becauseat#sbased
formulation does not risk to damage the underneath layers. Moreover, it canjbepnkted

at low temperatures, even at room temperature. No wettability issues were ever detected, when
printing PEDOT:PSS on top of Parylene C.

PEDOT:PSS was injet printedfrom a SAMBA 12nozzle cartridge (from Fujifilm Dimatix)
using a Fujifilm Dimatix DMP2831printer.

Ink-jet printing is a deposition technique tipawovides high resolution, and good versatility, as
virtually any design can be printed. These technologies can be classified as either continuous
or drop on demand, and the latter canbased on the local vaporising of the ink in the jet
chamber (thermal infet printing), or on piezoelectricity, which is the most comrf&t]. The

Dimatix printer employed in this thesis work belongs to the piezoelectric category. When a
voltage is appéd, the piezoelectric piece deforms, and in doing so, it mechanically pushes the
ink outward, as shown iRigure3.8(b).

N
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h3d
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Figure 3.8 a) PEDOT and PSS repeat unit3.Schematic representation of the pieawamic inanink-jet printer
cartridge[64].
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The second strategy attempted to deposit gates still involves PEDOT:PSS, in the same
formulation as before, but the electrode was batem instead of printed. The description of

the bar coating technique explained above does not really apply in this case, as the achievement
of a homogeneous, uniformly covering layer is not the goal. Instead, the bar acts simply as an
applicator, and theubstratebar gap is set significantly larger than usual, to prevent the ink
from spreading beyond the channel region of the devices. A 20 um bar is used, and the
PEDOT:PSS solution is dropcasted directly on the sample rather than on the bar.



38 MATERIALS AND METHODS

The third andlast technique employed for gating is the spray coating of an ink based on
activated carbon (AC), with ethanol as a solvent. Said ink is currently the subject of a work
soon to be published and patented, which is the reason why very few details wittthalgbut

the binder, the ink preparation, and the ink deposition. A regular airbrush was the instrument
employed to spray coat the AC ink onto the substrate, selectively on the channel regions,
through a mask.

Finally, Figure 3.9 depics the schematic mresentations of a) a completed TGBC, and b) a
completed BGBC device.

GATE
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Figure 3.9 a) Schematic representation of a TGBC devin)eéSchematic representation of a BGBC device.

b)

3.3 Characterisation techniques

Several characterisatiageachniques were employed to study the cumulenic molecules included
in this thesis work.

Polarised light optical microscopy and atomic force microscopy were used to observe the
morphology and the topography of the semiconducting films;\iB/ spectroscopywas
dedicated todetectingsigns of degradation, and Semiconductor Parameter Aaralyas
employed to study the behaviour of the devices based on [3]Ph, [5]Ph and blends.

3.3.1Polarised optical microscopy

Polarised light optical microscopy (POM) is a quick andyetechnique to observe the
morphology of a film, including butkke and thin film crystalline structures, shape and size of
grains, coverage and homogeneity, degradation symptoms. It is a microscopy mode efficient
when observing crystalline materialseyhcan be defined as birefringent, meaning that their
refractive index depends on the polarisation of light.

The instrument used is a Zeiss Axio Scope Al, equipped with a polariser.

The polariser filters the light so that only the component oscillatingeérdirection gets through
to the sample. When polarised light hits a crystalline, anisotropic sample, it is split into two
waves. Those will travel at a different speed, due to the ammeveioned difference in the
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refractive index along the twdifferent directions (birefringence), so that they will end up being
out of phase with each other.

The result of the constructive or destructive interference between the two out of phase waves is
what gets reflected back to the analyser. This will ek an image with enhanced contrast.

This analysis can be exploited to tell apart crystalline and amorphous films, as well as isotropic
and anisotropic materials. Amorphous and anisotropic materials will appear black, since
amorphous materials are not dfiingent, and isotropic ones only give rise to destructive
interference, as the two waves travel with the same phase.

[3]Ph and [5]Ph films are both crystalline and anisotropic, so this characterisation technique is
effective.

On the other handhose materials are severely photosensitive: POM imaging can only be
resourced to after deposition tests, or after other analysis techniques, to prevent light
degradation from altering the results.

Figure3.10(a) and 3.1Q(b) show what happens to films of [3]Ph gdB{Ph, respectively, after
60 seconds of exposure to the microscope light. In particulkigure3.10(b), it is possible to
compare a pristine region with one that underwent photodegradation.

Figure 3.10a) POM image of a3]Ph film, after being exposed to the light of the microscope for 60 seconds, 90°
polarisationb) POM image of a [5]Ph film, split into a undegraded region and a region exposed to the light of the
microscope for 60 seconds; 90° polarisation.

3.3.2UV-Vis spetroscopy

UV-Vis spectroscopy is a fairly straightforward characterisation technigueh can produce
important information about the analyte, such as optical band gap, from the absorption onset,
degradation or transformation events, from the alteratiomhén shape of the spectrum,
transitions, from the location of the peaks.
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Both thin films and solutions (in quartz cuvettes) can be analysed, provided that a baseline is
acquired, to exclude from the resulting spectra the influence of the background,exdeanal
light, the substrate or the solvent.

The instrument employed was a Perkin Elmer Lambda 1050 UV/Vis/NIR spectrophotometer,
and it wasused to detect degradati@s well as toextract infornation about electronic
transitions

A grating monochromator selects wavelengths from the deuterium and turngdteyen
sources, with a resolution up to 1 nm, starting from the lowest energy wavelength. Wavelength
by wavelength, the monochromatic light hits the sample, which absorbs some light. The residual
light reaches the detectavhichreads the transmitted hgintensity at each frequency. Due to

the detector sensitivity and the high molar extinction coefficient of the cumulenic molecules, it
was necessary to dilute the solutions to 0.01 g/l in order to get a significant spectrum.

Another setup was exploitéd run stability tests on those two materials, and it can be observed
in Figure3.11. In this case, the aim is to detect simultaneously absorbance variations along the
full spectral range, at the cost of a lower wavelemgsolution.

White light, emitted ly a deuteriurvhalogen lamp (Avantes AvaLigii2(H)-S) was used as a
probe during the measurements. The transmitted light intensity was collected by a spectrometer
(Avantes AvaSpe¢iS2048XL-EVO) in transmission, being then elaborated and turned into
absorptbn spectra. In addition to the white light, LEDs emitting at different wavelengths, i.e.
660 nm (Thorlabs M660L-€5), 530 nm (Thorlabs M530LZ5), 470 nm (Thorlabs M470L5

C5), 405 nm (Thorlabs M405LPR15), 365 nm (Thorlabs M365LB5), were shined on the
sanple one at a time for 30 seconds each, starting from the red one and proceeding by
decreasing the emitted wavelength. The LED light was impinging on the samples
perpendicularly to the transmission line, so to induce photodegradation without being @ollecte
by the detector. The integration time for all measurements was sbBtratliiseconds, and the
power density associated to the LEDs was about 40 m%V/cm
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Figure 3.11 Setup for photodegradation analysis, involving a white kgiirce and a LED.

3.3.3Electricalcharacterisation§emiconductoParameteAnaly<er)

Semiconductor parameter analyser (SPA) is an instrument used to investigate the electrical
behaviour of semiconducting materials, mainly by measuring IV characteristics to extract the
conductivity in twoelectrodes devices, along with transfer and output curves in working
transistors to extract the charge mobility and other relevant parameters.

The measurements were run throagiAgilent B1500A Semiconductor Device Analyzer, on

a 4 probe stage, equippeda microscope, from Wentworth Laboratories. Tests were carried
out both in air and in nitrogen atmosphere, the latter being the preferential route, since in a
glovebox the oxygen and water content is below 0.1 ppm, which ensures better stability to the
devices.

From an operative point of view, the measurements proceed as follows: 3 of the 4 probes are
contacted to the electrodes of the devices, i.e. source, drain and gate. The microscope is only
turned on for brief intervals of time, in order to effeetivcontact the transistors, and then it is
switched off to avoid degradation from light, especially when the material is active.

In relation to this work, two types of curves were obtained by SPA, the transfer curve and the
output curve.

The transfer cuw is obtained in a twetep analysis, each carried out at a fixed drain voltage
(Vp), where drain currentd) is measured while varying the gate voltage)(M he first step
occurred at ¥,in =-5V, that is a low, negative voltage, which establishes a linear regime in p
type semiconductors, such as [5]Ph and [3]Ph: a forward and reverse I/V sweep are performed
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from Vg = 10 Vto \6 =-40 V, while b, Is, I (i.e., the leakage current, produdadcharges
piercing through the dielectric layer) are measured.

The second step takes place at\=-40 V, which is a substantially negative voltage driving
the device into the saturation regime. Agaia,Wries from 10 V te40 V, and back, while th
abovementioned currents are measured.

It is worth pointing out that the range ofs\6hould be picked, taking a few points into
consideration. If transistors switch on late, they need higher voltages to get past the threshold
voltage, after which the crents weakly depend ongVOn the other hand, high voltages are
associated to thermal degradation, thermal shocks, bias stress, and trap formation, so it is not
advisable to set too intense voltages, whether they are negative or positive.

[3]Ph and [5]Ph wre also tested in-tnansfer mode, meaning that the applied ésagere
positive, to extract and transport electrons instead of holes. The tests confirmed that both
materials work as unipolar semiconductors.

From the transfer curve, a few important paramsetan be calculated through a MATLAB
(MathWorks) script, written by Stefano Pecorario.

A The field effect mobility, in both linear and saturation regime, was extracted by applying
Eq. (1) and (2)Here, L is the channel length, Wetkkhannel width, C is the dielectric
capacitance per unit areag\6 the gate voltage, dfin is the drain voltage in linear
regime, b,in and b satare the drain currents, respectively in linear and saturation regime.
It should be underlined that thalculated value does not correspond to the intrinsic
mobility of the material. Rather, it is a device property, since the contact resistance and
leakage current also play a role. Indeed, saturation mobility is usually considered more
reliable than linear wbility, because in saturation the leakage is usually more

negligible.
L ’ﬂ “."J h'r?.l
Hin = W ey o | 0V, 1)
_ 2L (0llpsacl) (2)
.usm:. - Wr:- HV{I,

A The threshold voltage, is the voltage, past which the drain current stops depending
on the gate voltage. It was extracted by fitting$ a function of ¥ in the linear
regime and then finding the intersection with the voltage axis, while in saturation it
was the square root aof to be fitted in the same way and intersected with the voltage
axis.
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A lolofis the ratio of the maximum detected current olaerrhinimum one.

A The subthreshold slope is an indication of how fast the device switches from being off
to be on. It was obtained by linearly fitting thecurve in logarithmic scale whensV
< Vi, and then by calculating the reciprocal value of the slope.

A Vonis the voltage, after which the transistor starts switching on. It can be located in the
point when the slope ob lin logarithmic scale starts to increase, until it reaches V

A The reliability factor is an esteem of the ideality of the device, traransfer curve.
The closer it is to 1, the more reliable the extraction oati@vementionedvalues is.
It is calculated by applying Eqg. (3) and (4).

2
vV “D mu.x‘.l - IID H’T‘,l wc
Tsat. = \, (—“sar.) (3)
|VU max. ~ l"l’sar | 2L
r e |ID mux.l = |ID:V,~:-| /(LVCVD“”_ y ) (4)
- |VG max. ~ VTlm.I L o

Examples of transfer curves are presented in Chapter 6.

The other curve obtained by means of SPAthe output curve. During each step of
measurement, the gate voltage is kept fixed, while the drain voltage varies from-@0/\to

in a forward sweep. At each step, the gate voltage negatively increases by 10 V, until it reaches
-40 V. The collected daia the drain current.

The most important information that can be inferred from an output curve is the efficiency of

the charge injection from metal contacts to the active layer. In an ideal device, at voltages close

to 0, the drain current in logarithmscale should be linearly dependant on the drain voltage,

like in anohmic junction.

| f injection issues take pl ace, t hat Anr egi on
example of this will be offered in Chapter 6.

