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Abstract:

Organic electronic devices, such as light emitting dig@¢€EDs), field effect
transistor{OFETs)and solar cell§OPVs)have reached a technological maturity and, in the case
of OLEDs and OPVs, industrial production. Significant advancements in chemical synthesis,
materials processing, and device engineenange boostethedeviceperformance and reliability.
However,severakoncepts regarding the mechanism of the device operatierstill unresolved,
especially in OFETs. Charge transport in the organic semiconduntorges differeninterfaces

of the materialend one of thenostimportant questions that people try to address is how the
morphology of the device affects theechanisnof charge transport across the deviceleed,
morphology, molecular and energy disordemd surface defectan easily influence
theirperformance. There is a compellinguestfor understanding the mechanical aspects of the
organicthin film nucleation and growtbn real test patterns in order tanderstand
themorphology.

The main goal of this thesis was understand the correlation betweerfedént growth modes,
morphology,and the electrical response OFETsin solid state operation as well as in an
electrolytic environmentPentacenas the workhorse organic semiconductor that we used
throughouthis thesisThe motivation is understanditige physics of the pentacene transistors as
a function of the semiconductor channel thickness, and it was the coreEC-iarie Curie
projectSPM 2.0that supported my research work.

As a new important findingut of this thesis, we discovered and assda newanomalous growth

of Pentacenéhin films vsincrease of the thickness, viz. the mass of organic semiconductor in the
OFET channelln this novel growth mode, there is a breakdown to the usually observed growth
modeupon rapidroughening, where a layby-layer growth at the early stages suddenly evolves
into aseltaffine mode characterized by growing islands made of terrace stdeksbserved this
mode at the lower deposition temperatureswmitliscovered that atpreciseange of deposition
temperature and rate, viz. 80°C and A/, this growth mode is not observed, instead an iteration
of wetting/dewettingransition occurs as thickness increasispeculiarfeaturesconsist ofthe

fact that the morphology of the islds asstacks oimonomolecular terraces, is retained. However,

the morphological parameters, such as correlation lengths and roughness, that we extract from




atomic force microscopy (AFM) images exhibit anomalosallations with period increasing
with thicknessIn order to explain th&rend of the parametense devised aempirical equation
that encompasses both seffine 3D growth and the oscillations typical of wetting/dewetting
transition as in the spinoddéwettingphenomenaNe then analyzed theectricalcharacteristics
of the OFET operated as sobthte device as well as electrolyte gated deviles.correlatiorof

the transistor parametemsith the morphology were analyze&xperiments using bimodal
AFM allowed us to investigathe mechanig properties of conductive and semiconductiva
films. The latter activity was carried out at CSICMM in Madrid during the secondment at the

laboratory of PragssormRicardo Garcia.




Prefazione

| dispositivi elettroniciorganici, come i diodi a emissione di lumino§LED), i transistor ad
effetto di campo (OFET) e le celle solari (OPV) hanno raggiunto una maturita tecnapgela

caso di OLED e OPV, anche la produzione industriale. | progsggsificativi nella sintesi
chimica, nella lavorazione dei materiali e nell'ingegneria dei dispositivi ne hanno migliorato le
prestazioni e l'affidabilita. Tuttavia, diverse domande riguardamgdcanismo di funzionamento

dei dispositivi sono ancorarisolte, specialmente negli OFET. Il trasporto di carica nei
semiconduttori organici coinvolge diverse interfacce dei materiali e una delle domande principali
che i ricercatori stanno cercando di risolvere, € come la morfologia del dispositivo influenzi i
meccanismo di trasporto della carica attraverso il dispositivo. Infatti, la morfologia, il disordine
molecolare, energetico e i difetti superficiali possono facilmente influenzare le prestazioni dei
semiconduttori. C'eé una ricerca impellente atta allaprensione degli aspetti meccanici della
nucl eazione e della crescita dei film sottild]

la morfologia.

L'obiettivo principale di questo lavoro e sti@omprensione della correlazione tra i divensdi

di crescita, la morfologia e la risposta elettrica degli OFET in stato solido e in un ambiente
elettrolitico. Per questa tesi abbiamo utilizzato come semiconduttore organico il pentacene
motivazionedi questa sceltdcade nellavolonta dicompenderela fisica dei transistoa base di
pentacene, in funzione dello spessore del canale del semicoadQttoe st 6 ul t i mo, I nf e
il nucleo del progetto Marie Curie Sklodowska SPM 2.0, che ha supportato il mio lavoro diricerca

Il risultato pincipale di questa tesi € stato aver individuato caratterizzato una nuova crescita
anomala dei film sottili di pentacene rispetto allaumento dgléssore, vale a dire, i@assa nel

canale del semiconduttore organido questa nuova modalita di crescit@ € una variazione

rispetto alla modalita di crescita solitamente osservata in caso di rapido incremento della rugosita,
in cui una crescita strato su strato nelle fasi iniziali, si evolve improvvisamente in un modo auto
affine caratterizzato da isole crescita costituite da blocchi a terrazze. Abbiamo osservato questa
crescita a temperature di deposizione piu basse, ma abbiamo scoperto che in un intervallo preciso

di temperatura e velocita di deposizione, vale a dir¢, 8% 0,1 A / s, questo modo atescita




nonavvi ene. Abbiamo infatti osservato che 1inve

wetting/dewetting all'aumentare dello spessore. Le sue caratteristiche peculiari consistono nel fatto
che la morfologia delle isole come terrazze nomolecolari, viene mantenuta. Tuttavia, i
parametri morfologici, come le lunghezze di correlazione e la rugosita, che estraiamo dalle
immagini della microscopia a forza atomica (AFM), mostrano oscillazioni anomale con periodo
che aumenta con lo spessd?er spiegare I'andamento dei parametri, abbiamo ideato un‘equazione
empirica, che comprende sia la crescita 3D auto affine sia le oscillazioni tipiche della transizione
di wetting/dewetting, come nei fenomeni dello spinodal dewetting. Abbiamo quindizatalle
caratteristiche elettriche del'’OFET operante allo stato solido e in ambiente elettrolitico. E stata
quindi analizzata la correlazione dei parametri del transistor con la morfologia. Gli esperimenti
che sono stati condottitilizzando la AFM bimodik, ci hanno permesso di studiare le proprieta
meccaniche di film sottili di conduttori e semiconduttori. Quest'ultima attivita e stata svolta presso
il CSIC-ICMM di Madrid durante il mio periodo di studio presktaboratorio del Prof. Ricardo

Garcia.
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Chr.d.

Organic thin films and their applications in organic
electronics

fiThis chapter is an introduction to organic electronics. The basic concepts of organic
semiconductors, the mechanism of charge transport, as well as thdilnthapplications in Field
Effect Transistors operating both in solid state and in electrolyte are presented. Moreover, the

technology and the mechanisms of nucleation and growth of organic thin films are introduced and

overviewed from literature.

12



13



1.1 Organic electronics

I n the past three decades, organic el ectroni
applications on the market with an impact in our daily life. The first report on electronic properties
was thedemonstration in 1986 of the first organic figffect transistor (OFETL]. At the same

time, the first organic light emitting diod®LEDs)[2] was demonstrated.hese breakthroughs

were enabled by the use of vacugablimed thin films ®molecular semiconductors in place of

bulk molecular crystals, which were extensively studied for setting the phygbealical grounds

of charge and excitation transport in organic solid state but were not technologically viable. A few
years later the dheonstration of polymer light emitting diodes (PLEDs) and the design and
synthesis of soluble organic semiconductors opened the avenue to printable (opto) electronic
devices[3,4] This was a leap from the extensively studied (doped) conductive polymers, like
polyacetylene (that lead to the Nobel prize in Chemistry in year 2000 to Heeger, Mc Diarmid and
Shirakawd5]) thatwas however of no technological impact being completely insoluble and hardly
processable, to libraries of materials designed for processing, printing as well as for tuning the

relevant properties in LEDs or photovoltaic cells or transistors.

Organic elegbnics devices exhibit performance comparable to that of amorphous silicon
electronics, which makes it attractive for many low pelves w c o st consumer 6s
applications. Among the advantages, organic electronics exploits a variety of organialsnater

that can be deposited as thin flms on a wide range of substrates, planar and curved, rigid or
flexible, and patterned by using scalable 4sonventional processing techniques, such as inkjet
printing and roHlto-roll manufacturind6i 8]. These technologies use low energy and resources,

being based oadditive manufacturing, conversely to tdpwn approaches of silicon technology.

The fabrication technology being higlroughput or continuous enables a large number of
applications, including flat panel displaj@®§, organic LED410], photovoltaic cell$3], largearea

electronicqd11] and sensorgl?2] .

14
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transistors (OTFTs) (‘ &a Electrochromic films cell (OPV)

FIG. 1.1. Applicatios of organic electronics

A strong effort in materials design aimed to optimize the performance of organic electronics
devices has been going on for the last couple of decades. This led to the advent of OLED displays,
albeit a whole organic active matrix ARILED display is hamperebly the still low stability of

organic transistors (the active matrix components) and the sensitivity of the devices to air,
moisture, and light exposure.

Charge transport is one of the universal aspects of the physics of the organic devices. It occurs
aaoss differeninterfaces of the materiat®nstituting the device architecture. Here, we address
one of the mosimportantquestions: how thmorphology of the semiconductor thin film affects

themechanisnof charge transport across the device, and higcdevice response.

1.2 Organic bioelectronics

The emerging field of organic bioelectronics bridges organic electronics with the world of the
living matter. Standard organic electronics devices show instability in water. The evolution of

fabrication techalogies to flexible substrates led to the production of devices that conformally

15



adhere to the shape of human body or to an organ upon implapi&jpelse byintegration on
textiles[14] or upon contact with thekin [15].

For the detection of bioatecules or of biological events, sensors need to be operated in an aqueous
environment. In2010 the first demonstration of an organic transistor operated in water was
attained16]. The integration of moieties for specific molecular recognition led to the development
of labelreebiosensor$17] and transducers in signalsvitro [18,19]ard in -vivo [20,21] A lot

of applications of bioelectronics such as electronic skin, pressure sgtijas well as irvivo
implants for monitoring the central nervous sys{@B] were demonstrated. Fig. 1sBowssome

of the pioneer applications of bioelectronics.