3.3.4Atomic forcemicroscopy

Atomic force microscopy (AFM) is a highly refined technique to investigate surface metrology
with atomic resolution, relying on a scanning prolikich runs across the surface, line by line,
and collects data regarding topography, thickness memsmts, but also mechanical and
electrical properties.
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The AFM probe is typically a sharp tip, made of micromachined silicon, and it is mounted on

a cantilever that can oscillate. As the probe approaches the sample and establishes an interaction
force with it, the cantilever bends. The deflection is detected by a photodevaaitdr collects

the signal of the laser diode focused on the cantilever, as represeifigaita3.12

Detector and
feedback

electronics

Photodiode

/ Laser
—,\ Cantiliever
Sample surface  “=——f- & tip

e~ T

PZT

Figure 3.12 Schematic representation of the working principle of an AFM.

The microscope can operate in either contact or tapping mode.

The contact modevolves the tip being pressed onto the sample. This can cause damage to
both the analyte and the tip.

The tapping mode works with the tip in very close proximity to the substrate, vibrating around
the resonance frequency: the attractive and repulsiveegogenerated by the interactions
between the sample and the tip itself dump the motion.

Data are collected in the form of 2D images of the topography, amplitude and phase, but 3D
images can be obtained, as well as several parameters, such as root raeanRHls)
roughness.

The instrument employed in this thesis work was a Keysight 5699LS in tapping mode, while
the data were elaborated through the software Gwyddion.
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4. EXPERIMENTAL RESULTSI FILM
DEPOSITION AND CHARACTERISATION

4.1 [5]Ph optimisation

Theultimate goal of this thesis work was tlfi@brication of field effect transistors based on thin
films of [5]Ph. With this regard, it is of paramount importance to oggnthe thin film
deposition, which is essential to achieve the best charge transport possible. Furthermore, it is
important to ieéntify a suitable semiconductdrelectric interface and establish the most
favourable transistor architecture.

Being similar to [3]Ph, the optimisation process of [5]Ph thin films started from the conditions
that had already proved to allow for a good8deposition, but then several changes to certain
parameters were tested out. Optimised [3]Ph thin films were previously achieved Hyawire
coating from 10 g/l in 1;DCB solutions, using a 6 um bar moving at 30 mm/s, with bed
temperature of 80 °C, amdb flow on. Solutions are stirred at 50 °C for at least one hour before
deposition, and all the process are performed in air, in a yetiom.

When deposited according to the optimised conditiotsdiabove, [3]Ph molecules arrange in
homogeneous, polycrystalline thin films, about 20 nm thick and made ohfesmetres large
crystalline grains, with low roughness and absence of defects. In this arrangement, the
molecules are aligned with the cummilechains quagparallel to the substra{€igure4.1), so

that the " -stacking also occurs parallel to the substrate, leading to an anisotropic charge
transport: it is more efficient in the horizontal direction, i.e. parallel to the substrate, rather than
vertically [13].
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Figure 4.1 Arrangement of [3]Phwhose chains amguastparallel to the substraf&3].

Having large structures means less grainnataries, which are typically poorlgrdered areas
that hinder charge transppatthoughgrain size is nathe ony factorinfluencingit. Indeed, the
optimised conditionsare not the onesducing the formation of the largest graimsit the
optimised filmalsofeatures other desirableharacteriscs: the surface smoothness reduces the
presence of traps at the semicondudietectric interface, and the absence of grain
defects reduces internal traps.

As a first step, a similar morphology was pursued for [5]Ph thin films, too.

4.1.1Solution formulation

1,2-DCB was the solvent of choice for [3]Ph, mainly because the small molecule shows good
solubility in itand because of its boiling point at 180 °C, ensuring solvent stability over a broad
range of temperature.

Actually, [5]Ph is even more soluble in ALXCB, making the solution preparation step much
quicker, and effective even when stirring at low tempeestfor example, 35 °C). The latter
advantage is crucial for reasons related to thermal degradation, but the subject will be explored
in detail in the next chapter.

Toluene was also tried out, but its lower boiling point (110 °C) accelerated the solvent
evaporation after bar coating, with respect to-@B, and prevented [5]Ph from creating a
homogeneous film with a good coverage. Indeed, if evaporation kinetics is too fast,
crystallisation nuclei do not have sufficient time to grow and arrange in a denven
morphology.So, 1,2DCB was confirmed as solvent of choice for [5]Ph deposition, as well.

There were attempts at bar coating [5]Ph both from cool (354C°C) and hot solutions. In
t hi s cont exashotas the degositioretemperature: after the stirring process, vials
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were left on the coater bed, already set to deposition temperature, for a few minutes to
thermalise, before moving on to bar coating. Cool solutions behaved better, probably due to
thermal stability reasons (s€&hapter 5).

Moreover, hefirst bar coated samples came from solutions stirred for a few hours at 50 °C,
according to the procedure employed for [3]Ph. Thermostability tegt<{sapter 5) revealed

that such a long stirring at that temperature was enough to damage the solution, and so that
particular step was eventually shortened to 30 minutes at 35 °C for 10 g/l solutions. In fact, for
less concentrated solutions, such as bl g/l, stirring at room temperature for-80 minutes

was sufficient.

Such low concentrations, though, did not produce particularly good films. Small crystals with
high aspect ratio were the main structure. Good results, i.e. compact, homogeneougHilms

larger grains, were obtained by bar coating solutions at 10 g/l, 20 g/l and 30 g/Il. To avoid
overusing the material, a concentration of 10 g/l was then picked as the one to be optimised.

Figure4.2 (a) and 42(b) show two films of [5]Ph, wirdoar coded from 1,2DCB solutions at
concentration of 5 g/l and a 20 g/l solution, respectively. All the other parameters were kept
fixed for this test: deposition temperature at 60 °C, bar speed at 45 mm/s Wik 9ff, in

yellow room

Figure 4.2 a) POM image of a [5]Ph film, wirbar coated at T = 60 °C, with bar speed v = 45 mm/s, wiftolv
off, in dark conditions, in air, from a 5 g/l in 2[2XCB solution, taken with 90° polarisatiom) POM image of a
[5]Ph film, wire-bar coated at the same conditions, but from a 20 g/l solution, taken with 90° polarisation.

Solutions offiC6-50, a cumulenic molecule very similar to [5]Pbut featuing alkyl chains
bonded tadhe phenykendgroupswere also deposited, but with no satisfactory results, since it
was impossible to get a film from that molecule using deposition conditionkisio [3]Ph

and [5]Ph.
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More solutions were prepared that were based on blends of [5]Ph and insulating polymers,
namely PS and PMMA, in 1;RCB. The stirring process for those solutions would happen in
two steps: 30 minutes at 40 °C for each unblendestjne solution ([5]Ph and the polymer),

then another 30 minutes of stirring at the same temperature for the final blend solution, to ensure
adequate solvation of both chemical species.

The addition of the polymers did alter the morphology of the filmsieav structures appeared,
but it also made the films less homogeneous, with significant differences within the same
sample.

Figure4.3(a) depicts a [5]Ph:PS film, wiiear coated from a 1:1 10 g/l solution in-DZB, at

80 °C, with a bar speed of 30 msnivith no nitrogen flow on, igellow room in air. Fibre

bundles appear to be dominant in the morphology, with significant variability in size and
orientation. With this kind of morphology, charge transport could be efficient along the axis of
each fbre or sheaf, but not in the perpendicular direction to that, as the structures are separated
by amorphous regions and voids. Besides, it was not possible to arrange the fibres so that they
would be equally oriented, to exploit their anisotropic chargesort.

The film based on [5]Ph:PMMA blend (1:1, 10 g/l in-DZB), wire-bar coated at the same
conditions, is shown ifrigure 4.3(b): this blend arranges in more defined and overall larger
crystalline grains, although some fibres are still present.

Figure 4.3 a) POM image of the main structure in a [5]Ph:PS film, taken with 90° polarisa)&OM image of
the main structure in a [5]Ph:PMMA film, taken with 90° polarisation.

Small moleculepolymer ratios of respectively L(10 g/l) and 1:3 (5 g/l : 15 g/l) were tested:

for both polymers, the latter produced better films locally, but much more variability across the
same sample. In particular, whole areas were completely amorphous, suggesting that [5]Ph was
not present undrmly all over the surface, the size and shape of the structures varied a lot, and
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defects were quite common. So, the former ratio was deemed more efficient to fabricate large
area transistors.

Figure4.4(a) shows a film based on the blend [5]Ph:PS (5 §8 g/l in 1,2DCB), wire-bar
coated at T = 80 °C, with bar speed of 30 mm/s, with no nitrogen flow. Together with the typical
fibre bundles there are also longer, oriented fibres: those usually form on the border of the
samples, while in this case ttigd of defect was present in several regions of the film.

Figure4.4(b) depicts a film of [5]Ph:PMMA (5 g/l : 15 g/l in 222CB), deposited at the same
conditions just described. This time, amorphous spots can be observed as well as grains of many
different sizes and shapes.

Figure 4.4 a) POM image of a film based on the blend [5]Ph:PS (5 g/l : 15 g/l HDCR), wire-bar coated at T
= 80 °C, with bar speed of 30 mm/s, with no nitrogen flow, in dark conditions, in airrepietken under 90°
polarisationb) POM image of a film based on the blend [5]Ph:PMMA (5 g/l : 15 g/l ifDICB), wire-bar coated
at the same conditions as before.

Ultimately, films based orj5]Ph onits own looked better under POM and they also worked
better in transistors, as it will be shown in Chapter 6. The blends did not proghectatad
enough films:complete surface coverage was not always achieved, and there was a lot of
variability in the size and shapétbe structures, leading to very unpredictable results when bar
coating aforementioned solutions.

4.1.2Deposition temperature

The deposition temperature is a crucial parameter since it strongly influences the kinetics of the
solvent evaporation and film formation. For instance, it affects both the nucleatioryatad cr
growth rates. Furthermore, small molecules films formed at different temperatures might
display polymorphic structures other than the bulk . Finally, too high deposition
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temperature might damage tiilen by thermally activated transformations by thermal shock
while cooling.

Several deposition temperatures were tested for solutions of [5]Ph, [5]Ph:PS and [5]Ph:PMMA,
and it should be noted that samples stayed on the bar coater plate for under a minute, after the
deposition, merely to ensuselvent evaporation. Bar speed was set to 45 nanfitrogen

flow was oft

Starting with pristine [5]Ph, it is possible to see that at room temperdtigerd 4.5(a))
randomly oriented needlée structues were predominant. In between those, a film made of
very small crystalline grains was observed. This morphology can lead to a very inefficient
charge transport, so room temperature for deposition was rulefit@@.°C Figure4.54.4(b))

the films appead more homogeneous, and coverage was good, but grains were quite small and
grain boundariesomewhatthick. At 70 °C Figure4.5(c)), crystalline grains were enlarged,
although grain boundaries still showed. ¥ 80 °C grains were even largemtbsigns of
degradation started appearirfggure 4.5figure 4.4(d) depicts a region, affected by thermal
damage. At 110 °C the films showed major signs of thermal degradation in several regions,
with voids opening across the samples, as visiblegare4.5(e).

70 °C ended up being a good compromise: the films deposited at that temperature were
homogeneous, they showed great coverage and decently sized grains.
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Figure 4.5 POM images (90° polarisation) of [5]Ph film wibar coated ah) room temperaturdy) 60 °C,c) 70
°C, d) 80 °C,e) 110 °C.f) POM image of the arched, fibfike structurs, commonly present aefecs in [5]Ph
films.

Similar tests were run on solutiooS[5]Ph:PMMA with a small molecul@olymer ratio of 1:1
(10 g/l in 1,2DCB).

The fixed parameters were bar speed of 30 mm/s, no nitrogen flow, dark conditions, in air. The
samples bar coated at 60 °C, whklgure 4.6(a) is an example of, displayed stealgrains

with respect to those bar coated at 80FiQire4.6(b)). Besides, the shape of the grains seemed

to be slightly different between the two: the structures formed at 60 °C were less smooth,
featuring thin ridges that were less commonly obsenvelde higher temperature films.

When a deposition temperature of 110 °C was set, degradation of the filobwass and in

a larger extension with respect to [5]Ph films. Indeed, 110 °C approaches PMMA glass
transition, that ranges from 105 °C to 120 °C, aeli@g on synthesis and average molecular
weight[66]. This might explain why [5]Ph:PMMA films turned out to be more sensitive to high
temperature than [5]Ph ones.

Figure 4.6 POM images (90° polarisation) of films bar coated from [5]Ph:PMMA (1:1, 10 g/l ¥lDCR)
solutionsa) at 60 °C and) at 80 °C.
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As for [5]Ph:PS, tests were only conducted at 60 °C and 80 °C, since it was clear that 110 °C
was an excessive temperature depositing [5]Pkased solutions, at that point. Deposition
conditions were identical to the tests carried out on [5]Ph:PMMA.

At 60 °C (Figure4.7(a)), randomly oriented thin structures were embedded in an amorphous
matrix. On the other handhich packirg became more compact in samples deposited at 80 °C,
like shown byFigure4.7(b): there was a remarkable variability in the sizing of the structures,
but overall the amorphous regions were reduced, and the sheaves of fibres increased in size.

Figure 4.7 POM images (90° polarisation) of films bar coated from [5]Ph:PS (1:1, 10 g/IHDQBR) ata) 60 °C
andb) 80 °C.

4.1.3Nitrogen flow
Crystallisation is a process heavily dependent on kinetics and thermodyf@rijics

Also postdesition treatments are important for controlling the structural and charge transport
properties of organic semiconductors filée decided not to anneal the films, both regarding
[3]Ph and[5]Ph, because it increases the risk of thermal degradation,nasnsigated in
Chapters.

Still, regarding the deposition of [3]Ph, it was noticed that fluxing ddto the films,
immediately after the passage of the bar, reduces the drying time of the films. This resulted in
more homogenous films, as testifibg lower statistical variability in the performance of
transistors based on films deposited with the same condikarthermore, we might speculate

that Nb flow "freezes" the film in a favourable eof-equilibrium structure, since it accelerates

the solvait evaporation.

The same strategy was attempted during [5]Ph bar coating. It turned out thatlte Nad a
detrimental effect on [5]Ph films formation, since this materialdhdgferent crystallisation
kinetics.
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It happened consistently throughout the tests, carried out on different solutions, deposition
temperatures and bar speed, thafldv led to more isolated structures, which are not efficient
at transporting charge.

The consistency of the results was such tpatased [5]Ph is now deposited without Now
on.

4.1.4Bar parameters
Bar parameters turned out to be less relevant, with respect to therabotiened ones.

Bar speed of 0.5 mm/s, 15 mm/s, 20 mm/s, 30 mm/sy@fs, 60 mm/s were tested. Once all

the other parameters were fixed, there were not remarkable diffenentes morpholoy

among samples deposited at different speed, except for the trials at 0.5 mm/s, which were not
successful: at room temperature, crystallisation kisas too slow, at higher temperatures the
solvent evaporates before the bar coating step is completed.

45 mm/s was selected as best speed, since a quicker deposition reduces the time that the samples
spend on the heating plate of the bar coadegher bar speeds selted in too thck films, in
accordance with the spegéliickness relation explained fBection 3.2.2, antess desirable
morphologiesindeed,the best transistors so far were fabricated by bar coating [5]Ph at 45
mm/s (Chapter 6).

4.2 Thin film characterisation

Thanks to the strong birefringence of films of cumulenes, polarised optical microscopy is a
valuable and rapid tool to qualitativegssesghe film formation and its morphological
characteristics (for instance the size and shape of crystalline grains) as discussed in the previous
section. Howevelits resolving power is limited, and only the surface can be obsdteade

other techniquessuch as UWis spetroscopy,Atomic Force Microscopy,and Ultraviolet
Photoemission Spectrosggpwere employed to get ingits on degradation symptoms,
electronic transions surfacetopagraphy, film thicknessandenergy levels.

4.2.1UV-Vis spectroscopy

At first, UV-Vis spectra of [5]Ph were acquired on 0,01 g/l in@@B solutions, as shown in
Figure4.8. At this level of dilution, it is reasonable to exclude the presence of aggregates in the
solution. Therefore, this measure is regarded as the absorptairuspef isolated molecules.
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Figure 4.8 Absorption spectrum of a [5]Ph solution (0,01 g/l in-D@B). The inset from [16], represents the
molecular orbitals of [5]Ph, specifically it&/o " -systems

The absorption spectrum is perfectagreement with previous repof8s3].

We can distinguish three main peaks, and in order to assign them to specific electronic
transitions it should be explained that [5]Ph displays tweystems: one of them extends the
conjugationfrom the central cumulenic chain to the phenyl groups, lyamgesvhat out of the
molecule plane, the other one is limited to the 4 orbitals of the cumulergarispns.
According to density functional theoflpFT) calculations, the main peak as well as the less
energetic one, located at 496 nm, is associated to the HOlBebt occupied molecular
orbital) to LUMO (lowest unoccupied molecular orbit&élansition, involving the first-system

The other two, at 440 nm and 370 nm, are respectively referred to HOBI@® LUMO
transition, and to either HOM® 1 to LUMO or HOMO to LUMO + 1: they are linked to
transiti ons -$ystamno thelirst on@k[83p n d

Moving on tothe thin film spectrum, ifrigure4.9(a) it is possible to notice the appearance of

a peak at 510 nm, associated to solid state aggregates. The higher this peak with respect to the
one at 475 nm, the better the film seems to be in terms of charge trarsmetd on
experimental datdndeed, [3]Ph thin film spectrum displays a very high solid state pégikré

4.9(b)).

The spectra irFigure4.9(a) and 4.9(bare all normalised to their maxima and the thin films
were deposited according to their optimised conditions: both from 10 g/I-DGRolutions,
in a yellow roomand in air, [5]Ph at 70 °C, with a bar speed of 45 mm/s and no nitrogen flow
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on, [3]Ph at 80 °C, with 30 mm/s of bar speed and nitrogen flow on. [5]Ph solution was stirred
at 35 °C for half an hour, while [3]Ph at 50 °C forauple of hours.

It is interesting to notice that the [5]Ph thin film spectrum red shifts less, in comparison to its
solution spectrum, than [3]Ph.
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Figure 4.9 a) Absorption spectra of [5]Ph in optimised thin film and in solution (0,01 g/l iADCB), each
normalised to their maximé) Absorption spectra of [3]Ph in optimised thin film and in solution (0,01 g/l in 1,2
DCB), each normalised to their maxima.

Absorption spectra were mainly employed to check for degradation in films and solutions for
both [5]Ph and [3]Ph, since a decreased intensity of the peaks or alterations in the spectrum
shape can be interpreted as transformations in the material.

4.2.2 Atomic force microscopy

AFM was employed to analyse the surface of the samples, to extract the roughness, as well as
to measure the thickness of the films.

As already mentioned, a smooth surface with low amount of defects leads to optimal conformal
adhesion of theidlectric layer in TGBC devices, which reduces the presence of traps at the
interface.A high degree of energetic and structural order of the film is beneficial to charge
transport.
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Figure 4.10 AFM 2D images of [5]Ph films, bar coated from a 10 g/l solution irOCB, at 70 °C, in dark
conditions, without nitrogen flow, in a&) at bar speed equal to 15 mm/s, &dt bar speed equal to 45 mm/s.
c) AFM 3D image of he same sample a3 d) AFM 3D image of the same samplelgse) POM image of the
same sample ag-c), taken under 90° polarisatiof). POM image of the same samplelgsd), taken under 90°
polarisation.

Figure4.10(a)-(b) depict AFM topographionages of two samples, that were bar coated at the
same conditions, except for the bar speed: 70 °C, no nitrogen flow, in dark conditions, in air,
from 10 g/l in 1,2DCB solutions stirred at 35 °C for half an hour, but (a) was deposited with a
bar speed agl to 15 mm/s, while (b) was deposited at 45 mm/s. Provided that each sample
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was fairly homogeneous across its surface, it is possible to notice a difference in the topography,
as (b) showed much more asperities, even though the height range of thesfeaisiexactly

the same. In a way, the samples bar coated at a faster speed displayed more ordered asperities,
as underlined by figures 4.9{(), which are the 3D image respectively referred to (a) and (b).

As a reference, figures 4.9¢(¢) are POM imags of the very same samples, taken under 90°
polarisation.

The 15 mm/s sample showed a smoother texture, as its root mean square roughness (RMS) is
equal to 0,997 nm, while the 45 mm/s sample stands at 1,211 nm. Overall, it is fair to conclude
that [5]Phsamples are sufficiently smooth, since their RMS roughisessmparabléo those

of optimised [3]PH13].

AFM was also employed to esteem the thickness of [5]Ph films. In order to do so, a film was
bar coated at 80 °C: the structures at that specificaemtyre are quite similar to those forming

at 70 °C, but some defects are more common at a higher temperature. These defects were
exploited as indentations in the film, without having to manually scratch the sample, which
would have led to accumulation wfaterial at the edges of said scratch.

The other deposition conditions were kept identical, so 45 mm/s of bar speed, no nitrogen flow,
dark conditions, air atmosphere. It is established that the bar speed is the main parameter that
determines the film thimess.

Figures 4.10(a}b), respectively 2D and 3D images obtained by AFM, show the results of the
test: the measured film had a thickness of about 20 nm. As a matter of fact, mechanical
profilometry was not able to reliably measure the thickness of [Blfak, given the limited
spatial resolution of this technique. In addition, [3]Ph films also show comparable thicknesses,
ranging from 15 nm up to 30 nfh3].

3

203 nm

Figure 4.11 AFM images of a [5]Ph film, bar coated at 80 °C, 45 mm/s, in dark conditions, &) &2 andb)
3D.
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4.2.3Ultraviolet photoelectron spectroscopy

Ultraviolet PhotoelectronSpectroscopyUPS) is a widely employed technique to extract the
work function and the HOMO of materig3]

Briefly, its working principle is based on the photoelectric effect, induced in the analyte by
ultraviolet radiation. The radiation is typically generated das discharge, and the most
common gas employed is helium, emitting photons with 21.2 eV of energy. When the radiation
hits the sample, electrons are emitted. Resolutions of 0.1 eV can be achieved. This technique is
suitable for valence band onlindeed, cordevels would require higher energy photons (x

rays) while the conduction band can be probed by inverse photoemission spectroscopy (IPES).

Before getting to the analysis discussion, it is worth explaining a few tEiguse4.12(a) is a
grapht representation of the band structure of a semiconductor. For intrinsic semiconductors
(excluding doping effects), the Fermi level can be assumed to lie right in the middle of the
energy gap, which is the gap between the HOMO and the LUMO in organiciatsater
particular it has been proved thahe singlemolecule conductance of5]cumulenes (and
[3]Jcumulenes)s weakly dependent on thapplied voltagemeaning that the Fermi leved

likely far from any molecular level; from this, it is possible to infer that the Fermi level lies in
between theHOMO and tle LUMO [30]. The work function is the energy required to draw an
electron from aolid andake it infinitely far away from it (the vacuum level), while the binding
energy is the energy needed to extract an electron from its state.

For UPS analysis, samples werepared by wirbar coating a 10 g/l [5]Ph solution at 80 °C,

at 20 mm/s, with nitrogen flow off, in dark conditions, in air, after 30 minutes of stirring at 35
°C, onto silicon substrates. Then, the samples were shipped at the Materials Charanterizatio
Facility of the Istituto Italiano di Tecnologia in Gemowhere Dr. Mirko Prato run the UPS
analysis.