16



FIG. 1.2. Applcation of organic bioelectronicsa) Highly sensitive flexible pressure sensbjs
Ultra-conformable organic field-Effect Transistors and circuits for epidermal electronic
applicationsc) Organic devices on a highly flexibiretchable, andpatchable freestanding
substrated) Organic electrochemical transistofOECT) for recordng electrophysiological
signals on the surface of the brag) A skininspired organicdigital mechanoreceptof)
Intrinsically stretchable transistor array as a copdatform for functional skin electroniag)

Electrocorticographyrecording with a bioresorbable OEC[R2i 27]

1.3 Organicsemiconductors

Electrical conduction in organic materials was reported fof ther st t i me i n the 1!
196006s, when photoconductivity and electrol um
conjugated oligoacenes like naphthalene and anthr§28it@0]. Although crystals showed high

charge carrier mobility, the processability and the high voltages required limited real
applications. In the 1960's molecularly doped polymers consisting of small organic pigments
dispersed in an insulating polymer matrix were developed for xerographic appli¢adfipns
Conjugated materi al s -bexhi)b iatn da |dtoaurlainestbotidegn dssi n( gc
between carbon atoms, or between carbon and heteroatoms like N, O, S, Se (to namitedlew s

el ement sdnd is Gemezated from the linear combination of atomic orbitals with axial
symmetry, e.g.,-s p-, d-orbitals, or their hybrid orbitals, and is localized between two neighbor

at omshomd Gr equi r embitdlstbapop Ibaotnedd nagn di -ahitdlsiare woh d i n g

T h eorbitals result from the lateral superposition pbgbitals of neighboring carbon atoms or
heteroatoms (§. 1.3a). In kg. 1.3b the ener gy-systemvtedatem)aré t he
shown. The loweenergy -orbital is bonding and is populated by two electrons. The higher

energy -orbital is antibonding and is empty. Because the number of electronshianding

orbitals exceeds that in*-antibonding orbitals, a-bond is formed. For an increaginumber of

C-atoms, the number of-orbitals increases accordingly, with only kaffthem (bonding orbitals)

filled. We term Highest Occupied Molecular OrbitalSOMOs the populated-orbitals closer to

the Fermi level, and Lowest Unoccupied Molec@abitals- LUMOs the empty -orbitals closer

17



to the Fermi level. The Fermi level lies in between HOMO and LUMO. The gap becomes smaller

with the increasing number of&oms.

The alternance of single and double bonds yields delocalization ofdhatals across the whole

molecular length, thus creating an electron density above and below the nodal plane. A prototype
example is polyacetylene, which consists of a single chain of alternating sindldoublebonds

(Fig. 3c). For a large numberof@@aons i n t he chai n, H¢ c lombditals t he or
are dispersed across a band whose width is proportmiizd matrix element of the Hamiltonian

(also termedabverlap. Considering a chain of C atoms with on®gbital each (as basis set), the

overlap is the interaction between adjaceotlptals. Hence, the larger the overlap is, the larger

the energy dispersion of the molecular orbitals will be. Therefore, whemthker of C atoms is

large, a density of states (DOS) spieiach -band arond the Fermi level, is createdigk1.3d).

T h e-barid is halffilled with electrons, which implies that only the lower energy -halfid

(valence band) is fully populated, while the higinergy half band (conduction band) is empty.
Introducing electron aoelation and phonon electron coupling in the Hamiltonian yields a band

gap separating the hddbinds as in a semiconductoig(F1.3c), which leads to the term organic
semiconductors. The band gap is determined from either optical, optoelectmoriegronic
spectroscopies, and spans the rangé %)/, which comprises the whole range from infrared to
ultraviolet region. We refer to the valence and conduction bands as HQMKIO- bands,
respectively. Fermi level lies in the gap.

In ideal chain molecek the delocalization lengthscale would span the whole length of the chain.
However, in real life topological (e.g., dians transitions, conformational defects) and chemical

defects (also due to parasitic dopants), limit the actual delocalizationdealgs. It is estimated

that in chain semiconductors delocalizations span no more than several monomeric units (in the
range 610 units equivalent to a conjugation length scale of a few nm). This inherent limitation of
macromolecular chains makes then agajted molecules with precisely defined size and structure,

and above all chemical C O mgbectrens tre delogalizes tadrossa ¢ t 1 v
comparable I engthscales (defined by the mol e
organic semiconductor materials emerged during the years, one based on

pol ymers/ macromol ecules, and the other on fAsm

18
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To understand the difference, it is useful to make the analogy with the band structure described
above. I n the case of mol ecul ar semsystenduct o
consi sti ng -rbitalaequmaltoidbnemberoffconjugated atoms. Once the molecules

are packed in the solid state, either in a crystal or in a thin film, the intermoleculazavelant)

interaction between them yields a broadening of each energy level. The stronger is-the non

19



covalent nteraction (quadrupole and van der Waalsstpcking interactions are dominant
intermolecular interactions in these systems), the broader the spread of each level will be. Because
the strength of nowovalent interactions is typically of the order of 0\, en molecular
semiconductors the bandwidth is narrower than in chain macromolecules. It turns out that the
HOMO-band (derived from HOMO orbitals) and the LUMand (deried from LUMO orbitals)

are narrow, their band gap being smaller than the HQMB®IO gap of the molecule. This is
illustrated in the series of oligoacersepicted inFig. 1.4. The optical band gaps as well as the
HOMO and LUMO levels are reported. The advantage is, however, that a precise chemical design,
also supported by computations anddelling of the interactions, allows one to finely tune the

relevant properties as band gap and bandwidth.

Narrow bandwidth i mpl i es -alécsoas,whithaate futlylordargdlye | o c a |
delocalized across each single molecule, seiad limited typically to a few neighboring
molecules across the material. Here, structural packing defects and the control of molecular
architecture at length scales ranging from a few molecules to microns become important in
establishing the actual imtaolecular delocalization. This aspect, that motivates largely this thesis,

wi || be deepened inl acalkixtzatieecnd oonf dhectigoms
an important consequence on the mechanism of charge and excitation transportthendature

of the charge or energy carriers that become large both in size and effective mass.

20



benzene naphthalene anthracene tetracene pentacene
> T - _— i = LUMO
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FIG. 1.4. Energy diagrams of the acdamily (benzene, naphthalene, anthracene, tetracene, and
pentacene)32]

Organic semiconductors, either molecules or polymers, become either positively or negatively
charged upon removing/adding an electron from the HOMO or to the LUMO band. This process
is termed doping and can be achieved in two ways: i) a chemical reqetiaxidizes/reduces the
semiconductor (e.g., using halogens or metals of grelpselse ii) capacitive coupling through

a dielectric thin film that upon bias between the channel (acting as one of the plates of the
capacitor) and an electrode. Dopadanic semiconductors become (more) conductive, even by
several orders of magnitudesachingconductivities in the order of 1000 S/cm. We are mostly
interested in electrostatic doping which is indeed atattieve layer of theorganic field effect
transigor. The former process is largely used in production of organic conductive thin film (as the
channel is open at low voltages due to doping). The stability of the charged semiconductor enables
the longer lifetime of the charged state. Hence, the chargesseh a localized state (e.g., a

molecule) and then can move to across the channel. We classify the organic semiconductors as p

21



type if the transported charge carriers are holes, elygenif they are electrons. Organic
semiconductors are in principénbipolar charge carriers, but the majority carrier depends not
only on the HOMO and LUMO energy levels (stableype semiconductors in ambient require
LUMO located more than 4 eV below the vacuum level to avoid charge transfer/oxidation to
oxygen and wair [33]), but also on the device architecture and the energy level alignment at the

interface with the injection/extraction contacts.

1.4 Organic Field Effect Transistors

The field-effect transistor (FET) was envisixh by Lilienfeld already in 193[84] a and later
demonstratednd studied by Shockley and Pearson in 188836] but the applications started

onl y i n[371 the mastp@pslar FET is the metadide-semiconductor FET (MOSFET),

also known as the metadsulatorsemiconductor FET, in which tigate electrode is electrically
insulated from the conducting channel by an oxide layer. The basic idea of a field effect transistor
is to modulate the current that flows between two ohmic contacts, termed source and drain, upon
application of a voltage ta third contact, termed the gate electrode. Charge carriers can be
accumulated or depleted in the semiconductor close to the semiconductor/insulator interface. In
fact, this device can be considered as a capacitor, where one plate is the conductivénctienne
semiconducting layer and the other is the gate electrode. In the ShBekibyerBrattain first

transistor the semiconductor channel was made on a germanium crigstalg):
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—
I 50-125um
emitter collector R,
100 nm p-type )
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n-Ge (10 Qcm) “>

|base

FIG. 1.5. (a) The first transistor, 1947 (length of side of wedge: 32mm). (b) Cutaway model of a
1948point contact transistor based ontype bulk Ge and common base circuit diagram. The
surface region of the Ge istppe due to surface states and represents arsion layer. The two

wires are made from phosphor bronze. Adapted f{86]

The organic field effect transistor (OFET) is the centrailaeof this thesis. In OFET&e channel

where charge carriers are generated and transported is made of an organic semiconductor thin film.
The contacts and the dielectric layer that couples gate and channel might be organic, inorganic, or
hybrid. Materals used for electrodes include metals like Au (with Ti or Cr adhesive primer), Ag,

Ni, Pt, Ca, perovskites (LaSrMn}) conductive polymers like PEDOT:PSS; for dielectric layers

SiOr is the most common, but also8k, hightk dielectrics, polyolefins, perfluorinated polymers,
etc.[38i 41] Source and drain Au electrodes are in contact with the organic semiconductor film at

a distance one from the other equal to the channel lergtid Mvthe ctannel width (Fig.1.6)The

gate is separated from the semiconductor film by the insulating layer made of a dieleatfinSiO

film. In our test patterns similar to the one depicted in Fig. 1.6 the gate consistgoefaoped
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Si. The lateral extensiorf & and D is termed the channel width W. Source and drain are isolated

from the gate through the dielectric, thus forming a mietallatorsemiconductor (MIS) junction.

Gate

FIG. 1.6 schematic view of a bottom gate/bottom electrodes transistor.

1.4.1 Deviceconfigurations

The position of the three electrodes with respect to the semiconductive material defines the
different architectures of the organic transisgush aottom gate/bottom electroddsd. 1.7a)

andtop gate/bottom electrodé€Big. 1.7b)which were the architecture used in this thpsiber
architecturesike bottom gate/top electrodestop gate/top electrodémve not been used during

my thesis workBottom electrodes as in Fig 1.7a andlai® the most used architecture since test
patterrs by photolithography on wafers can be made at home or commercially purchased. Bottom
gate/bottom electrodes Fig.1.7a is the most widely adopted architecture, albeit several processing
problems due to shadowing induced by topographic relieves of theatéstnpon the organic

semiconductor channel may affect charge injection.
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FIG. 1.7 Architectures of organic thin film transistors a) bottom gate/bottom electrotigs b)

gate/bottom electrodes.

In organic bioelectronics, the most commemchitecture for electrolyte gated transistor (EGOT
often called EGOFET) can be assimilated to top (electrolyte) gate/bottom electrodes, sometimes
also operated as a dual gate transistor with top electrolyte gate and bottom solid state. A typical
EGOT arclitecture is shown in Fig. 1.7. The EGOT operates with no thin film dielectric film,
because the electrical double layer forming at the semiconekietdrolyte interface effectively

acts as a capdor. The gate controls the potential of the electrolgtel consequently the potential

drop across the electrolyte. The electrolyte is typically a buffer solution, else a biological fluid, but

can also be a synthetic or natural hydrqd2|43] Since the electrical double layer is very thin
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(0.2-1 nm depending on the ionic strength) and the dielectric constaguiebas electrolytes is
high (pure watek = 79, for an electrolyte evenigher[44,45)), the interfaciatapacitance per unit

area is orders of magnitude larger than the one of dielectric layers (on the order of tens9f nF/cm
This implies that the EGOT is operated at much lower gate voltages with respect to the solid state
OFET, although watehole interactions may lower the polaron mobility or trap polarons (greater
effective mass).