Figure4.12(b) displays the resulting UPS spectrum, binding energy vs detected intensity, and
we are assuming that 0 eV corresponds to the Fermi level. The high binding energy onset is at
16.8 eV: by subtracting thvalue from the incoming photon energy (21.2 eV), a work function

of 4.4 eV is obtained. The low binding energy onset is at 1,0 eV: by combining this value with
the work function, a HOMO equal t&.4 eV is calculated. In comparison with [3]Ph, whose
HOMO sits at-5.3 eV, [5]Ph has a deeper HOMO, suggesting that it might be less prone to
oxidation. In addition, by assuming that the Fermi level lies right in the middle of the HOMO
LUMO gap, it is possible to evaluate the energy gap as equal to 2.0 eV.
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Figure 4.12 a) Band structure diagram, representing the values extracted by UPS angly$i8S spectrum
acquied on [5]Ph film by Mirko Prato, at MCF@IIT.

By looking at the UWis absorption spectrum in figure 4.12, the value of the absorption onset
can be extracted at 2.16 eV (575 nm), although the shallow slope of the curve does not allow a
precise evaluation of it.
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Supposing that 2.16 eV is a correct estimate, it represents the optical gap, which is the minimum
energy for a photon to be absorbed.

The discrepancy between the electronic band gap, at 2 eV, and the optical band gap is apparent.
This is not uncommon in organic semiconductors, but more studies are needed to properly
understand the behaviour of [5]Ph in regard to transitions and bantlistruc
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Figure 4.13UV-Vis absorption spectrum of an optimised [5fith, showing the onset of the peak associated to
the HOMGLUMO transition.
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5. EXPERIMENTAL RESULTSI STABILITY

As mentioned in previous chapters, stability is a concern when it comes to cumulenic structures.
The sp hybridisation is na@nenergetically favourable state for carbon, with respesptor

sp’, so it was crucial to establish the conditions that could allow to work with [3]Ph and [5]Ph
without incurring into degradation issues. It was soon apparent that, as similar as these two
molecules are to each otharterms ofchemical structurethey display different behasir in

relation to certairstimuli.

A series of experiments was sgd to isolate thanpact of light and heat on the degradation of
cumulenes in solution and in thiim. Photospectroscopy was the principal technique
employed to characterise the saewl

5.1 Stability in air and ageing

[3]Ph and [5]Ph powders are considered stable in air. Solutions are prepared in air and thin film
deposition by wirebar coating is also carried out in air.

However, degradation of [5]Ph solutions {ij2-DCB and in toluene) was observed over a few
days long period of time, even when those were exposed to neither light nor heat, except for the
initial stirring step at 35°C or 40°for 30 to 60 minutes

Figureb.1(a) shows the results of two absorption measurementsiran0,01 g/l [5]Ph in DCB
solution, 10 days apart from each other: the main peak, located an¥3% the absorbance
spectrum clearly decreases in intensity, while the higher energy peak min3vhich might

be linked to degradation, stays the sameaning that it increases in comparison to the main
peak. On top of that, optical microscopy reveals that the old solution is not able to deposit a
good, homogeneous filnfrigure5.1(b)). It should be underlined that during those 10 days the
solution was kept ithe dark in a fridge at 4°C.

Although more tests should be conducted to properly assess the origin of this degradation
process, it is possible that air might have something to do witls ibxygen and moisture are
known to promotéelecto)chemical reaction, so degradatiohOSCs
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the peak of the fresh solution) POM picture of a thin film deposited from the old [5]Ph solution.

Thin films of

[5]Phbased transistors run in air return slightly decreased performance compared to
measurements run in nitrogen atmosphere, but this subject will be more thoroughly explained

in the next chapter.

As for [3]Ph It
solutionsare notdegraded.

[ 5] Ph

doesnot

donot

seem

t

o

renaia wenticakves 10adays t hi s
after deposition, if not exposed to light or h&n the other hand, electrical measurements of

be

affected

by

[5]Ph has a deeper HOMO level than [3]Ph, s®stipposed to endure better against oxidation,
but more tests are needed before drawimgconclusions.

5.2 Photosensitivity

The photosensitivity of [3]Ph and [5]Ph is definitely one of the major challenges faced when
studying these moleculésven more so when fabricating transistors based on cumulenes. The

aim of the following tests was taigntify the impact of photodegradation on these materials.

5.2.1Photosensitivity in solution

The experiments were run according to identical methodology for both [3]Ph and [5]Ph. Both
materials were dissolved in 1[Zchlorobenzene, at@ncentration of 0,08/l to compensate

the low sensitivity of the detectawhich cannot efficiery collect the signal if the sample
absorbs too @y photons The quartz cuvettes employed for the measurements havenian 10

long optical path.

ai
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Each solution underwent the same procedure according to the described irParagraph

3.3.2 White light was shined throughdlsample for 30 seconds, during which absorption data
were acquired, to create a baseline. After that, in addition to the white light, LEDs emitting at
different wavelengths, i.e. 66@m, 530nm, 470nm, 4% nm, 365nm, were shined on the
sample one at a timeoif 30 seconds each, starting from the red one and proceeding by
decreasing the emitted wavelengBxcept for the white lighsource and the LED, no other
light was on during measurements and the solutions were never exposed to heat.

| [3]Ph - 0.01 g/l solution - baseline | |5]Ph - 0.01 g/l solution - baseline
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Figure 5.2 Absorbance spectra before and after 30 seconds of white lightatiimndior a) [3]Ph (0.01 g/l in 1,2
DCB) solution, and) [5]Ph (0.01 g/l in 1,ZDCB) solution

Figure5.2(a) and 5.2(byhow the response of the two materials to the low intensity white light.
Both solutions proved to endure well this kind of light stimulation, as their absorption spectra
di dndét change throughout the meapeaks, afdnmt . |
and 495nm respectively, dibtchange neither shape nor intensity.

Moving on to the actual tedtjgure5.4(a)-(e) show the response of the [3]Ph solution to more
intense light stimulation, i.e. to LEDs, every 6 seconds up to 30 seconds.ig neteany
significant difference in the absorbance spectrum across the measurements, meaning that the
material isnat particularly photosensitive when in solution. 30 seconds under UV light (365
nm) didnot affect too much the material and theragsmuch dfference between the spectrum

at the very start of the experiment, before the sample was exposed to any source of light, and
the one at the end, as reportedHiyure5.4(f).

Some minor differences in the spectra can be noticed in thdnfesmed, but it cold be due
to background noise.
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As for [5]Ph,Figure5.5(a)-(e) showcase the effect of the LEDs on the solution. The interval
associated to 476m light seems to have affected the material the most, wdoahd be
explained by the fact thétemateral absorptiorpeak is at 495m, meaning that [5]Ph absorbs
the most photons at that wavelengtfiowever, inthe next spectra that variation appears
recovered. In fact-igure5.55(e)proves that there is little to no difference in the absorbance
spectra before and after the whole experimsatit can be specu&d that theluctuations in

the spectran Figure5.5(c) might be due to external noise

Overall, we can conclude that [3]Ph and [5]Ph in solution dispsapgar behaviour, regarding
to light, as visible fromFigure 5.3. [5]Ph absorbslightly more in the vible, but it is less
affected by UV light.

[].55 I T T T
[
0.5+ 1
> 1
§ —&—[5]Ph
= 0.4
T
0.35 I_
0.3 | ! ! ! ! 4
start H60 530 470 405 365

LED wavelength [nm]

Figure 5.3 Trend of the absorption peak of [3Pand [5]Ph0.01 g/l solutions during the tesdt different
wavelengths
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Figure 5.4 a-e) Absorbance spectra of the [5]Ph solut{0rD1 g/l in 1,2DCB) during30-second long intervals of
irradiation at 660 nm, 530 nm, 470 nm, 405 nm, 365fiAbsorbance spectm before and after the test.
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I 5]Ph - 0.01 g/l solution - 660 nm | |5]Ph - 0.01 g/l solution - 530 nm
. Os
= 0. = 0.8 fis
= = 125
3 O 3 067 —18s |
= = 24s
204t ZE 04 .
s
ﬁ 0.2 % 0.2
. . : : Or . -
400 500 600 700 800 400 500 600 700 800
a) Wavelength [nm] b) Wavelength [nm]
| [5]Ph - 0.01 2/1 solution - 470 nm | [5]Ph - 0.01 g/l solution - 405 nm
(s
= 087 = 0.8 | fis
= G 125
g g 245
E04f 2o04f .
= 5
.E 02 E 0.2
< S
0 0 / , .
400 500 600 700 8OO 400 500 600  TF00 800
C) Wavelength [nm] d) Wavelength [nm]
| [5]1Ph - 0.01 2/1 solution - 365 nm | [5]Ph - 0.01 g/1 solution
= 0.8 = 0.8 T
I I
a 0.6 ] ay D67
= =
£ 04| £ 04|
= 0.2 = 0.2
0r . , Op . . .
400 500 600 700 8OO 400 500 600  T00 8OO
e) Wavelength [nm] )] Wavelength [nm]

Figure 5.5 a-e) Absorbance spectra of the [5]Ph solut{0rD1 g/l in 1,2DCB) during30-second long intervals of
irradiation at 660 nm, 530 nm, 470 nm, 405 nm, 365fiAbsorbance spectm before and after the test.
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5.2.2Photosensitivity in solid state

Samples were prepared by bar coating previously stirregl 0lutions of [3]Ph and [5]Ph in
1,2-DCB onto ckan corning glass right before the photosensitivity tests. For [3]Ph, deposition
conditions were the following: plate temperature at@pbar speed at 3Gm/s, nitrogen flow

on, bar groove width off8n. As for [5]Ph: plate temperature at 4D, bar speed a5 mm/s,

no nitrogen flow, bar groove width of 10n.

To test photosensitivity in solid state, the sameupeg¢mployed for solutions was kept, and so
the experiment was carried out with the same approach as before.

A baseline was acquired by only switchion the white light source arkdgure 5.6(a) and
5.6(b) showthe results: again, 30 seconds of low intensity white lightndtdaffect the two
samples.

I[3]Ph - solid state (10 g/1) - baseline |[5|Ph - solid state (10 g/1) - baseline
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Figure 5.6 Absorbance spectra under white light of thin filmapf3]Ph, andb) [5]Ph.

[3]Ph thin films turned out to be particularly sensitive to light-@gire5.8(a)-(f) prove.

The firstinterval under the 660n LED didnat change much the material spectrum,dtatting

with the next LED, the green one, a slight decrease in the intensity of the solid state peak at 450
nm compared to the materipeak at 425nm occurred. The subsequent intervals further
degraded the sample. As it was expected, the highestjyy LED, emitting at 368m, was the

one causing the most damage to the material.

[5]Ph is somewhat more resistant to light than its counterpagtire 5.9(a)-(f) display the
results of the test, and although the solid state peak atrb1Gstantlydecreased under the 530
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nm LED, the overall shape and intensity of the absorbance spectrura dishnge too much
throughout the experiment.

It is interesting to notice that for both materials a significant amount of degradation happens
immediately upon thapplication of the light stimulus, but it doest aggravate to much during

each interval. As a result, therenist much difference between the absorbance spectra at O
seconds and the ones at 30 seconds.

More importantly, from the results regarding solus@nd solid state, we can infer that light
disrupts the packing, so the arrangement in solid state, of the molecules more than it does the
actual molecules.
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Figure 5.7 Trend of the absorption peak of [3Pand [5]Ph0.01 g/l solutions during the tesit different
wavelengths.
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After the photosensitivity tests, the samples were observed under POM and compasédé¢o
samples, which were deposited with the same conditions and at the same time of the degraded
ones.Figure5.10(a)-(d) showcase the noticeable diffaes between the films.

Figure 5.10 POM pictures of),c)undegraded [3]Ph and [5]Ph, respectively, B)d) degraded [3]Ph and [5]Ph.

Finally, both [3]Ph and [5]Ph show an increased sensitivity to light when in excited state, i.e.
when passed through by current in a working transistderAonstration of this will be included
in Chapter 6, about electrical measurements.

5.3 Thermostability

Before engaging in thermostability tests, the only available information regarding [3]Ph and
[5]Ph thermal resistance was mainly referred to the bulk maker

As a matter of fact, differential scanning calorimetry (DSC) revealed that [3]Ph is thermally
stable up to about 25%C [12], [13]. On the other hand, [5]Ph decomposes at AB0as
underlined byDSC, in Figure5.11(a), andby ThermdGravimetric Analysis in Figure5.11.