1.4.2 Basic operatios

A transistor works aanamplifier in which smalpotentialdifferencesare appliedbetweengate
andsourceelectrods and gate and source electrogiede source electrode is normally grounded.

The potential difference between the source and the gate is the gate Veladpde the potential
difference between the source and drain is referred to as sirainevoltageVps. We illustrate

here the operations of a unipolar transistor. The source injects charges in the channel: these are
electrons when a positive gate is applwtile they are holes when a negative gate is applied. [5]

In Fig. 1.8 cross sectigrof the operation regimes of an OFE&Teillustrated a negative gate
voltage is applied; it induces accumulation of positive charge carriers (holes) at the
semiconductddielectric interface. For -type material, it would be a positive gate voltage
inducing the accumulation of electrons. The number of charges accumulated is proportional to the
gate voltage applied and as well to the capacitance of the dielectric. Howea#iithese charges

are mobile and contribute to the soudrain current of the FET. Initially, deep traps have to be
filled before the additional charges become mobile for charge transport. Therefore, the concept of
threshold voltage ¥ comes in as # minimum gate voltage requirddr the formationa
conducting channel, asnvhas to be overcome in order to accumulate mobile carriers. Therefore,
the effective gate voltage is €¢Vi). When no drain voltage is applied the charge carrier
concentratiom the channel of the semiconductor is homogeneous across:§V{¥>0 V. When

a small potential Ws is applied such that Pé¢|<<|VesViu|, a constant longitudinal electric field
displaces the charge carriers across the channel. This is termie#neregimebecause the

current increases with increasingy/as in an ohmic junction (depleted of charge carriers at the
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channel/drain interface) and even for further increasing| [sarrier velocity remains constant as
the pinch offwhichis the \bsat which there is no longer potential difference between the gate
electrode and the part of the channel the drain elegtnodees towards the source thus making
the current to saturate to a plateau (maximum current). This mode of operahierO&FET where

|Vbs|>|Ves-Vin| is termedsaturation regime.

Channel
a) Ips4

1l

VDS < VGS - Vth

\ 4

VDS
b) Ips 4
| \‘ }7
V
i I e ) ‘ | VDS m IDS VDS = VGS - Vth
| @), N
VDS
Cc
) Ibs &
| |‘ }7
| Ves
| I i } VDS @ IDS VDS > VGS : Vth
VDS

FIG. 18 Cross section of operating regimes of an OF&)llinear regime b) at the pinch off and
C) saturation regime.
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1.5Charge transport in organic semiconductors

A large variety of organic semiconductors of both kinds, small molecules and poilypussible

to be desi gned dcanugatedelettrbria the sermicordactorechaantel, the
charge carriers are generated upon application of a gatdrhiasasccumulated in charged states
(polarons) in the organic semiconductor thanks to the transversal electric field penetrating the
channel at the dielectric/semiconductor interface. As we introduced inoriBekcP, large

p ol ar i-systeimd yeld quadpole and Van der Waals interactigd§] which, despite of the

fact that are larger than thermal energy thus making the solid state aggregate stable, are weaker
than the covalent bonds in inorganic semiconductors like Si. This effective perturbation causes
modest delocalization of theseltron wave function. Thus, the charged polaron remains effectively
localized within a molecule in a Wannier state but can be transferred from molecule to molecule
because of the weak interaction between Wannier states. In the absence of a longitsdiha bia
motion of the charge carrier is symmetrical in any direction allowed (Brownian motion) around
the position where the charge carrier sits at time t=0 s. Thus, the carriers explore the semiconductor
space around their positions but do not carry a&uaetnt. When a driving force is turned on, the
charge carriers can be accelerated and moved along the direction of the longitudinal electric field.
In terms of charge mobility, values ranging from one to terféusmwere measured in highly pure
molecularcrystals, and the lower end of these range were attained in thin film OFETs with
molecular materials like pentacene, rubrene;diétyl[1]benzothieno[3,][1]benzothiophene
(C8BTBT-C8)[16,47,48] In contrast, in inorganic crystalline semiconductors the charge carriers
move in highly delocalized orbitals (Bloch states) forming wide energy bands. Charge carrier
mobility is high and is decread by temperaturdependent lattice vibrations that scatter the

carriers.

In the case of organic thin films, the amount of structural and energy disorder is greater than in
single crystals. Higlvacuum sublimed oligomers often give rise to polycrystaliiimes, while
solution processed polymers often yield highly disordered or amorphous film. As a consequence,
thin films normally exhibit lower performance with respect to single crystals devices. The charge
mobility depends strongly on the chemical purdag,well as on the multiscale organization that

results into morphology. It turns out that the effect of temperature in organic thin films is more
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complex, as the temperature is detrimetalighly ordered crystals as it destroys band transport,
but it could instead enhance charge transport in disordered films. Hence, conjugated materials
display a wide range of charge carrier mobiiygh a temperature dependence that is not

monotonically decreasing9,50}

Band Transport

Band transport refers to the mechanism occurring in crystalline solids, generally metal and
semicomuctors. This transport is associated with energy bands originated by interacting atoms
bound together. The population of a state whose energy Eeiglgiven by the FermbDirac

equation (eq.1):

o @ —— (1)

wherek is the Boltzmann constant, is the absolute temperature dadthe Fermi energy. We
distinguish two cases: i) the valence band (highest occupied band) is filled, while the conduction
band (the lowest occupied band) is completely empty. The two bangspamated by an energy

gap, the larger it is the more localized the orbitals are. Large gaps are typical of insulators. In
metals there is no gap, and the continuous band is half filled and half empty. Semiconductors bands
are similar to insulators but tlemergy gap between the top of the valence band and the bottom of
the conduction band can be overcome by electrons at finite temperature. This causes the smoothing
of the Fermi Dirac distribution near the Fermi level, with populated states at the tepvafd¢hce

band that are emptied and an equivalent number of filled states at the bottom of the conduction
band.

The charge transport in delocalized bands can easily be described with the Drude model, upon the
assumption that the carriers are free to mawder the influence of an applied electric field (free

electron gas). Dissipation forces due to the collisions lead to a steady state mean velocity. A
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statistical equation describes the drift velogitpf the carriers in the direction of the electriddie

Fxas shown in eq. 2

wa =0 ‘0 (2)

whereqis the element chargey is the effective massjs the relaxation time argdis the mobility.
The mean free pathwhich is the mean distance between two collisions has to be much larger
than the de Broglie wavelength of the charge carrier in order for this model to be valid. The mean

path is given as

_ 0 f 3)
wherev — is the electron thermal velocity. The mobility can also be described from a
combination okq. 2and eq. &s

‘ z 4)

The temperature dependence of mobilélfeson the nature of scattering centers, and it is found

following an inverse poweaw vs T with exponent n>0:

Ly ey )
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wherenis positive number, and so fragq. 5 is shown that the mobility increases with the decrease

of the temperature.

Polarons

The charge carriers in organic semiconductors are -gaaicles termed polarons. Their motion
cannot be assimilated to band transport because the polarizatidn agcempanies the charge
carrier during its motion makes this motiormoherent (compared to transport along Bloch states
which retains the crystal coherence). Indeed, a charge carrier located at a molecular site polarizes
its surrounding region by coupdirthe electric field of the charge with the electric dipoles induced

in the neighbor molecules. This electrostatic coupling lowers the energy of the polaron and makes
the energy difference between the polaron state and the neutral state lesser thabsenite of
polarization. The time that the charge sits on the molecule as well as the time that the charge needs
to be polarized are termed &ls andJ;, respectively. As a result, the charge starts traveling as a
carrier dressed in the polarizationwtb In Fig. 19 is shown the polaron formation in a conjugated
organic solid. The polarization affects a volume substantially larger than the molecule, thus making
the effective mass larger because the transport of the charge carrier from one sitestonaumstth

be accompanied by undressing andimessing the polaron. According to eq. 4, charge carrier
mobility of an organic material is strongly dependent on the local coupling, but also on the

electronic and phononic bandwidth and phonon energy.
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FIG. 19 shows a schematic representation of the polaron formation when a positive charge is
placed on a molecule in a conjugated organic solid. The hexagons describe the center of mass of

the mol ecul es and t-blectrondensityfslds t he del ocali zed

Hopping Transport

In disordered organic semiconductors like polymers the charge transport is dominated by localized
states. Chargeacriers are transported by thermally assisted hopping between localized states and
are scattered at every step, so the carrier does not retain (completely or partially) memory of its
previous hop. This motion is termed incoherent. Hopping is assistedbhpmhand the mobility
generally increases with the temperature. Mott suggested that in systems where the hopping
transport occurs across a constant density of states (DOS), the hopping over long distances and
hopping to higher energies are both to be wmed. In this case, the dependence of the

conductivity vs temperature can be expregsétt

®Qun — (6)
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Even hough there has been a lot of effort on this argument many basic aspects related to the

physics of organic semiconductor thin film remain unclear. In field effect transistors, when a gate

voltage is applied, the charge is accumulated at the semicondiedemtric interface. The lower

states of the organic semiconductor are filled from the accumulation charge carriers and any further

charges will occupy states at higher energies. This means that this additional charge needs less

activation energy to hop tveeen sites. Vissenberg and Mattf&3] developed a model to describe

the tempeature and carrier density dependency of the mobility in amorphous organic field effect

transistors. Their approach expresses the number density of charge carriers as:

50 —Qoi— b O m )

where N is the numbeof states per unit volumégs i s t he Bol tzmanisas
parameter that indicates the width of the exponential distribution.

Thefield-effect mobility is calculated from the following expression:

o= — (8)

where B is a numerically derived constant and for 3D amorphous systems [§4],8k is a

conductivity prefactor, e the elementary cinge, To is a characteristic parameter describing the

width of the exponential DO%si s Bol t z ma n B8 the gate notaged dielectric V

constant, Ct he <capacitance per uni t area, wand
QQ wNnww

Therefore, the mobility for hopping transport exhibits an Arrhenius behavior
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® Qui— (9)

where Eis the activation energy dependent ol When the gate voltage is increasing (negative),
Eudecreases. This results in the accumulation of the charge carriers that fill thédylogstates
and the additional charge carriers induced in the system will occupy sites with a higher energy

with the advantage that less energy will be required oattivated jumps to neighboring sites.

The multiple trapping and release mechanism

Another model that was used to describe the low mobility in amorphous organic materials is the
multiple trapping and release model (MTRB]]. This model assumes an exponential distribution
of gap states. The injected charges or the charges which are already inside the semiconductor are

trapped into localizedtates with a probability close to one and their release is controlled by a

thermally activated process (Figl@). The drift mobility€p is given by:

L GQmn — (10)

wherego is the mobility at the band eddeéjs the ratio between the effective density of states at

the transport band edge and the density of trap&aisithe energy of the trap state.

Transport
band e i ¥ mhathe DOS

IS s & | —
Localized ::::::j:::::::i:::::::
levels --------ceccccmncccanaa.

FIG. 110. Principle of charge transport limited by multiple trapping ahdrmal release51]
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An important outcome of this model is that the mobility is gate voltage dependent. When a voltage
is applied to thegate, a potential ¥is formed at the semiconducidielectric interface. This
provokes the shift of the Fermi level towards the band edge, thus partly filling the distribution of
localized states (Fig. 111 Thus, any additional charge carriers havertaeergy closer to the

band edge which makes its thermal release easier, implying a mobility increase. The effective
mobility is given by

E— (11)

where N is the effective density of states at the transport band edge.

DOS5

Ve-Vp=0 Ve—Vy#0

FIG. 1.11. Gate voltage dependent mobility induced by an energy distributed density of traps
according to the MTR mechanisfal]
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1.6 Growth of thin films

Thin film growth is controlled byheinterplay of thermodynamics, which determines the different
energy barriers, and kinetics as the system is usually kept out of eqmldonditions during the

thin film deposition processThe general modes in film growth are understood within the
thermodynamic approach in terms of relative surface and interface energies. On the other hand,
since film growthis a norequilibriumkinetic process, the rati@miting stepsare more influential
ontotheresultinggrowth mode.

Surface growth is often correlated with the formation of a physical surface such as growing crystals
and metals. This is a largeeathin film growth and consists of different application such as crystal
growth[55], biological growti{56], and metal growtfb7].

Models based on stochastic continuum growths equations are often able to predict the scaling

exponents with an analytical way and they can be described through the form

"Befd  — oD (12)

In which"Qadp is the height positiodand the time, "o is the function that reflects the
modelled growth process, afd is the noise term and more specifically the random fluctuations

in the deposition of the particles.

The simplest pwth model is when particles are randomly generated at a position and deposited
in a random place of size L, occupying the position immediately above the surface at the site. This
is called a randondeposition model (RD). The columns of a generated REaceirhave no
correlation with each other and thus each column grows independeigstinen unlikely that the
surface reaches the saturation. More specific
An experimental growth process is appropriatelgscribedby a theoretical model (or a
combination of one or more different modeld)en itprovides indications to control the surface
roughness. Simple modelgerestudied in order tainderstand the growth dynamics of pentacene

thin films. A simple model that can describe the growth oscillations is the discrete growth
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model[58] where the rate for a jump from layet+1 to nis proportional to the uncovered fraction

of the layem+1 and the available space in layer

where—is the fractional coverage of th€1 ay e r |,

,QO-I-

and k is the effective rate for interlayer transport.

G

S

t

he

(13)

compl eti on

Studies on thermodynamics of nucleation for pentacene done by Verlaals6t ak a function

of substrate temperature and the growth rate. In Eiif is represented the nucleation phase

diagram. 1 can be noted that only films grown below the dotted line (2D nucleation) grow in a

layerby-layer mode. Since growth mode depends also on the surface roughness, transitions to 3D

growth canoccurwith enhanced stacking of monolayer terraces before dheletion of the

underlying layers during the thin film growtfhis phenomenon is frequently observed in

pentacene thin films and can be attributed to the fact that there is a spatial dependence of the van

der Waals interaction betweenpinging moleculesand the growing islands with the increase of

thedeposited mass quantified by the filhickness.
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FIG. 1.12. a) Growth modes for pentacene assunyirgsub= O (interaction strength between one

molecule and the substrataeing zero) [24]. Below the did line, threedimensional (3D)

nucleation is possible. For growth conditions below the dashed lineditwensional (2D)

nucleation is possible. 2D nucleation becomes more likely than 3D nucleation only below the
dotted line. In a first approximationnty growth conditions below the dotted lines will give rise

to continuous film9]( b)) Bul k (Campbel |l 6s) c@stalline st

Another important factor ithe selfdiffusional barrierghat also includehe Schwoebel barrier.

The latter is the energy barrier for molecules to diffuse acrossaag¢e=dge, which would lead to
smoothening of the stacked structures and the completion of the underlying layers. The increase
of the Schwoebel barriars thickness leads to rapid 4l flow of pentacene moleculeshus

effectively driving theransition from 2D to 3D.

The control of thin film growth plays an important role on the performraoc®FET. Different

studies have shown the correlatimetweerthe morphologyandthe electrical propertie§61,62]

Thus, the charge transport is strongly correlated with the swfdbe organic filmwhich means

that surface detts and roughness can essentially influence the charge nisi®to the fact that

the percolation channel for the charge carriers is in contact with the gate dielectric, early stages of
the growth and thin film morphology plays an important role.

This is marked by atrong increase in research activity on the topographic structure of surfaces
that influences a wide range of phenomena such as charge transport, interface formation and film
growth.[63,64] Film growth is an nowequilibrium phenomenorthis means that equilibrium
arguments and dynamic scaliage bothneeded to describie An intense theoretical activity has

tried to describe, with different growth mosginterfaces which are grown under reaquilibrium
conditions and exhibit irregular geometrifgbi 69] Thin films grown byorganicmolecularbeam
deposition(OMBD) such as pentacene typically grown to laggdayer, and a#tr the first twe

three monolayers there is a transition to island gro]j. This kind of transitionthat eminds
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the StranskKrastanov 23D transition, cannot baescribed with stress release by nucleation of

disordered 3D aggregates

1.8 Wetting/dewetting

The study of dewetting of single crystal films have driven the alternate view of looking at growth
transitions using arguments wofetting/dewetting transitions. Thin films are generally formed
under conditions for which atomic motion is limited and -+eguilibrium structures can be
attained. This happens especially for films formed by vapor deposition. In this case, the atoms
arriving on the surface of the substrate move across the surface. Consequently, this can lead to
continuous film formation that, however, owing to the instability caused by mismatched surface
tensions, will spontaneously dewet to form islands. Other parametiets fndip to the rupture of

the film are thermal shocks and vibrations which give to the atoms a sufficiently high mobility to
break the film[70] In wetting conditions, the spreading parameter (S) is positive and corresponds
to a stable film. On the other hand, when spreading parameter is negative the film that forms could
be metastable or unstaljiel]. Three different mechanisms of dewetting can be observed (Fig
1.13): first, the film is ruptured and starts to shrink to yield a small nucleus that will evolve into
holes (Fig. 1.3a). Second, spinodal dewetting in which the figncbntinuous up to a critical
thickness then, in short time, it exhibits collective fluctuations of amplitude as large as thickness
until the film breaks (Fig. 13b). Above this critical thickness dewetting will not occur and the
cast film will remain cotinuous. The last mechanism is Ostwald ripening where larger islands,
whose chemical potential is lower than the one of small islands, incorporate the neighbor small

islands, leading to setirganized island patterns (Fig. 3c). [72]

According to spinodal dewetting thgo small and spontaneous deformations of the substrate can

lead to an unstable film at a specific critical thickness which is given by:

Q. — (14)
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when K is a constant proportional to the Hamakern st ant A= 6" K, 9 surf ac

wavelength of the fluctuation.

FIG. 1.13. Top rows: schematic representation; bottom rows: experimental examples of the time
evolution of ruptured thin films. (a) Dewetting by nucleation, growth, andesoahce of
holes.[73] (b) spinodal dewettind74] (c) Evolution of a dewetted film by Ostwald ripening
followed by crystallization.75]

Wetting/dewetting transitions are less consolidated in conjugated organic thin films, while they
are often mentioned in the surface science commuespecially in thin metal film growth76]

Wetting/dewetting was originally applied to fluid layers, then extended to viscous and solid
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amorphous films. Our group intlaced wetting/dewetting transitions in the deposition of
conjugated nanostructures in technological applicati@2$.The peculiarity of organic thin films

here is that films are solid and possess a high degree of crystal order both within each molecular
plane and in thetacking of multiple molecular planes. The order parameter seems to be maintained
with continuity across the roughening transitif8§,77,78]whereas transitions from thin film to

bulk polymorphg60,79]are observed at larger thicknes$86]

1.9 Scanningprobemicroscopies

Scanning Probe Microscopy techniques (SPM) are very important and very promising to
understand thephysics of the Organic Field Effect Transistors. In order to improve the
performance of these devices mbestructive techniques that allow one to control and study the

properties of the organic material at nanoscale level are demanded.

Atomic Force Micrecopy(AFM) plays an important role in the investigation of the morphology

of the organic materials. Previous studies have already shown that the morphology is strongly
correlated with the electrical properties of the thin figh,81] With this technique it is able to
study the growth dynamics of the semiconductive thin {@8]. Different studies of the thin film
growth as well as in the investigation of the morphology using SPM and especially AFM will
provide solutions to theomprehension and optimization of the Organic Field Effect Transistors.
Despite the success of AFM, the technique confronts some limitations from the point of view of
guantitative analysis and spatial resolution. In order to overcome these limitaitinodabAFM,
whichis a technique thatan provide fast, quantitative and hig¢solution information of elastic
properties of soft matter at the nanoscale lesledne The working operation of this technique is
based on the oscillation of the cantilevetvim eigenmodesA variety of applications have been
referred for the use oAmplitude modulation- Frequency modulatioAFM in materials and
macromolecules like proteif83], lipid layers[84], DNA [85,86] cells[87], self-assembld

monolayerdg88], 2D material489] and organic semiconductor devi¢es].
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AFM-based techniques have been developed to study different properties of the materials such as
electrical, mechanical, chemical etc. Those techniques allow us to go beyond the macroscopic
properties of the materials, providing information at the nanoscale level and also correlation of
growth vstime [69,88,91] Moreover, mechanically strained flexible organic electronics have also
been studied usinkelvin probemicroscopy (KPM) in order to measure locally the effect of the
strain deformation on the electronic properf&. The use of phase electrostatiorce
microscopy (PEFM) has also been studied in order to control the electrostatic potential of the
OFET.[93,94] Studies on the interfacial capacitanaad conductivity of EGOFETs, were
performed thanks to the Scanning Dielectric Microscopyidimd SDM) [95].