Both analysis were run by Prof. Rik Tykwinski and his teantheUniversity of Alberta.

However, dealing with solutions and thin films, signs of degradation show up way below those
temperatures, especially when working with [5]Ph.
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[5]Ph in organic solvents is known to cyclooligomerise at’X1[B9], but it is entirely possible

that oher transformations may occur at lower temperatures, based on the very poor
thermostability [5]Ph solutions demonstraeding out precisely what kind of transformations
take place was beyond the scope of the following thermostability tests. The miaivagda
identify a safe range of temperature that wontll damage these materials, ultimately to
optimise charge transport properties.
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Figure 5.11 a) DSCandb) TGA performed on [5]Ph crystals, by Prof. Rik Tykwinski and his tédmversity
of Alberta).

5.3.1Thermostability in solutio

Two solutions were prepared, one for each molecule, with same conditions: the solvent of
choice was 1:DCB both for solubility reasons and for its high boiling point, and the
concentration of the solutions was @0. This value was pickedelsause most tests in solid
state were carried out by bar coatinggllOsolutions for both molecules.

UV-Vis absorbancspectra were acquired fixed timestamps on diluted soluticaus0.01 g/}
sampled from the main solutions heated on the hot.pfdt®, the wavelength range was
limited to 350800 nm, instead of going lower, not to incur in photodegradation, as UV light
would most likely have affected ttsmlution on its own, and so to isolate the actual effect of
temperature.

The first measurement for both samples needed to be run as soon as the small molecule was
effectively solved in 1,2DCB, to act as a reference. This meant after 30 minutes of sttring

35°C for [5]Ph and after 60 minutes of stirring at®&Dfor [3]Ph, due to its lower solubility in

DCB. Next measurement for [5]Ph was set after 30 minutes &€ 58fter that, both solutions



74 EXPERIMENTAL RESULTSI STABILITY

stayed for 30 minutes stirring on a hotplate atesefperatures: 80C, 100°C, 120°C and, for
[3]Ph only, 140°C. Figure 5.12(a) and 5.12¢) showthe effect of temperature on the two
materials.

Starting from [3]Ph, its signature peak at 4#5 only slightly decreases in intensity, starting
from the interval at 100C. Besides, the interval at 12@€ seemed to slightly alter the spectrum,
which then remains stable even after the last interval at@40

As for [5]Ph, its main and secondary peaks, respectively ahdB&nd 4351m, consistently
decrease in intensity, while thpeak at 370m first decreases, then it stays stable, meaning
that, proportionally to the other peaks, it actually increases. This is interesting, because the
increase of higher energy peaks might be linked to the ageing of the material.
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Figure 5.12 a) Evolution of [3]Phsolutionabsorpibn spectrum afte80-minute long intervals at set temperatures.
b) Evolution of [5]Ph solution absorptionspectrum after 3@ninute long intervals at set temperaturey.
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Comparison othe trends of the absorption peak of [3]Ph and [Slbtions asthey are heated &0 °C, 80°C,
100 °C, 12C°C, 140 °C.

Figure5.12(c) underlines the difference in the trends of the intensity of the piisiopeak for
[3]Ph and [5]Prsoluions

It is also worth noticing that the [5]Ph solutisignificantly shifted colour by the end of the
experiment, as it got much darker, almost brownish, while [3]Ph withstood with little to no
degradation even the last interval at 2@0

In an attempt talefinea suitabletemperature ange for [5]Ph deposition,farther experiment

was conducted onfeeshsolution: a first reference measurement was carried out after the usual
30 minutes of stirring at 38C. Then, the sample was left stirring on a hotplate &C5tr 3

hours which is regularly done with [3]Ptvith no degradation effeztietected The spectra
wereacquired, showing that the thermal treatment significantly affected the mateFRajuees
5.13(a) displays.
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Figure 5.13 a) Evolution of[5]Phabsoption spectrum after 3 hours at 8G. b) Trend d [5]Ph absorptiorpeak
hour by hour when the solution is heated at@5

Furthermore, an attempt to bar coat a thin film from that same solution was nthdleean
resulting |l ayer wasndt as homogenous and cry

To further assedbe resistance of [5]Ph to heat, the previous experiment was repeated at 35°C,
with samples diluted and analysed each hour for 3 hours.

Figure 5.13(b) shows how this light thermal treatment is enough to cause some minimal
alterations in the absorbance spectrum of the material. Indeed, transistors based on [5]Ph films
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deposited from a solution that was left on a hot plate &C36r about 5 howdisplayed worse
performances than others based on fiimscbated from fresher solutions.

Similar experiments weraat run on [3]Ph, since its solutions are stable, i.e. gbsor
spectrum doesat change and films are formed without any issues, even when k&prat
for days.

5.3.2Thermostability in solid state

To test [3]Ph and [5]Ph thermostability in solid state, thin films of the two materials were bar
coated on previously cleaned and plasan@ivated corning glass, from 3@ solutions ([3]Ph

was stirred at 50C for 1 hour, [5]Ph was stirred at 3& for half an hour). [3]Ph was bar
coated aB0 °C,with a lar-speed oR0 mm/s andwith a 6um bar, while [5]Ph was baroated

at 45mm/s andwith a 10pum bar.

A first reference UWis measurement was run for each of the two materials. Then, each sample
was heated up at different temperatures for 30 minurteair, as that ithe atmospheréhe
semiconductor is deposited ifihe set temperatures were: ¥, 80°C, 100°C, 120°C and,

for [3]Ph alone, 14C0C. Both [5]Ph and [3]Ph, respectively at 120 and 140°C, were
completely melt and degraded after the 30 minute long intersahown byigure5.14(a) and
5.16(b)

. [3]Ph - different samples | |5]Ph - different samples
no heat no heat

= ——50°C 508} —50°C
s ——80°C ) ——80°C
o 100°C w067 100°C
.::E 120°C E 04 120°C
E- 0.5 M — 140°C E- :
£ £
e e - « 0.2 V\

0 N —_— ol T
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a) Wavelength [nm] b) Wavelength [nm]

Figure 5.14 Effect of 30-minute long intervalst 50 °C, 80 °C, 100C, 120 °Con thin filmsof a) [3]Ph andb)
[5]Ph, each heated at one temperature
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Each measurement was run on different samplas previously statedio avoid the
accumulationof effects,so the upwards shift of some of tfBPh spectra may be due to a
slightly different thickness of the film. However, the ratio of the solid state peak, atrd52
over theoneat 420nm, is what matters: it remains stable after 30 minutes &€ 5hen it starts
to decrease at 8. At 100 °C the spectrum changes shape, at 2(3]Ph peak is hardly
even recognisable and after 30 minutes at°Clthere is no trace of [3]Ph anymore.

Moving to [5]Ph, it fiows thermal degradation at 30 already. At 120 C, it 6s i mpos s
recognize te molecule from the spectrum.

Samples were also observed through POM to keep track of the morphology variation, like
shown inFigure5.15.

-~
(‘l

[3]Phi T=50°C &
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o

Figure 5.15 Evolution in [3]Ph and [5]Ph thin film statures, when heat up a60°C,80 °C, 100 °C, 120C.

The previousthermostability test was repeated by heatimg samples of3]Ph and [5]Ph thin
films, one eachat the different temperaturds,avoid the variable ohtcknessand by scanning
them by U\VVis spectrophotometry after each step. No optical microscopy was involved to
avoid any further influence on degradation coming from light.

Figures 17 & confirms what was observed thg the tests run on different samples, which is
mainly the decrease in the ratio betweentii@ most intense peaks of theestrumfor both
molecules.

[3]Ph also displays a broadening of the peaks during thermal degradation, while [5]Rbtdoes

It is important to point out that the difference in the absorbance spectra of solid state [5]Ph
across the several teggglue to the timing of the tests itself: different stages of optimisation of
the film led to slightly different spectrum shapes, but trend with respect to thermal
degradation stays the same.
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Figure 5.16 Effect of accumulated®0-minute long intervalat 50 °C, 80 °C, 100C, 120 °Con thin films ofa)
[3]Ph andb) [5]Ph.

To rule out any influence from the solvesitich as residues that could allow reorgation of

the molecles at high temperaturéhe test was repeated, after leaving the samples in high
vacuum (110° mba) overnight. [3]Ph was retested at 10D (for 30 minutes), while [5]Ph

was retested at 8IC for the same amount of tim&s the spectra ikigure5.17(a) and 5.179)

show, there is no significant difference between the samples left in high vacuum and those that
wereleft in air.

| |3]Ph - overnight in high vacuum | |5]Ph - overnight in high vacuum
no heat no heat

S 087 100°C S 08| ——80°C
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Figure 5.17 Effect of at 30-minute long intervabn a) [3]Phthin film at 100 °C,andb) [5]Ph thin film at 80 °C,
when bothsamplesre left in high vacuum.
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In addition, by comparing those new spectra with the ones previously showed, we can assume
that either 1,2DCB residues weraat present in the earlier tests or that the materialsadid
suffer any influence coming from the solvent.

In conclusion, manyetsts were cared out to find the suitable conditions to depad3jPh and
especially [5]Ph, withet incurring into degradation.

Discovering theeactions that the molecules undergo during degradafigsbeyond the scope
of this task However, fom the U\Vis specta, we can speculate @éhdegralation does not

lead to the formationf new speies,at least not oneagbsabing visible light, as no new peaks
were present.

That being said, it was cdinmed that both [3]Ph and [5]Ph are photosensitietanals and it
only takes a short amount of time of olration to cause damago tle films. Solutions seem
to be more resistamd visible lightfor shat exposures

As for hat, [5]Ph solutions proved to be incredibly sensitive to ewederate temperatures,
like 50 °C. Hence, the decisitmreduce as much as possilhle exposure of #se solutions to
any form of heat. A gjck stirring at 35 °C takes place before deposjtion maximum 30
minutes, when the concentration is 10 g/l. For lower concemrgtist stirring suffices. [5]Ph
and [3]Phthin films do not benefit fromannealing, but they are not as delicatéhassolutions
while [3]Ph solutions are incredibly stable evetemperatures wedbove 100 °C
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6. EXPERIMENTAL RESULTSI
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The assessment of the charge transport properties of [3]Ph and especially [5]Ph is the ultimate
goal of this thesis work.

6.1 [3]Ph

At the beginning of this thesis work, there wasgming research about this molecule, which
has been already invegited and optimisgdi3]. So the aim was to improve its charge carrier
mobility and stability even further, if possible, but more importantly [3]Ph was used as a
reference for [5]Ph optimisation.

6.1.1[3]Ph as a reference

The setup conditions that were proved to allow for the best transistor performanas are
follows:

1 OFET configuration: tojgate bottoncontact;

1 Substratetow alkali 1737FCorningglass

1 Contactsinterdigitated pattern with channel length varying from 8.8Gum, defined
by standard photolithography. 30 nm Au with 3 nm Cr adhesion,ldg@osited by
thermal evaporatign

1 Semiconductosolution: 10 g/l in 1,2DCB, stirred at 50 °C for at least 1 hour, then
heated up to deposition temperature;

1 Semiconductor deposition: nitrogassisted bacoating at 80 °C, with a bar speed of
30 mm/s;

1 No annealing required: samples were kept on thedbater plate just as long as to let
the solvent evaporateo under a minute

1 Dielectric: Parylene C layer, thickness of about 400 nm;

1 Gate: inkjet printed PEDOT:PSS.
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Sticking to this procedurevell performingfield effect transistors can be fabricated, with field
effect hole mobility up to 10 cm?/Vs, asFigure 6.1(a) and 6.1b) demonstrateBoth the
transfer and the mobility curves display ideal behaviour, with little to no hysteresis in the
reverse sweepteep subthreshold slgp dual switchingidentical lineanVp,in = -5 V) and
saturation(Vp,sat= -40 V) mobilities, which are independent fromatebias (Vg), passedhe
threshotl voltage Vi =-6 V). The device starts switching on at voltages bel@w, andthe

low/loff ratio stands at about 1[L3].
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Figure 6.1a) Characteristic transfer curves in both linaad saturation regimes (black and blue lines, respectively)
in a TGBC OFET based on [3]R13]. b) Charge mobility against gate voltage in both linear and saturation
regimeg13]. c) POM image of [3]Ph fih wire-bar coated on gold contactsderlined by the dotted line

Figure 6.1c) is the POM image of a [3]Ph transistor: in thin films deposited at 80 °C, [3]Ph
arranges in flat crystalline grains, that efficiently transport charge across the channels

6.1.20ptimisation of transistors based on [3]Ph

The main issue when working with [3]Ph, as underlined in the previous chapter, is certainly its
photosensitivity; so, shielding the transistors from light in each step subsequent to
semiconductor deposition wastfirst attempt to improve the performance of those devices.

One option waso employ activated carb@AC), which is conductive and black, that could act
both as a gate and as an opaque barrier. An ink mafileeqfarticles of activated carbpim

ratio 2:1 with its bindeandwith ethanol as solventvas spraycoated onto th@arylendayer
through an mbrush. A mask ensured the selective deposition of the ink on the channels only
(Figure 6.2).
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Figure 6.2 Structure of aAC gated [3]Ph transistomiTGBC configuration.

A few issues were encounterdche airbrushed layeshowed very poor adhesionRarylene
though more importantly, the resulting layer was not homogenddessurface finish was
rough, the thickness relatively high (a few hundredgm) and percolation was not always
reached. This led to a relatively low conductivity of the gate, although theslggiting action
was effectiveas no light ould shine through the Atayer.

None of the transiste fabricated with this kind of gate workegbme devices just did not
modulate the current, others were skwrtuited meaning that the current was free to circulate
from the gate to the contacts: no field effect could be establighggarently, the gaé
deposition by spragoating of the &£ ink is affecting the insulating properties of tharylene
layer.We might speculate th#tte softPanjene hyergot damaged by the incoming particles

To enhance the contact conductivity, whichsvespected to be at least part of the issue, an
increase in the concentration of activated carbon was considered, but that would have caused
an even worse adhesion of the sptagted layer to the substrate, so a different route was
chosen.

An ink basedn coarser particles of activated carbon, in the same ratio 2:1 with respect to the
binder, was airbrushed in the same way. The surface ended up being rougher, but the
conductivity was slightlyhigher, and the layer opacity was stiplerfect, no lightcould be
transmitted irough thdayer.
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Figure 6.3 a) Characteristic transfer curves of a transistor based on [3]Ph and gated through a spray coated
activated carbon ink; the black line refers to linear rediheV), the blue one to saturation regirtd0 V); the

solid line is the drain current, the dotted one the gate curt®n€Corresponding chige mobility curve. c)
Characteristic transfer curve of a transigtom the same batdmased on [3]Ph and gated through-jekprinted
PEDOT:PSSd) Corresponding charge mobility curve.

Out of the eight devicesated by the activated carbon ink, six were impossible to measure
because shodircuited, while the other two were functional. As displayedrigyire 63(a), the
shape of the transfer curve of an A@ted transistor is less ideal with respect to transistor
gated by PEDOT:PSS-igure 63(c)), featuring a far less steequbthresholdslope when
switching on.Von is comparable with the above mentioned value (akh6tV), butVw shifts
towards more negative potentials (abelt V) and by/lor ratio drops @ 1¢. The measured
mobility is around 18 cn?/Vs (Figure 63(b)), which may seem low for this material, but it
turned out to be higher than the mobility measured on devices from thebatrhebutgated
through printed PEDOT:PS&ifure6.3(d)).

As forlight-shielding, one of the two working transistors went through cycles of measurements
under light of varying intensity. Figure4a) underlines the surprising stability of the transistor,
whose transfer curve never changed significantly throughoutrthlysas. In particular, no
significant hysteresis appeared. The last measurement, run with no light shining over the
sample, assessed a drop in theurrent, likely due to accumulation of thermal effects, since
all the measurements were performed in ksaccession, one after the other, and intense
voltages were applied on a relatively shadrannel transistor (10m), sothermaldegradation

might have been the cause

As a referencerigure 64(b) shows what would normally happen to a [3]Ph based transistor,
measured under the same condition of lightibgs very easy to detect a progressive decrease
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in the current as well as the ever growing hysteresis as the material degrades and traps are
formed. Mh significantly shifts to lower voltages, reaching the value26f V. Mobility does

not drop too mucliFigure 64(c)), but the extracted value becomes more and more unreliable,
the farther the transfer curveoves awayrom ideality. Besides, from the comparison of the
normalised values of both mobilitigsis clear that the PEDOT:PSS device sufferedimmore

damage from light than the AC offegure 6.4(d))

The very last measurement on the PEDOT:PSS transistor was run 1 week after fabrication and
previous measurements: during this interval, the device was kept protected from light, in
nitrogen atmodpere The material managed to partially recover from photodamage, although
currents and charge mobility were still lower with respect to the first measuremeaming

that both reversible and irreversible degradation processes are taking place
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Figure 6.4 a) Transfer curves from [3]Ph based transistor gated through spray coated AC ink, measured under
different light conditions.b) Transfer curves from a [3]Ph based transistor gated througfetinkinted
PEDOT:PSS, measured under different light conditioh€omparison between threobility curvesreferred to

the previous deviceseach normalised to their maximum value.
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So, we can conclude that this type of gate is algmdution to prevent light from shining on

the transistors. On the other hands thethod needsptimisation as it does not work all the

time. The spray coating process is likely to disrupt thePaglendayer, either shottircuiting

the device atigether or altering the very important interface between the dielectric and the
semiconductor. As explained in a previous chapter, that interface needs to be as regular as
possible not to hinder the charge transport. Furthermore, the activated carbahdtaydrbe

made more homogeneous and adhereRatgleneto make contacting probes easier.

A second option to reduce photodamagthe transistors was attempted: this time, it was about
reducing light exposition, rather than shielding the samples frght With an opaque gate;
PEDOT:PSS was employed as the third contact, but, instead of depositing it throgygh ink
printing, procedure requiring a microscope and so a focused light, it wabavieated at
room temperature by a 20n bar with no N> flow assistanceFjgure 6.5)

No remarkable improvements were observed with respect to the standard procedure based on
ink-jet printing, but it turned out to be a reliable, straifgittvard and quick method to gate
large-areatransistorgwidth of the interdjitated contacts of more than 1 mm)

Bar direction PEDOT:PSS gate

N

Parylene
Gold contacts

Active layer
Corning glass

Figure 6.5 TGBC [3]Ph based transistor, gated by bar coated PEDOT:PSS.

It should be underlined that both these technigspsay coating and bar coatiraye mostly
suitable for certain contact geometries: theyboth easy to perform on CMS patterns, but they
are hardly applicable to patterns featuring smaller sizingh sas Fraunhofdike patterns
(Paragrapl8.2.1). For those finer geometries, the high resolutiommink-jet printergrants
more ease of depositioBhadow maskcould be used for making spray coatingrenprecise,
andpostdepositionselectivelaser ablatioomight wak as a abtractive process to enhartzar
coating resolution, but ultinbely those are techniqueshich better fit larger geometries.
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6.2 [5]Ph

As already mentioned, [5]Ph is a relativalpknown material: it has been studied from a
chemical point of view, but very little effort has been dedicated switd state properties and
to possible applications as of yet.

This mdecule is go-type semiconductor and features a smaller energy gap in comparison with
[3]Ph, due to a longer conjugation length and a smaller BLA, suggesting that it might be better
performing in terms of charge transpgutovided that it can pack efficiently.

In this thesis work, an effort was matefabricate OFETs based on [5]Ph as the active material.

6.2.1Transistors in BGBC configuration

At the beginning of this thesis work, to my knowledge there only had been one attempt at
fabricating transistors based on [5]Ph, and it was done by dropcagtiglj solution of [5]Ph

in Dichloromethane on Fraunhofer substrates in nitrogen atmosphere. Then the samples were
transferred to air, before being put back into a glovebox for the electrical measurd&doénts

the transferand the atput curves of those devices were very flmm idealty: massive
hysteresis wapresent, the subthreshollbge was shallowthe on-off current ratio was also

low, andcharge injectionvas inefficient A mobility as high as 1®cn?/Vs was obtained, but

given thelack of ideality, it is not a reliable valuerhatsoevef56].

As a first screening test, a similar procezlwas followed, except the solvent was-1,2
Dichlorobenzene: the solution was dropcasted onto a Fraunhofer substrate in a glovebox, i.e. in
nitrogen atmosphere, a 30 minute long annealing step at 50 °C was carried out to accelerate
evaporation, then the sgles were taken out of glovebox and kept protected from light for a
couple of days. Finally, the transistors were measured through SEénirolled nitrogen
atmospherewith both Q and HO content below 0.1 ppnirigure6.6(a) and 6.6b) show the
transfer cure and the extracted mobility.

It is worth pointing out that surface coverage was highly inhomogeneous, as underlined by
Figure6.6(c) and 6.€d): long needldike structures are commonly present all over the surface,
but they appear randomly oriented in some spots, while they are perpendicular to the
evaporation fronts elsewhere. Due to this kind of morphology, which is unfavourable to charge
trarsport, most devices did nafork, and it was possible to only measure a few transistors out
of the sixteen patterns of the Fraunhofer substrate.
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Figure 6.6 a) Transfer curves of a transistor based on dropocasted [5]Ph on Fraunhofer substrate, with black line
representing linear regime and the blue one for saturation relgjrvobility referred to the same transistor, in

linear (black line) and saturan regimes (blue linex) POM picture of the transistor, with 90° pokation d)

POM picture of the dropcasted [5]Ph structures, with 90° saléwn

In both regimes, the charge mobility is low, reachinglaie of about 18 cn?/Vs in saturation
regime and leakage currents are hig@verall field-effect behaviour is observed,thvien on-

off currentratio of about 1(°. However, the transfer curves are far from displaying ideal
behaviour, making unreliable the extraction of derived parameters such as mobility, threshold
voltage and turfon voltage respectively averaging arountil V and-18.5 V, though more
importantly, the transistors display a significant hysteresis in the reverse sweep.

Such clockwise hysteresis is commonly due to the formation of charge traps at the interface
with the dielectric at lgh voltage: those traps decrease the number of available charges, and
the resulting current turns out to be much lower than the one of the forward [®8gep | t 6 s
worth pointing out that hysteresisaftenlimited to the linear regime, after which trapsght
get filled, so that hysteresis is strongly reduced in saturation reghnether possible
explanation is related eomore intense lateral fielthisallows to reduce the trap barri@rhich
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turn from deep to shallowHowever, sturation regimestill displays hysteresis dropcasted
[5]Phtransistorssuggesting that traps keep forming and the devicertmesabilise.

As an additional test, two solutionsfi#£6-50 were also dropcasted orfibaunhofer substrates

in the same fashion, but it was impossible to measure them, probably due to lack of crystallinity,
asFigures 67(a) and 6.7b) show, and so to very low conductivity. The material did not seem

to form any crystalline structures on $j@cording to POM inspection: only isolated, irregular
agglomerates could be spotted in an otherwise amorphous matrix.

Figure 6.7 a) POM image of a solution ¢i{C6-50 dropcasted onto Fraunhofer substrate, withlarsation of 99
showing isolated agglomerates in amorphous mabixOM image of a solution diC6-50 dropcasted onto
Fraunhofer substrate, withpalarisation of 90% alsoshowing agglomerates in amorphous matrix.

As stated befa, the experiment with the dropcasted [5]Ph was just a screening test. This
deposition method typically leads to the formation of Hik& structures, but the goal of this
work was to fabricate transistors based on thin films to enhance the chargertramspbo
improve the transistor characteristics.