1.10 Aim of this thesis

The aim of this thesis is to understand the correlation between different growth modes, the resulting
morphology, and the electrical respenboth in solid state OFETs and in EGOTs. More
specifically, morphological changes that can assimilated to wetting/dewetting transition were
observed during the thin film growth. When dewetting/3D layer nucleation occurs at the early
stages of growth, filntoughness exhibits oscillations superimposed to aasktie power law

scaling. The thickness periodicity of these roughness oscillations increases as thickness increases,
while the amplitude varies more slowly but does not damp. This peculiar growth) wioere the

abrupt transition from laydoy-layer to island growth is not apparent was not reported before and
demonstrates a distinctive growth mode where wetting/dewetting transitions occur continuously
and repeatedly. For analyzing this growth modph@nomenological expression for the surface
roughness was developed that can describe the oscillagiotise root mean squarérms)
roughness at different frequency as film thickness increases. Apart from the roughness oscillations,
correlation lengtis-follows similar behavior as well as the main transistor parameters in the solid
state, viz. transconductance and threshold voltage indicating that the growing islands are
electrostatically coupled to the continuous channel formed underneath. Interesthmgly
oscillations are less marked in EGOFETSs thus suggesting that the ions are coupled not just to the

basal plane, but to the same transport layer that must reside deeper than the (oscillating) surface.
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The thesis is organized as followShapter 1 presats a brief introduction to the organic field
effect transistors as well as in the semiconductive materials, highlighting the growth mechanisms
of thin films and the wetting/dewetting phenomena. An explanation of Atomic Force Microscopy
and its contributio in the surface analysis is then discuss&thpter 2 refers to the different
materials and methods that we have used for the experimental study and the techniques that we
used to measure and extract the relevant paramet&bhapter 3 the investigatiorand details of

the new growth mode of pentacene thin filane presentedAn anomalous type of growth is
observed with the increase of the thicknégsempirical equation iprovided,thatcan describe

the evolution of the roughnesgsrsus thicknessn Chapter 4 we focused on the correlation of the
electrical properties dhin film transistors with the morphologixperiments both in air and in

an electrolytic environment occurred. A correlation of this anomalous growth of the pentacene thin
films with the electrical parameters is discussed in this chapt&hépter 5 we describe how
Bimodal AFM works and how we used it to study the mechanical properties of the conductive and
semiconductive materials. In particular, we touched the influence of thieatalmn thin and soft
polymer layers which is known as bottom effect artifact as well as to the swelling phenomenon
of conducting polymer when a voltage is applied.
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ChapZer

Experimentatechniquesnaterials ananethods

Aln this chapter, are reported all the mater:i
the deposition methods of organic semiconductor films as well as all the characterization
techniques areidcussed in detail. Finally, the extraction of the parameters that were used are

reported in an analytical way. 0
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2.1 Introduction to the organic growth dynamics

During this thesis | focused on the growth of pentacene thin films by means of organic molecular
beam deposition (OMBD) technique. The growth of organic molecule films is-aquohbrium
phenomenon, where the growth kinetics plays a crucial role. fhiesiolecules that arrive to the
surface can interact in various ways with the substrate: in the simplest case, the molecule can be
reflected into the vacuum. In Fig. 2.1 is shown a schematic potential energy diagram that represents

the interactions of theolecule with the substrate. Theand g are the distancédsom the surface.

_______________

~e

<
.

Physisorption

Potential energy (a.u.)

Chemisorption

| 1
e r

p
Distance from the surface (a.u.)

FIG. 2.1. shows a simplified potential energy curve as a function of the medectdee distance

On the other hand, when a molecule moves with too low energy is rdflecan energy barrier

to the first minimum. Since the molecules does not arrive to the surface, does not contribute to
film formation on the substrate. However, under specific conditions the molecule might stick to
the surface. The probability that thiagpen is called sticking probability. If the molecule sticks

on the surface, it is absorbed. In general, molecules can adsorb in various ways: when there is only

a weak Van der Waals interaction between the surface and the molecule, the latter is said
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physosorbed. When, on the other hand, the molecule interacts more strongly with the substrate,
for example through covalent bonds, the molecule is said chemisorbed. It is rare that molecules
have sufficient energy to go directly to a chemisorbed state. Soasgtit is possible that the
molecule overcomes the energy barrier between the bound state and the free state, or, in other
words, the molecule could-evaporate. This is detrimental to the film growth. More specific,
when a pentacene molecule arrivestbe silicon oxide surface physisorption is occurred. In
general, when the molecules move across the surface is known as surface diffusion. Fig. 2.2 shows
different kinetic processes relevant for the growth by OMBD, such us nucleation, surface

diffusion, ard desorption.

a) Deposition on the substrate
b) Cluster nucleation

c¢) Diffusion to a cluster

d) Nucleation on islands

e) Diffusion on a lower terrace
f) Attachmentto an island

g) Detachment from an island
h) Diffusion of dimmer

1) Desorption from the surface

FIG. 2.2. Shows the different kinetic processes that can be occurred when a molecule arrives on
the surface.

Classically, growth phenomena are classified according to three growth modes. The growth modes
can be described using differemguments, such as epitaxy and the surface and interface energies.
Two ancient Greek wordS * (epi-placed or resting upon) atdlY Ftaxig-arrangement) are the
root of the modern word epitaxy, which describes the extended singi&l film formation on
top of a crystalline substrate. The dynamical behavior that the absorbed atoms can exhibit at the

surface can be describe with thé&ehient modes: atoms can move around on the corresponding
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surface; they can diffuse into the substrate or even desorb from the substrate. When two atoms
meet, they form metastable nuclei, and this process is defined as nucleation. Nuclei can also
separaterotate, or diffuse through the surface. At a certain critical size, the nuclei become stable,
and this is where actual crystal growth begins. Initial film growth is categorized into three different
types of behaviors, called Volmeveber (VW), StranskKrastanov (SK), and Frankan der

Merwe (FM)[1]. (Fig. 2.3) In VW growth (Fig 2.3a), threadimensional (3D) nuclei start to form

and later coalesce. In FM growth or laymsrlayer (LbL) growth (Fig 2.3b) the film atoms are

bound more strongly to the substrate than to edlclr. In this mode each layer must be fully
completed before the next layer starts to grow. SK growth 2E3g) is characterized by the layer

by-layer formation and after the 3D islands growth.

! 90 9
a 20 2 0 000 ﬂ QU0
—_————————
°) 0000000000000
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FIG. 2.3. Shows the 3 different growth modgrgepresents the to the VW growith shows the
FM growth andc) illustrates the SKjrowth.
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FIG. 2.4 represents 3D AFM images of 3nm pentacene thin film grown es8iSirates at
80°C.

2.1 Substrates andaterials

2.1.1 Pentacene

The small moleculechosen for the experiments was pentacene, whose chemical structure is
depicted in Fig. 2.5. It was discovered by Campinell861[2] and is one of the most promising
organic semiconductorf3i 9] It consists of five condensed benzene rings, and it is a linear acene
that has semiewluctive characteristics thanks to the extended conjugation ‘citisitals. The

length of the pentacene molecule is around 1.45 nm. During the formation of the thin film two
different phases of pentacene can take place. The bulk structure whichimg tidgth two
molecules in the unit cell and the thin film phg22.Both of these phases can coexist in the film

and this coexistence is dependent on different parameters such as the surface, the film thickness
and the temperaturflO] Usually, the thickness of the film is counted to monolayers which

corresponds to 1.5 nm.
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FIG. 2.5 themical structure of pentacene molecule

2.1.1 PEDOT: PSS

In chapter5 (Section 5.3.2) the material that used for the experiments Rag(3,4
ethylenedioxythiopheng)oly(styrenesulfonate) (PEDOT:PSS) is a conductive polyelectrolyte
complex. PEDOTcan be produced through polymerization of -8tHdylenedioxythiophene
(EDOT) catalyzed by Fe (1) in the presence of excess peroxydisulfate, which oxidize the resulting
conjugated polymer and renders it conductive. Elenctnatrality and water solubilityra achieved

by polymerizing EDOT in the presence of excess sodium poly(stadf@nate)(NaPSS):
subsequently to a simple ionic exchange reaction the PSSpioly compensates the charge of
the PEDOT polycation obtaining a neutral conductive mateifitl] PEDOT:PSS (Fig. 2.6) has
been used as a transparent stretchable electrode in a number of applid&ids$ PEDOT:PSS

is widely used as semiconductor in depletinade electrolyte gated architectures sinces it
possible to modulate its conductivity by driving cations at the interface between electrolyte and
PEDOT: PSS. This capability of converting ionic currents in electronic ones led devices based on
this principle like organic electrochemical transistor&E(@Js) and organic electronic ion pumps

(OEIP), to have great success as biological and chemical sa3084]
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FIG. 2.6 Chemical structure of PEDCHSS

2.13 Test patterns

For this thesiswo different kinds of substrates were used. The first test patterns (TPs) as shown

in Fig. 2.7a were fabricated on a heavily dop
00 0. 03 q*cm. 2 00vasntharmadllyh grosvk to 81ak®© a dielecttayer. The
capacitance of the dielectric is 17.25 nFicinterdigitated Au electrodes (125 + 25 nm thick)

(Fig. 2.7c) were photolithographically patterned onto thec 88hg Chromium as adhesive layer

(3i5 nm). On each test pattern, there are foursistors consisting of different channel length

L=20e m anedm 4a0On d c h &\r1i200c mwiadchtdle 2 4 0 8 s p e WiLiatoe | vy . T
for all the four transistors is 560. FET1, FET2, FET3 and FET4 are the names assigned to the
different transistors coidering their geometry and positiothe second type of device as shown in

Fig. 2.7b was fabricated on quar®lanar Au electrodes witthickness $0 = 5 nm thick were

patterned through photolithography. Each pattern consists of four transistors céndiffeannel
lengthL=15¢ mand 30c mand W=15 m an&d m3 0 0 e s.gheWML ratio &1 alf the four

transistors i40. In Fig. 2.7d are represented the four devices assigned B2M3 and F4.
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c) - 1cm - d) « lcm - >

FIG. 2.7 illustrates the two kinds of teabstates that have been used for this thesis experiments.
a) and c) show Si©wafer with the interdigitated electrodes b) and d) show quartz substrate with

gold planar electrodes.

Before thedeposition of the semiconduct@ standard protocol for theealning of the substrates
wasoccurred. For the silicon substrates the procedure was as ftlisiwthe TPs were rinse with
acetone in order to remove tphhoto resistivanaterial then followed by drying it with nitrogen.
Secondly, the TPs were dippedhiat piranha (HSQsi:H202, 1:1) for 15 mins at 15C in order to
remove the organic contaminants. Then the TPs were rinsed wiithided (DI) water and dried

with nitrogen. As last step, the TPs were dipped in HF (2%) solution for 5 seconds and rihsed wit
de-ionized water and dried with nitrogen. For the second type of device a different cleaning
protocol was occurred. Firstly, the TPs were rinse with acetone in order to remgveotbe
resistivematerial and then the devices ere dipped in pure acetoi® min at 58C. As last step,

the TPs were blown with dry nitrogen.
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2.14 Surface modification

The performance of an OFET relies on the quality of the dielesnaiconductor surface. It is

often desirable to modify the dielectric layeith a surfae treatment which has been shown to
increase transistor mobilitie3] The dielectric surface such as silicon oxide consists of
terminated hydroxyl groups on the surface which acts as trap states that hinders the transport of
charges. For this reason, we have modified the surface of the silicon oxide by a treatment with
hexanethyldisiloxane (HMDS). Moreover, the HMD&yer on the silicon oxideakes the surface

more hydrophobic andoes not alter the morphology of the pentacene film growth.

The functionalization procedure of the silicon oxide surface with HMDS is done iratalgcafter
cleaning the substrate using the cleaning protocol discussed in Section 2.1.1. HMDS deposition
was achieved by thermal evaporation of the molecule onsutistrate. Fig. 2.8 depidtse surface

of silicon oxide before and after the functiamation with HMDS respectively.

HMDS CH,Si CyH,Si CsHoSi (_:’Hgsf C3HSi
Thermal
vapor
Hydrophilic surface Hydrophobic surface

FIG. 2.8. Is shown the functionalization of the silicon dioxide substrate through thermal

evaporation.