Indeed, the reasons behind the poor performance of the transistor based on dropcasted [5]Ph
are most likely linked to low film quality and possibly to the bulk structures.

So, wirebar coating waselected as preferential deposition technique and the annealing step
was removed, as it was deemed not necessiaposition is carried out at high enough
temperatures and the solvent evaporates within secB8edsles [3]Ph had been proved to
crede good films without postieposition thermal treatments, and so the same route was chosen
for [5]Ph. Later stability tests revealed that thermal treatments actoallge damage to the
film, so the annealingtep waglefinitively ruled out.

In Secton 4.1, film optimisation was thoroughly described. Several transistor batches were
fabricated along this process: the plan was to test the sptinfiim whenever an improvement
of the film coverage and morphology was detected by polarised optical microscopy.
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The first batch of transistors in BGBC configuration relied on a 30 nm thick layer of gold as
gate electrode, which was evaporated on corgiagswith a3 nm adhesion layer of chromium.
Parylene C was then deposited (520 nm of thickness). Photolithography followed, after which

a second thermal evaporation was carried out to deposit source and drain. Finally, the
semiconductor was wirbar coagd as the last step: a 20 g/l solution of [5]Ph in0(B was

stirred at 40 °C for 30 minutes; then, bed temperature and bar speed were set respectively at 80
°C and 30 mm/s, according to [3]Ph optimised conditidhs; deposition was performed
without N flow assisting evaporation, yellow room

All the fabrication steps were carried out in air, while the subsequent measurements were
performed in a glovebox, in nitrogen atmospheyeSbmiconductor Parameter Anadys

It was impossible to measure the transistors: most of them did not modulate the current properly,
a few were shottircuited. This might have been due to damages to the dielectric layer, which
is soft Parylene, likely ding the photolithographic step or semiconductor depositoro

charge ifection issue¢Section2.2). Another possible explanation has to do with the fact that
in BGBC the active |l ayer is the | ast .|l ayer

As a solution to thaRaryleneencapsulaon was attempted: Parylene C has a low permeability
to oxygen and an even lower one to nitrogen, so it could act as a barrier during storing and
electrical measuring.

Starting from a BGB&tructured substrate, a solution of [5]Ph (10 g/l in(B), sirred at
40 °C for half an hour, was witear coated following the previously explained procedure: bed
temperature at 80 °C, nexMow, bar speed lowered to 20 mm/syellow room in air.

Two samples, for a total of 32 devices, werecessed. One was stored as it was, to be used the
next day as reference. The other one was put iRdéindenesvaporator and a secoRdrylene
layer of 1000 nm of thickness was deposited.

The transistors were measured the next day in nitrogen atmosptieneo improvement with

respect to previous tests. Neither the devices on the reference sample nor the encapsulated ones

were functional. Hence, degradation of the semiconductor due to exposure to oxygen and
moisture must not be the principal cause lerdevices failureOn the contrary, dielectric layer
damage or charge injection issue are still valid explanations.

6.2.2Transistors in TGBC configuration

The first batch in TGBC configuration was fabricated with the same exact deposition conditions
applied to the BGBC devicgsxcept for the glass substraae?0 g/l solution of [5]Ph in 1;2
DCB, previously stirred at 40 °C for 30 minutes, wl@ coated a80 °C, by a 1qum bar

t
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movingat a speed of 30 mm/with no N flow involved. The semiconductor was deposited on

Au contacts (Fraunhofer pattern), previously prepared by lithography and thermal evaporation,
in dark conditions, after surface activation run in a plasma asher. RaxtleneC was
deposited in a thickness of 600 nm. The last step was tHetipkinting of the PEDOT:PSS

gate.

All those steps were carried out in air, while the subsequent measurements were performed in
a glovebox, in nitrogen atmosphere, according to Semductor Parameter Anabs

The results were quite promising, as all transistors worked and showed good repeatability.

Figure 6.8(a) shows the characteristic transfer curves referred to a 10 um channel device, both
in linear regime at ¥ =-5V, in black, and in saturation regime afis\* -40 V, in blue. At this
early stage, [5]Ph clearly does not show the ideal behaviour displayed by [3]Ph based devices.

There is hysteresis on the reverse sweep, pa
charge traps, formed at high voltage; owhen t
shifts towards slightly more negative values. In general, saturatispsins betweetd V and

-9 V across this batch of devices, while ¥ stable aroundl9 V. This marks an important
difference with respect to the devices based on dropcasted [5]Ph, as those kept showing
hysteresis in saturation regime as well, with no remarkable shifts, ior Win.

Detected currents and extracted mobilities are sigmiigdower than [3]Ph devices, spanning
from 9 x 10 cn?/Vs to 8 x 1P c?/Vs in saturation regime and not even reaching a plateau
in the trend (figure 6.8(b)). One more important point to note i&#fer ratio, which is in the
order of magnitude of F0enough to provéeld-effect activity.
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Figure 6.8 a) Transfer curves of a transistor based on bar coated [5]Ph (10 g/I-BCBY, with black line
representing lineak5 V) regime and the bluene for saturation regime40 V); solid linerefers to drain current,
while the dotted one is for gate curreb} Mobility referred to the same transistor, in linear (black line) and
saturation regimes (blue lineg) POM image of the same transistor, with 90° pedion. d) Standard deviation

of the currents, in log scale, acrosk the measured transistors of a same batch, in linear regin®tanard
deviation of thecurrents, in log scale, across the measured devices, in saturation regime.

Figure 6.8(c) is a picture of the film on top of the considered device: coverggedsand the

film appeas homogeneous, although crystalline grains are small, reaching a maximum length
of about 10 um. This explains what can be observed in pidfigase 6.8(d)and 6.8e), which

are the standard deviation of the currents in linear and saturation regime, respestitety
according to channel lengtBO um channel devices performed worse than the others because
structures are not large endutp cross the channels and provide an effective bridge for charge

to be transported by. Indeed, the mobilities measured on those wider channel transistors are
lower than on the other devic&s5 um channetievicesare typically characterised layhigher
influence of the contact resistanbef in this case thoseansisors performed well.

After this previous attempt, more TGBC devices were fabricdi@thg the optimisation
process.

The best results were obtained by wha coating a 10 g/l solution of [5]Ph in AXCB, at 70

°C, with a bar speed of 45 mm/s and with nofldw. The contacts geometry was switched
from Fraunhofer to CMS to minimise tbhentribution of contact resistance, since CMS devices
feature larger gold patterns.

The stirring process of the solution was also kept short, below 30 minutes, and at 35 °C.
Parylene thickness was 3nth, and the devices were gated by bar coREDOT:PSS.
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All fabrication steps were carried out &r andthe measurements took place in nitrogen

atmosphere.

Figure 6.9(a) shows the characteristic transfer curves of one of the transistors from that batch:
the trend comes much closer to ideality, wigbpect to previously fabricated devices. There is

no sign of hysteresis, leakage current is low anfb ratio is 2 x 16. On top of that, the
subthreshold slopeat 1130mV/dec in saturatiois steeper with respect to previous [5]Ph
devices. ¥nand Mn values are also less negative than usual, respectivéywaand-13 V. As

for field effect mobility,Figure 6.9(b) depicts a plateau at 280 cn?/Vs.
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Figure 6.9 a) Characteristic transfer curvegatransistor based on optimised [5]Ph, showing in black the linear
regime and in blue the saturation onpCorresponding mobilities of the same devied?OM imageof the same
transistor, wittB0° polargation.d) Output curveseferred to one of the other devices from the same batch.

Figure 6.9(c) shows the POM image of that same transistor: it is interesting to observe that what
ended up being the best working device does not display a homogeneous thin film.finoeed,
bundles long enough to cross the 20 um channel appear to be the dominant structures.

Despite a good approximation to ideality shown by the devieggawd M are still fairly
negative in all the transistors from that batch. This might be explained by injéesdioss,
pointed out by the-shape in the region close to 0 V of the output cuFigufe 6.9(d)).

Overall, at this stage [5]Ph devices are still less performing than [3]Ph ones, but an increase of
five ordess of magnitude in charge mobility has besstomplished since the beginning of the
tests.

6.2.3Transistors based on [5]Ph:PS

In order to improve the film, attempts were made at blending [5]Ph with dielectric polymers,
just like it had been done with [3]PBlending semiconductingmall molecules with isulating
polymers is a known strategy in organic electronics, because the polymer is supposed to help
the small molecule crystadhtion, through a vertical phase separation, without interfering in
the charge transport measurem¢gngg

Following this rationale, a blend of [5]Ph:PS, in equal concentration of 10 g/I-DAR was
wire-bar coated on a lithography (Fraunhofer pattern). Almost same deposition conditions as
before were kept: as dark as possible environmenttdmeperature of 80°C, no-Nlow, bar
speed lowered to 20 mm/s. The next steps WargleneC deposition and gate ifjkt printing.

The measurement was then run the usual way.
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Figure 6.10 a) Transfer curvesf a transistor based on bar coated [5]Ph:PS blend (1:1, 10 g/H®CB2, with
black line representing linear regirfip = -5 V) and the blue one for saturation regitive = -40 V); the solid
line refers to drain current, the dotted one to gate curbg@ri¥lobility referred to the same transistor, in linear
(black line) and saturation regimes (®lline).c) POM image of the same transistor, with 90° peidion the
channels g empathisedby thewhite dotted line

Figure6.10(a)and 6.1Qb) depict the transfer curves and the mobilities of the second run of
measurements on a |sm channel device, after the first one produced hysteresis in the
backwards sweep in linear regime, similarly to what had happened in the very first batch of
TGBC transistors Kigure 6.8(a)): it was most likely due to charge traps fogmat high
voltages, as already observed in previous tests, and once those traps were filled, the trend
became closer to an ideal shape. A very slight shift towards more negative voltageand V
Vihwas observed.

It should be noted that out of sixtegansistors, only four were working. This is probably due

to a certain inhomogeneity of the film, which appears to have crystallised differently on
different areas of the same sample, and possibly to a misplacement of the insulating polymer
with respecta [5]Ph and contacts. It is very hard to control the precise vertical phase separation
of the blend components, which makes the outcome unpredictable. Figure 6.10(c) is a POM
image of the film in correspondence of the device, whose measurement appeaedijadcent
pictures, but other spots displayed a different kind of morphologySesetton4.1 for pictures

of different structures formed by the [S5]Ph:PS blends), which might explain the difference in
the devices across the same sample.

Overall, the workng devices were better performing than early ones based on [5]Ph alone.
Leakage current is not too higly/lor ratio is still averaged around 4@nd saturation charge
mobility stands at about 2 x #@n?/Vs in the considered voltage ranggthout becoming
properly independent ongV

Overall [5]Ph:PS devices are inferior in terms of performance with cespéhose based on
optimised [5]Ph alone.

6.2.4Transistors based on [5]Ph:PMMA

The next step was trying out a different insulating polymer, i.e. PMMA, in conjunction with
[5]Ph. The protocol followed for the fabrication of these devices was identical topsev
attempts. The active layer, i.e. a 10 g/l solution of [5]Ph:PMMA (1:1) irDICB stirred for an
hour at 40 °C, was wirbar coated onto a lithography at 80 °C of temperature, 20 mm/s of
speed, without B in a reasonably dark environment, in air. yRamwe deposition and gate
printing followed, before moving on to the electrical analysis step carried out in glovebox.
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A very small number of transistors, mostly shattannel ones, ended up working. The working

ones were not well performing, as it can be inferred by the transfer curiFggie 6.11(a):

there is significant hysteresis in the reverse sweep, both in linear @adunation regimes,
detected currents are lower with respect to [5]Ph:PS devices and there is significant leakage, as
| is fairly high. The extracted saturation mobilities ranged between 3crf)Vs to 9 - 1

cm?/Vs (Figure 6.11(b))saturation \{» and M varied a lot, the former spanning fredV to -

8V, the latter from15 V t0-18 V. lu/lof ratio was about 5 - £0
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Figure 6.11 a) Transfer curves of a transistor based on a [5]Ph:PMMA blend (1:1, 10 g/HDCB2, bar coated
at 80 °C, with black line representing linear regifvie = -5 V) and the blue one for saturation regi(mé, = -40
V); the solid line is for drain current, the dotted onedate currentb) Mobility referred to the same transistor, in
linear (blackline) and saturation regimes (blue line) POM image of the same transistor, with 90° pe#ibn

d) Transfer curves of a transistor based on a [5]Ph:PMMA blend (1:1, 10 g/I-DdCB2, bar coated at 65 °C,
with black line repreanting linear regime and the blue one for saturation regimédobility referred to the same
transistor, in linear (black line) and saturation regimes (blue fnEYOM image of the same transistor, with 90°
polarisation

By observing the transistors through polarized optical microscopy, like in figure 6.11(c), it was
found that the fm had not formed properly on top of the lithography, probably due to poor
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wetting of the solution on top of the gold conta&iernatively, it is possible that PMMA
segregates on the contacts.