2.2 Semiconductor deposition

The most crucial part in the OFET fabrication is the deposition of the organic sdottam The
deposition of small molecule organic semiconductor was done by high vacuum sublimation while,

in the case of PEDOT: PSS, the deposition was performed by plagtrerization
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2.3 High vacuum sublimation of small organic semiconductor molecules

The growth of pentacene thin film is performed by sublimation in an experimental setup composed
of high vacuum (HV) chamber, Knudsen cell, quartz crystal microbalance, shutter, and sample
holder (Fig. 2.9). The Knudsen cell is composed of quartz crudibletaining the organic
semiconductor, and a heating Tungsten wire. The temperature of the crucible is increased by a
proportional integral derivative (PID) controller. The particular geometry of each Knudsen cell
and its position and orientation in the H¥famber determine the deposition rate measured near
the sample at a certain temperature of the crucible. The substrate temperature is monitored through

a thermocouple mounted on the sartpddder and can be also increased by using a second PID.
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sample — holder
manipulator

quartz crystal

shutter .
microbalance
(QCM)
HV chamber
organic
material
knudsen cell
(Source)

FIG. 2.9 A schematic figure which represents the OMBD technique. Goplibere is the high
vacuum chamber anchdhe bottormanalytical parts of the setup.

Procedure for the pentacene sublimation.
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Vvi.

The TPs were placed in the samiptgder.

After that, the sample holder was entered inside the chamber and the shutter was closed.

Purification of pentacene were occurred close to the sublimation temperature.

The chamber was left for some hour in orttereach HV environment, in our case the

sublimation vacuum was 6xfénbar.

After the vacuum was reached, the stabilization of the deposition rate took place which

can be controlled though the temperature.

As last step was the removal of the shutted ¢he formation of the film. When the
preferred thickness is reached the shutter close and the device is removed from the

chamber.

Generally, the film growth in high vacuum assures that the minimal density of impurities and

defects can affect the filnOf course, the degree of impurities which may deposited during the

sublimation depends from the deposition rate and the quality of the va@4jm.

2.5 Electrodeposition

For the experiments occurred during my secondment in ICMM CSIC (Spain) | used quartz TPs.

The deposition of the conductive material was done through electrodeposition as is represented in

Fig. 2.10. In general, electrodeposition is a technique exploitegkiting science. It is performed

through the application of a constant current to a conductive material immersed into a solution

containing the salt of the material to be deposited. In our case, the TP were covered.lnf 50

the solution containing EDOIR the presence of excess sodium poly(styanfonate)(NaPSS
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). A current equal to & | was applied for 10 s and the required film was obtained. The thickness

of the film was measured with AFM and it was around 150 nm.

FIG. 2.10 a) Shows the quartzisstrate with the two gold electrodes b) set up for electrodeposition

of PEDOT: PSS c) microscope image after the material deposition.

2.6 Atomicforcemicroscopy

Atomic Force Microscopy (AFM) is a powerful technique that allows to see and measuce surfa
topographies at nanoscale level and it has been used for more than 2R%pamsAFM the
measured quantity is the force between the tip and the sample that is measured. The AFM consists
of a micro cantilever with a sharp tip that scans the surface. When the tip starts to scan the surface
forces between theample and the tip led to the deflection of the cantilever. This deflection is
measured with a laser reflected from the top of the cantilever to a diode. A feedback circuit keeps
a constant force between the tip and the sample. The corresponding chathgeggosition

required to keep the distance-Spmple constant are the topography of the sample. In Fig. 2.11 is

shown a schematic of an AFM.
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Cantilever
Photodiode

Sample

Scanner

FIG. 2.11 Schematic illustration of the principles of AFM. The scanner is composed of three piezo
componentswhich control the horizontal (x and y) and vertical (z) movement of the sample.
Adapted from[26]

As we say before, the force between the tip and the sample can be measured in a static mode using
the deflection of the cantilever | ikened to t

which we have:
=-kz (1)

where F is the force and z is the distance, we can easily determine the force if the stiffness of the

cantilever spring is known.

2.61 AFM operationamodes

The interactions betweehe tip and the substrate cha described on the simplest features by
referring to the Lennardones potential acting between two atoms. The previous potential is

described as a function of the drsta by the eq.
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z 1 ¢ — - (2)

in which the first term describes the ledigtance varderWaals attraction, and the second term
describes the sherange repudion due to the Pauli exclusion principle. Thésrthe equilibrium
distance between the atoms, where the energy is minimum while r, is the distance between the two
atoms. In Fig. 2.12 is shown the different operating regimes of the AFM modes

semi-contact
tapping mode

<+ >

repulsive force

distance
(tip to sample separation)

>

non-contact

contact —

attractive force

FIG. 2.12 Interatomic force vs. distance curve. Adapted {&fh

Among the different modes used in AFM, contact and tapping mode are the most relevant. Contact
mode was the first mode developed for AFM: during this kind of experiminadjp is close

enaugh of thesamplesurface tobe affected by aepulsive potential from the surface. If the
substrate gets closer to the, tipe force applied on the cantilever will be higher and it will bend
upward to compensate. If the substrate gets further from the tip, the force applied on the cantilever
will decrease and it will relax orderto maintain the contact with the surfatéis is the simplest

mode, and the displacements of the laser are directly related to the topography of the substrate.
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The disadvantage of this mode is tha force constantly applied on the substrate in can damage

fragile samples such as polymersbiological samples.

To characteriz&agile materials and to avoid tip contamination it is commamntlyzehe sample

using the tapping mode or intermittent contact madéhis mode the cantilever is oscillating near

its resonance frequency. In this case laser is constantly oscillating on the photodiode and it is
the amplitude of the oscillation that are recorded. When the cantilever gets closer to the surface
the repulsive wall damps the oscillations of the cantilever, when it gets further the iossillat
increase. The variations of the amplitude of oscillation measured on the photodiode are
representative of the topography of the substrate. Due to the short contact time and low forces
applied on the sample it is possible to limit the destructionfoamples anthe contamination

of the tip.

2.62 Bimodal AFM

After the dynamic mode which has a lot of advantages as well as variety of application due to the
nontdestructive nature of this mode, a new and innovative mode of AFM was invesfZfited

The Bimodal AFM tries towercome the conventional AFM limitations. With this multifrequency
technique, quantitative and high spatial resolution results can be acquired. The principles idea of
this method is based on the use of two driving forces for the excitation of the cariiigvé.13).

The excitation frequencies of the cantilever are tuned to match with, usually, the first and the
second eigenmode of the cantilever. The output signals of the first mode (amplitude and frequency
shift) are used to image the topography ofsingace while, the output signals of the second mode
(amplitude and frequency shift) are used to measure changes in the mecfzjicegnetid30]

and electrical propertie31] Another advantage of this technigisethat can bgerformed in

air [29], in liquid [32] or in high vacuunj33] without influencing the acquired results.
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FIG. 2.13 Scheme of bimodal AlMM for mapping viscoelastic properties. The microcantilever is

driven simultaneously at the first two flexural resonanéespted from[34]

In order to acquire quantitative results from bimodal AFM, the relation Virethergy dissigtion
Edgissequations in the modes that are excited and, in our case, the first and the second. The analytical

equation of the corresponding virial to the first eq. 2 and the second mode eq. 3 is written

@ QO 00ao®W QO b D&% )

and

w 00 ¢Q Q (3)
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WhereF;s is the tip sample interaction force, tkieis the spring constanfyo is the set point
amplitude of the first modeA: and A is the amplitude of the first and the second mode
respectivelyQs is the quality factor of the cantilevep: is the frequencghift of the second mode
andfo2is the resonant frequency of the satanode Combining these parameters, we can also

calculatethe maximum indentation through the equation which is shown in eq. 4

"O o (4)

Combined the two virials the Youngds modul us

(0] — (5)

The extraction of the Youngdés modulus is a pa
cantilever. Previous studies have analytically described the model for commons axisymmetric
AFM probes like paraboloid, cone, and cylar.[35]

2.6.2 Cantilever Calibration

In order to ensure the accuracy of the nanomechanical data is important to have the accurate
knowledge of the spring constant of the canglevihere are different calibration models to
calibrate the cantilevef36i 38] Usually, the spring constant of the cantilever is calibrated binging

the tip in contact to a stifsample, i.e., silicon, and recording its deflection. To avoid tip
contamination and/ or broadening of the tip it is possible to useoaact methods. To calibrate

the first mode of the cantil ever, the Get Real

69



Instrumentg38]. For the calibration of the spring constant of the second nkedeas obtained

by assuming the stiffneggequency power equation which gives

Q 0 — ©6)

Whereg corresponds to an experimental paramatet depends on the type of the cantilever. In

literature there are studies that try to calculate this value for different shagzeitever[38]

2.7 Surface analysis and extraction of growth parameters

As it was described in Chapter 3, morphological analysis took place for this thesis and its results
were one of the important niiling. The characterization and the quality control of the
morphological parameters play an important role in the thin film science. Here, we are going to
discuss indetail the extraction of the morphological parameters which are analyzed to the

following Chapter. For all this analysis, we used Gwyddion and Origin Pro Software.

As it is known, when pentacene is grown onS@rfaces exhibits a sedfffine morphology[39i

41] With the term selfffinity is defined that the morphology presents a similar behayion u

rescaling of their vertical or horizontal dimensions. The morphology of pentacene.ito&k®

like islands]42] The dimensions, the type, and the steepness of the islands depend on different
parameters such as the substrate the temperature and the rate of the dd@8s4didin Fig. 2.14

are shown the characteristics extracted directly from the topographic image. In cross section (red

l ine) we can observe the commonly known #Ater:r
section (Fig. 2.14hit is easily visible this growth in which every step corresponds to one layer.
Another observable, which can easily extract and analyze is the height distribution (Fig. 2.14c).
Taking into account the height analysis can help to understand the redldfetigh film. More

specific, this distribution shows the maximum densities of the heights across the surface.
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FIG. 2.14 a)topography o7 nm pentacene thin film grown on Si&@ 8(°C b) profile of the cross

section (red lingc) height distribution of the pentacene thin film. White bar correspondsnto. 2

To acquire representative results, different topographic images from different samples and

different areas from each sample neelledaken.

Another important parameter which has been studied during this thesis work is the correlation
length @). Correlationl engt h corresponds to the typical di
each otherthe characteristic distance in they are correldt].The extraction of the correlation

lengths was done through the Power Spectral Density (PSD), a mathematical tool that decomposes

a surface into different spatial frequencies. Mathematically, the PSD if the Foun&iotra of

the autocorrelation function of the signal, which contained just the power and not the phase through
different wavevectorg45] The twodimensional PSD of the Fourier Function of the topography

h (x,y) it can be defined as
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0 YaRQ — Q Q Qo QA (7)

where L is the image sizg,andfy are the frequencies along the axes x and y,"@isdthe mean

height. The relevant spatial frequency range is between the inverse image size and the
high/frequency limifmax= N/ 2Lwhich corresponds to the Nyquist frequenacgN is the number

of the pixels per scan.
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FIG. 2.15. Plot of the PSDs vs wave vector k for different thicknesses.and 35 are the

corresponding correlation lengths.