A second attempt was made to fabricate transistors out of this blend, with the same exact
conditions of the previous test, eptdor the bed temperature at 60 °C to rule out thermal
degradation from the possible issues affecting the previous batch of transistors. No remarkable
difference was detected by electrical analysis (few devices worked), like shown in figure
6.11(d), althagh the film did look better by polarized optical microscopy, as displayed by
figure 6.11(f), with respect to the previous case. Saturation mobilities ranged from® - 10
cm?/Vs to 2 - 10 cn?/Vs, saturation Wi spanned from4 V up to-9 V, saturation W was
between-15 V and-18 V and /1o ratio ranged from 4 x £dto 1%, so a large variability
among transistors was found. Again, it is possible to link the unpredictable behaviour of devices
on the same sample to the inhomogeneity of the films.

The [5]Ph:PMMA blend was also tried out in BGBC configuration, bate of thedevices
worked.

6.2.5Instability in transistors based on [5]Ph

As previously stated, [5]Ph films, as well as films from [5]Ritlymer blends, are stable in air

as well as in nitrogeatmosphere, but during electrical measurements a fraction of molecules
is in charged state and their reactivity might increase with respect to the neutral condition,
leading to transformations in the materidlis unclear if thiscan lead to the semiconductor
reacting with oxygen, but fosureelectrical measurements air produce much worse results
than those carried out in controlled nitrogen atmosphere.
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Figure 6.12 a) Characteristic transfer curves of a [5]Ph transistor measured in air, with black line representing
linear regimgVp = -5 V) and blue line saturation regini€p = -40 V); the solid line refers to the drain current,
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while the dottd one to the gate curreit) Corresponding mobilityc) Characteristic transfer curves of a [5]Ph
transistor measured in gloveboxitlwblack line representing linear regime and blue line saturation redime.
Corresponding mobility.

Figures 6.12(a}b) show the transfer and the mobility curves referred to a TGBC device, based
on [5]Ph (10 g/l solution, 1;DCB), bar coated at 70 °Ct bar speed equal to 45 mm/s, with
no Nx flow, in dark conditions, in air, and measured in air. As a reference, figures &dp(c)
represent the same transistor, measured in nitrogen atmosphere right after the first run in air.

Neither measurement rd&d in ideal transfer and mobility curves, but the one carried out in
nitrogen showed some sign of recovery. In particular, detegtatk lhigher, dv/lof ratio is

higher, leakage is lower, saturation sweeps have less noticeable hysteresis, angd &oth V

Vi reach less negative values, meaning that the device switches on earlier in nitrogen
atmosphere. Mobilities are also greater in the nitrogen curves, even though a plateau was never
reached, and the nadeality of both curves, referred to air anttogen, makes the extraction

of precise values very unreliable.

It needs to be pointed out that, although the SPA microscope was off during the measurement
in air, it is possible that some light might have reached the device, contributing to [5]Ph
degradéon, while the setup inside the glovebox is more screened from light.

Provided that measurements in nitrogen produce better results than in air, another issue was
encountered: detectedn-currents, hence extractenobility, seemto decrease at every
measuement run on the same device. Figures 6.18¢a) 6.8(b) refer to a TGBC [5]Ph
transistor (10 um channel), and they underline how saturalOrM) ls and saturation mobility
decrease over 4 runs of SPA in nitrogen atmosphere, with a significant drop aftest threef
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Figure 6.13 a) Characteristic transfer curves in saturation regimgXVv40 V) of a [5]Ph transistor, measured 4
times in a rowb) Corresponding trend in saturation charge mobility.
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Whether this phenomenon is duetteermal effectsi.e. Joule heating,developing at high
voltages (especially for short channeisce higher currents passtiugh thenor to increased
reactivity triggered by the excited state, it is not clear, but this behaviour is consistent in all
transistor batches fabricated during [5]Ph optimisatiinit is in fact due to thermal
degradation, impnang the overalltransconductancef the deviceby reducing the channel
resistacewill also solve this issyesincethe power emittedhrough Joule heating is doty
dependant on the medium resistance

Finally, [5]Ph is a photosensitive material. As such, protecting the devices from light was of
paramount importance, and in order to do so the same strategies applied to [3]Ph transistors
were tested ouRaragrapl6.1.2).

First of all, Figure6.14(a)and 6.14b) refer b a TGBC [5]Ph based transistor, and they show
how the saturationMp = -40 V) transfer and mobility curves evolve during the experiment,
when measurements were run under different lighting conditions, in nitrogen atmosphere.
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Figure 6.14 a) Characteristic transfer curves in saturation regivhe=x -40 V) of a [5]Ph transistor, measured in
5 different lighting conditions) Corresponding trend in saturation charge mobility.

It is immediately noticeable how detrimental light is to the cladrgnsport properties of the
material. Reverse sweep hysteresis enlargeand b/lor ratio dropped, subthreshold slope
became more and more shallow, until the transistor stopped working as such.

In particular, the fourth measurement was run under high intensity light, and it matches with
the most sever decrease in charge mobility.

The trend did not break when switching off the light, i.e. measurements 2 and 4, and this was
likely due to thermal féects, as light can effectively heat up the material.
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To counteract this liability, an activated carbuossed gate was considered.

The ink was spragoated selectively on channel regions through a mask, with the same
procedure employed in the fabricatiohAC-gated [3]Ph transistors. Both formulations, with
coarse and fine particles, were tried out.

Many devices were shecircuited, thus impossible to measure, others did not modulate the
current.

The shorteetircuits were due to discontinuities in tRarylendayer, likely caused by spray
coating. As for the other ones, the transistors were observed through POM to investigate the
reasons behind the malfunctioning, and it was found that the thin film underneath the gate was
damaged.

Figures 6.15(apnd 6.1%b) depict the active layer right beneath the spray coat€dgAte,
respectively in the channel region and away from the gold. There are obvious signs of
degradation, such as voids and very small crystalline grains, leading to the impossibility of
efficient charge transport across the channels.

As a referencefigure 6.15(c) shows the film beneathink-jet printed PEDOT:PSS gate of a
transistor from the same batch as the spray coated ones. The printed device features a
homogeneous film after gating.

It is undear why AC spray coating damaged the film this way, since [3]Ph beneath the same
kind of gating do not display any hint of film disruptiddiigure 6.15(d)).

In conclusion, an & gate can be a good solution to photosensitivity in transistors, since it has
been proved to work on [3]Ph, but it needs further optimisation. In particular, the deposition
should be controlled so that it does not lead to eettiielectric nor active layer damage.

Theaim of theopaque gatés to permanentlyprotect the devices from lighbut sinceit was

not successfula secod gating strategy was testeThis second onénvolved a reduction in
light exposure during fabrication: a PEDOT:PSS gate washeérecoated onto the dielectric
layer, following the same procedure eoy®d to gate [3]Ph transistors and described in
Paragrapltt.1.2.

As mentioned irParagrapl6.2.2 and shown iigures 6.9(apnd6.9(b), the bar coated gate
worked perfectly on CM$atterned transistors.
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Figure 6.15a) POM image of degraded [5]Ph thin film on gold contacts and beneath spray c@atgdeh with
90° polaration b) POM image of degraded [5]Ph thin film beneatB date, with 90° polasation c) POM image
of pristine [5]Ph thin film on gold contacts and beneath printed PEDOT:PSS gate, with 9Gapotad) POM
image of pristine [3]Ph thin film on gold contacts and beneath spray co&tegt&, with 90° polasation
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CONCLUSIONS AND FUTURE WORK

The fabrication and optirsation of OFETs based db]Ph and[3]Ph was the bcus of this
thesis work.

In order to do so,the sensitivity ofthe two cumulenic molecules with respect to
photostimulation and temperatumas testedCumulenes andp-carbon molecules in general
are notorious for their reactivity, and in order to opsathin films of these materials for the

fabrication of OFETS, it was @frucialimportance tdind outthe amount of light and heat that
theycould tolerate, both in solution and in thin films.

Tests to inducethermal degradation and photodegradation were set up. ThesVidJV
spectroscopy waemployed to characterise the resuits monitoringthe shape of the spectra
and the intensity of the peaks.

[5]Ph solutionsshowed a very low resistance to heat, in comparison to [8)Bhproved to be
stable over a decently wide range of temperatesthe other hand3]Ph and[5]Ph films
werevery comparable

As for light, both materials turned out to be more resistant than expected when in solution form.
However in thin film photodegradatiowas very quick to occur, especially for [3]Ph

Takingtheresults from thetability tests into accounthie optimisation ofield effect transistors
based on3]Ph and5]Phfilms waspursued

As for [3]Phfilms, which hal been studied for longer, this meant the development of sadution
against photodegradation. Swo new gating strategies were tested, in an attempt of either
permanently screening thewlees from light or reducing the exposure during the fabrication
step. Promising results were obtained from both routes.

[5]Ph, on the other hand, needed to be optimised, starting frosohiiéon formulation and the
film deposition conditions[3]Ph was setsia referenceand it was eventuallypossible to
fabricate [5]Ph field effect transistorsvith mobility up to 16 cn?/Vs and nearly ideal
behaviar.

As for future studies, whether [5]Ph has the potential to further incrisas®bility through
optimisation is up to questiof3]Ph might be close to its limit, as well.



104 EXPERIMENTAL RESULTSI
ELECTRICAL MEASUREMENTS

On the other hand, ane characterisation anaggsneed to be run in order to better know these
materials. There is egoing research to understand their pagkboth in bulk and in thin films,
which is crucial for charge transpaniechanisms and potential properties

A precise tailoring of cumulenic molecules, in terms of end graupght help reaching a more
efficient packing in solid state, favouring chatgeansport, so trying out new molecules from
the [3]cumulenes and [5]cumulenes faeskould prove beneficial.

Finally, with a view to exploit the electrical characteristicsspicarbon moleculeto study

them polyynes could be used as the active laydietd effect transistors. They feature a larger
energy gap and are thought to be less conductive. However, their increased stability allows
polyynes chains to be much longer. Since BLA decreases with chain length and the energy gap
is positively correlateé with BLA, it is possible that at this stage polyynes might be better
semiconductors than cumulenes.
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black line representing linear regime and blue line saturation regiin€orresponding
110 11125 PP 97

Figure 6.13 a)Characteristic transfer curves in saturation regime £\+40 V) of a [5]Ph
transistor, measured 4 times in a ré@yvCorresponding trend in saturation charge mob®igy.

Figure 6.14 a)Characteristic transfer curves in saturation regimg £+40 V) of a [5]Ph
transistor, measured in 5 different lighting conditiomsCorresponding trend in saturation
ChArge MODIITY........uueiiiiiiie e 99

Figure 6.15 aPOM image of degraded [5]Ph thin film on gold contacts and beneath spray
coated AC gate, with 90° polariatiom) POM image of degraded [5]Ph thin film beneath AC
gate, with 90° polarisatiorc) POM image of pristine [5]Ph thin film on gbcontacts and
beneath printed PEDOT:PSS gate, with 90° polarisatipROM image of pristine [3]Ph thin

film on gold contacts and beneath spray coated AC gate, with 90° polarisatian....... 101
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