Fig. 2.15 a compares PSDslkat different thicknesses and explains the extragirocedure of
the correlation lengths. Each PSD exhibits a plateau (white spectrum) at the lowest wavevectors,
and a decaying portion that can be approximated by different linear segments in a double log plot.
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In Fig 2.15 presents four different PSDs whadrresponds to four different thickness of the
pentacene film. As it is shown, three different changes on the slope show three different correlation
length. Thus, each of these segments represents a power law decay of the PSD vs wavevector, each
with a different exponent. The three correlation lengths can be identified from the interskctions
(n=1, 2, 3) between two adjacent power law scaling segments. Once the intersection wavevector
ks has been quantified by equating the two linear fittings of the saigrirethe doubldog scale,

the corresponding correlation length is extracted as

, — (8)

Another important morphologicplarameter extracted from AFM images is the roughn@sst (
is expressed as the standard deviation of the topographical height, and it is calculated from each

AFM image as

., — Q dab 9)

where the sum runs on N x N pixels in the image hthis the height anth pixel anddis the
mean. For general surfaces, the roughness increases as a power of time util a crosstyer time

known as saturation time
0 Ohx o oL o (10)
The exponenb is called growth exponent with describes the time dependent dynamics of the

roughening process. After the crossover time is reaches the roughness sadsrates saturation

value increases with the increase of the system L and exhibits a powesHasor

0 0% oL 6 (11)
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Wherea is called roughness exponent and is the second critical exponent that characterizes the
roughness of theaturated interface. Moreover, the time in which the roughness is saturated also

depends on a power law

0x 0 (12)

Wherezis called dynamic exponeand L is the system sizAll the above parameters all helping

tools in order to try to understand the evolution of the surface.

2.8 Electrical measuremersst up

The electricakharacterization obrganic thinfilm transistors(OTFT) is a fundamental tool for
investigating charge transport phenomena in organic materials. In Chapter 4, we will present and
discuss the experiments and the electrical characterization both for OFETs and for EGOFETSs.
Here we are goingo explain the electrical set up as well as the extraction of the electrical
parameters. In Fig. 2.16 are depicted the connections during the measurements as well as the
software measuremeittat allows the user to perform different types of electricalsneements such

as currenwoltage characteristics of a transistor, output characteristics, capacitive current

measurement, pulse measurement, current as a function of time and voltage as a futircigon of
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Fig. 2.16 Typical System Measurement Unit (JN&U the electrical measurements. Software to

control parameters and timing for the electrical measurement.

2.8.1 Electricatharacterization anttansporfparametergxtraction

The currenivoltage characteristics, in linear and saturation regimehéocrystalline FETs can be
described with the following equations:
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In linearregime

O -0' W ww — when w W W (13)

In saturation reqgime

O —0 ' w when ) W W (14)

whereCoxis the capacitance of the dielectric per unit area{AmandL are the width and length

of the channelrespectivelye is the chargearrier mobility andV is the threshold voltage

The drain source currelisdepend on two independent voltages, the drain source vditagad
the gate source voltagéss For this reason, the currevbltage curves can be plotted in two

different ways:
i) Transfer characteristics (Fig. 2.17 on the left)
i) Output characteristics (Fig. 2.17 on the right)

In the first case, the drain source current is plotted as a function of the gate source voltage for a
fixed drain source voltage and the second case, a set of drain source current is plotted as a
function of drain source voltage for a range of gate source biases. On typical graph with the

characteristics is shown the Fig. 2.17.

The electrical characterization of an OFET is occurbpgneasuring the curretitat flowsfrom
the source to the draiibg) when a voltage is applied to the gated). For transfer characteristics,
the source is normally grounded while a potential is applied talrdia A plot of the current
versus the ga voltage at a certain drain bias th¥ curve. There are two operation regimes

depending on the potential applied to the dreielinear regime and saturation regime.
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Transconductancegm is one of most critical and representative transistor parameitnse
specifically, corresponds to the modulation of the drain current by the voltage between source and

drain. It is given by

In linear regime:

N —w (15)

In saturation regime:

N — 6 ® (16)

when the W and L are the dimensions of the interdigitated electredég, mobility of the
semiconductqrG the capacitance of the dielectric material &g andVes, the voltage between

sourceand drain, source and gate, respectiVélyis the threshold voltage.

The threshold voltage is defined as the gate voltage at which the device turns on, i.e., the onset of
accumulation. The experimentsdl, is the value in the transfer curve that dividee above
threshold regime (linear or saturation) from the-tuleshold regime. The value is obtained from

the intersection of the linear fit in the plddgvs. Ves) with the gate voltage axis as we can see in

the Fig. 2.17.
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FIG. 2.17 Typicatransfer characteristics obtained for pentacene based OFETSs in linear regime
(left). Typical output characteristics of pentacene OFET (righbe violet arrow corresponds to

the increase of the gate voltage. The range of thgsvfrom 0 V to-40 V witha step of 10 V.

By analyzing the curve in Fig. 2.16 using eq. 13 for linear regime, we can extract the value of
mobility of char ge car r iva rCharge caraen ohobilityhcan be hr e s h
expressed in simple words as the speed of the iyajoir charge carriers (holes/electrons)
transported in the semiconductor material. Htype semiconductor like pentacene, the charge

carriers are holes. The calculation of the mobility can be done by taking the slope of the linear part

of Ipsvs Veswhenmeasured in linear regime. The output characteristics of an OFET is a measure

of the source drain current as a function of the source drain voltage for different gate voltages. Fig.
2.17 (right) shows a typical output curve of an OFET.

Apart from the sotl-state operation, measurements in electrolytic environment were performed.
In Fig. 2.18 (left) a typical EGOFET transfer characteristic is shown. The extraction of the
parameters was performed as analytical discussed before in thetatdidperatiorOn the right

at Fig. 2.18 is presented an output characteristics of an EGOFET.
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FIG. 218 Typical transfer characteristicgbtained for pentacene based EGOFETs in linear
regime (right). Typical output characteristics of pentacene EGOFET (left). Bhe arrow
corresponds to the increase of the gate voltage. The range ogsliefkom 0.2 V ta0.6 with a step

of 0.1.

The electrical parameters from solid state and from the electrolyte operation were extracted from
21 different thicknesses. In chap# we are going to analyze in detail the influence of the thickness

on the electrical properties.
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C hapter3

A new growth mode of pentacene thin films

A | Inis chaptemwe study the morphology of higacuum sublimed pentacene thin films by means

of Atomic Force MicroscopyA new experimentaliriding in thin film growth is reported:
morphological parameters exhibit oscillations superimposeithéomonotonicdf-affine power

law trend across the whole thickness ranges dhservedscillatory behavior is different from
theonecommonly observea the layer-by-layer mode before the transitido seltaffine island
occurs. Here the oscillations repeat themsedtesdl thicknesses. This result evidences the analogy
between this new growth mode and wetting/dewetting transitions that repeat with an increasingly

| arger period as the film grows. o
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3.1 Introduction

The efficiency and performance ofptoelectronic devices based on organic semiconductors
(OSCs) thin films depend on the control of the thin film multiscale morpholag®). The
technological quest provides a motivation for understanding the mechanistic aspects of organic
thin film nucleation and growth leading to morphology. Therefore, a precise control of the
molecular orientation and the molecular packing of pentacene thin films is extremely important
for thin film OFETs.[3] The multiscale structure of organic thin films is correlated with the one

of the first monolayers. Thus, the interactions among the orgasigcales and their interaction

with the substrate surface determine to a large extent the emerging morpfjlogy.

Among the techniques for thin film deposition, the sublimation of molecular
semiconductors in ultrhigh vacuum, also termed Organic Molecular Beam Dé&poglOMBD),
is prototypical for studying the interplay of kinetic and thermodynamic factors in a non
equilibrium growth proces$5] In OMBD a hot molecular flux impinges on a colder surf§g6k.
Because equilibrium conditions are not attained, the impinging molecules do not immediately
thermalize on the surface, and there is a time for them to move on the surface and explore the
suface potential landscape. Small variations of experimental parameters, such as deposited
mass/thickness, flow/deposition rate, substrate temperatufieduring deposition, as well as
chemical functionalization of the interfaces and the molecular steucfuhe semiconductor (that
control diffusivity and surface energy), may lead to crossovers of the controlling mechanisms, thus
leading to a variety of morphological features and instabilities that propagate across the whole thin
film. [7710]

It was observed already several years backriaecular thin films grown in OMBD exhibit a
Auni ver sal 0 t rbglaysrigrowthy tgpicdlly om the thickness iscale of one to three
monolayers (a few nm), to island growth which manifests itself as the stacking of molecular layers.
Such a tansition, that resembles the Strari€kastanov 2B3D transition, cannot be described

with sole thermodynamic arguments in terms of stress release by nucleation of disordered 3D
aggregates due to the lattice mismatch. Indeed, differently from epitaxyechaological

substrates of organic electronics are (usually) amorphous as silica, glass, or plastic foils. In

86



addition, the thin film deposition is a strongly out of equilibrium process, which undergoes kinetic

control.

A distinctive property that allowsne to experimentally monitor the layley-layer to island

growth transition ismsroughness vs deposition time/mass/thickness of the thin film. Roughness
is defined as the roohean square fluctuation of the surface topography, and its scaling behavior
with the time and spatial lengthscales is extracted from several techniquesydikeeflectivity,

laser light scattering vs wavevector/ spatial frequency, contact angle measurements, AFM.
Roughness is a robust descriptor of surface morphology: it quantifies the second moment of the
height distribution. Its lengtland time scaling balvior provides insights on the universality class

of growth, thus hinting to the underlying mechanism controlling the morphology. In an ideal layer

by-layer growth, the rms roughness oscillates according to:

, 0Qd d& Q ¢ O p 00 (1)

Where I is the thickness of the forming layer in laygrlayer growth (viz. could be 1.5 nm for
a pentacene monolayer, else 3 nm for two stacked pentam®sra@ayers). The demonstration for

the distribution of the roughness in an ideal ldygtayer growth idetailed in section 2.7.

Wetting/dewetting transitions are invoked in the equilibrium and dynamic behavior of fluid films,
also viscous onef§l 1] but are less common in conjugated organic thin films. They are however
translated in the surfaseience community, especially in thin metal film growth, as synonym of
layerby-layer to island growth, meaning the transition from a 2D to a 3D growth rfi&tje.
Wetting/dewetting was originally applied to fluid layers, then extended to viscous and solid
amorphous films. The group at UNIMORE (formerly at CNR ISMN Bologna) proposed to exploit
and characterize wetting/dewetting transitions to form conjugated nanostsuotteehnological
applications[13]

The peculiarity of organic thin films here is that films are solid and possess a high degree of crystal

order both within each molecular plane and in the stacking of multiple molecular planes. The order
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parameter seems to be main&nwith continuity across the roughening transit[6rl4,15]
whereas transitions from thin film to bulk polymorgh6,17] are observed at larger
thicknessed18]

Il n this chapter, a comparative study on the
was carried out. Pentacene thin films of different thicknesses were obtained.(8i SiDstrates

by high vacuum salimation, with a control of thickness lesser than 0.5 monolayers (about 0.5
nm). Morphological characterization by Atomic Force Microscopy (AFM) was performed to
analyze the film morphology. Spectral analysis allowed us to investigate the correlatibas of
features from the image through the surface. Fitting of experimental data with some new
phenomenological function based on anhad designed wavelet allows us to establish a

framework to interpret this peculiar new mode of growth and the film thisknes

3.2 Experimental part

This experiment was carried out in a hedesigned and built ultrhigh vacuum chamber
described in the previous ChapefSection 2.3)[19] The test patterns were cleaned by following

a standardized protocol as in details discussed in Section 2.1.1.

For the expement on bare Si§ no chemical treatment was carried out after the cleaning
procedure while for the HMDStreated substrate, just after cleaning the test patterns, the oxide
surface was functionalized with hexamethyldisilazane (HMDS) by thermal evapo(&emtion
2.1.4)

Pentacene was deposited by high vacuum sublimation with a rate of 0.1 A/s on the test pattern
with transistor structures. The substrate temperature was kept & @ventyone different
thicknesses of pentacene thin films shown at Tadlevere prepared. For the analysis fanyp

pentacene samples were prepared i.e., two samples for each thickness.
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Table 3.1. Thickness of pentacene thin fil80°C.

N° 1(2(3|14| 5 (6| 7 (8|9 (10|11 (12 (13|14 |15(16 |17 |18 | 19| 20 |21

Thickness

(nm) 314|5|/6(65|7|75|8|85|9 10|11 1213|1517 192025 | 30 |35

Another batch of pentacene thin films was prepared through vaswiiimation keeping the same
rate of 0.1 A/s. The substrate temperature was kept 2725 (room temperature). The different

film thicknesses are represented to Table 3.2.

Table 3.2. Devices on pentacene thin films at 25°C.

N° 1 2 (3| 4] 5 6 7 8

Thickness

(nm) 1 3 | 5|10 20 | 40 | 50 | 100

Morphological characterit@n was performed by Atomic Force Microscopy (AFM) on the
pentacene films grown on SiQvas carried out ex situ. The AFM images were statistically
analyzed in terms of scaling behavior of the surface-mmanRsquare 1My roughness
respect to théength scale of the observation L. For this study two different samples for each
thickness were prepared. For the morphological analysis four AFM topographic images from four
different regions were taken from all the devices. The relevant propertieswsesiged over these

two samples. Fig. 3.1 shows the topography images obtained by AFM at all the thicknesses that

are relevant for this study.
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FIG. 3.1. Topographic images of pentacene films of different thickness grown oat 8i®C.
Rulers (whitth or i zont al bar) are 2 em | ong.
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FIG. 3.2. Topographic images of pentacene films of different thickness grown oat 3g0m

temperatur e. Rul ers (white horizont al bar) ar
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3.3 Result

Pentacene thin films grown on Si€ubstrate at 80 °C (Fig. 3.1) aftescribed in detail along with

their height histograms in the figures 84 below. The morphology of pentacene thin films
consists of terraced islands that nucleate and grow on the substrate (at small thickness/low
covaage) or the otherwise molecularly smooth slab made of a few complete monolayers. The
surface roughness increases with increasing thickness as the result of the stacking of progressively
smaller terraces to form islands. The islands can be regardededbspitintrinsic crystal order,

as threedimensional objects. The larger is the number of stacked monolayers the moi2 tiheee

islands are.

The emergence of terraced islands can be explained with simple surface science arguments in
terms of a net upHil molecular flux from the bottormost layers, that leads to
roughening5,8,20,21] However, we point out that across the whole thickness range the
noticeable feature is that the characteristic size of the terraced islankde gfoiwing films
alternates from large to small islands. This oscillation repeats itself vs increasing thickness several

times in the thickness range explored.

We first discuss pentacene thin films grown on SsObstrate at room temperature (Fig. 3.2)
exhbits a relatively homogeneous morphology. Looking the topographic images, a small change
from smaller to larger islands is observed in comparison with Fig. 3.1 in which the alternate
morphologies with either large or small islands is evident. In Figh&.bouncing morphology is
repeated as the thickness of the pentacene thin films increases, leading us to recognize this as a
new growth mode. On the other hand, the morphology of thin films grown at room temperature is
more homogeneous, however the ali¢ion of pentacene island size still exists but is less evident
Thus, we carried out the statistical analysis of the morphology in terms of correlation kangths

andxz and roughness vs thickness.
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In Fig. 3.3a lhe behavior of the roughness vs thickness for pentacene thin films grown at room
temperature is shown. At first monolayers the oscillations of the roughness of the films growing
the layerby-layer are not resolved. As the thickness increases the roughoessses until it

attains a plateau. This behavior of the roughness is in line with studies which showed that at large
thicknesses the roughness saturdtgdn Fig. 3.3b the correlation lengths at the low thicknesses
increases vs thickness which implies that dutiveggrowth of the first layers there is a low density

of pentacene islands on the growing layfg2]

We now go into detail intéhe discussion of the results from FR1. We first comment the
morphology of 3 nm (Fig. 3.4a) and 5 nm (Fig. 3.4b) pentacene thin films by means of AFM
images with corresponding height histograshewnin Fig. 3.4c and Fig. 3.4d. At the smalle
thickness 3 nm (Fig. 3.4a), a mixed growth is observed, where 2D islands coexist with multilayer
3D layers. The histogram in Fig. 3.4c reveals two peaked distributions and-adaggetail with

some ripples. The first peak is ascribed to the substrate (darkrcbig. 3.4a) which is a dominant
component of the image. The second smaller peak is 1.5 nm above and indicitete

monolayer. The third peak is the dominant pentacene layer, whose thickness is two monolayers,
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and is sized byhe fourth peak coesponding to the third monolayer. The tail of the distribution
accounts for monolayers above 3. Hence, the morphology results from the coexistence of mostly
one and thredayer islands. This evidence suggests that the 3 nm film in Fig. 3.4a dewetted
caushg the exposure of the substrate and piling up from one monolayer intdayeeéslands.
Although the film does not appear continuous, there are, however, connected percolation pathways

across the channel since the corresponding transistor givesra cesgonse as in the section 4.3.

At 5 nm (Fig. 3.4b), the first two monolayers have completed the coverage by closing, and large
layered islands grow above the almost complete first bilayer. The substrate is barely visible, as a
very few pixels may be ascribed to it, thus giving risénéshoulder in Fig. 3.4b at the lower data.

The large peak of the distribution reflects the large coverage of the first bilayer, and overall, the

distribution is very narrow. Next to the large peak, at the right, we can observe the formation of

the next nonolayer as well as a small shoulder which corresponds to the upper layer and we can

easily distinguish at the topography (Fig. 3.4b)

0.8
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0.44

0.0 T T 0.0

5
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FI G. 3. 4. 5 em x 5 em AFM topographic i mages
deposited on SigSiwafe s at 80AC. Rul ers (white horizont
ranges from 0 nm (black) to (a) 12.0; (b) 6.0 nm (white) (c) and (d) Histograms of topographic

images showing the height distribution of pentacene thin films

In allimages from 5 to 8 nrand beyond, the islands exhibit a terraced morphology, implying that

the film grows by stacking layers. At 6.5 nm (Fig. 3.5a) the topmost layered islands are small,
whereas at 8 nm (Fig. 3.5b) they grow larger. The height distributions in Figs. 3.56adneMV@al

a Acombod structure superimposed to a Anor mal o
height difference between the first two peaks is 2.8 nm, revealing the completion of the first
bilayer. Other height differences are on the order B, confirming that they are molecular

monolayers. The films from 5 nm to 8 nm exhibit an oscillation back and forth of

0.0 . . 0.0

z (nm) z (nm)
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FI G. 3.5. 5 em x 5 em topographic i mages of
deposited on Si¢Si wafers at 80°CRul er s (white horizont al bar)
ranges from 0 nm (black) to (a) 20.0; (b) 20.0 nm; (white)(c) and (d) Histograms of topographic
images showing the height distribution of pentacene thin films.

the mean heightténter of the distrilition). At 12 nm (Fig. 3.6a) the coverage of the substrate is
complete. The islands formed are steeper than those at 8 nm (Fig. 3.6b) and closer between them.
In other words, the terraces seem to fade away in the images. Their histogram (Fig. 3.6c) reveals
a high density of small islands distributed on the surface. At Fig. 3.6b a different morphology could
easily be observed. Looking at the topography, larger islands with big terraces have been formed
and in agreement with the histogram in Fig. 3.6d whiobms a distribution of larger islands

through the surface, reveals a change in the type of growth.

This characteristic and unintuitive change of morphology is also evident by inspecting the
morphology of the films whose thicknesses range from 12 nm (Fg) 8 35 nm (Fig. 3.10a),

and the corresponding histograms in Fig. 3.6¢c to 3.8d. There, from Fig. 3.6¢ to 3.9d, the multi
peaked structure is less evident, albeit terraces can be appreciated by inspection in all the images
from Fig. 3.4to Fig. 3.9. In listograms above the envelope from Fig. 3.6¢ to Fig. 3.9d there is a

gaussian distribution of the heights.

In Fig. 3.7a and 3.7b the same phenomenon can be observed. At 17 nm (Fig. 3.7a) smaller and
steeper islands are formed with respect to 19 nm (Fidp) 37which larger and more distant
islands we can see. Looking at their histograms in Fig. 3.7c and 3.7d the mean value on the
destitutions has moved, firstly to the left for the 17 nm (Fig. 3.7a) thin filemtion that small

density and small size islds are distributed throughout the surface and secondly to the right for

19nm (Fig. 3.7b) implyinghat higher density and larger islands cover the surface.
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images showing the height distribution of pentacene thin films.

The last twdigures (Fig. 3.8 and 3.9) show four different thickess$ pentacene thin films. This
alternation of the morphology can easily be distinguisheBig. 3.8a and Fig. 3.9a smaller islands

are formed with respect to Fig. 3.8b and Fig. 3.9b. Due to the fact that the thickness is large enough
to hide the possible changes in the morphology, the histograms shown in Fig. 3.8c and 3.8d and in
Fig. 3.9c and 3@reveal this change on the morphologiiereas the mean value (weighted center)

of the distribution undergoelmped back and forth oscillations.
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the height distribution of pentacene thin films.

In the last thicknesshat were studiech remarkable observation that the changef the
morphology is not dependent on the substrate. In all growth processes, the substrate has an
important role for the definition of the morphology. The first monolayezgganerated upon the

action of a Van der Waals potential that is evolving with film thickness, and hence are extremely
sensitive to the substrate. In the present case, we observe this swapping back and forth of the

morphology at increasing thicknesses.

Another thing that we notice is that in all histograms we can distinguish some peaks, mostly found
on the right side of the distributions. They exhibit smaller height differences, ed.,M8
revealing either metastable or tilted phases at very low agesrof the layer. This is particularly
evident for the 3 nm film, where most of the coverage is contributed to a bilayer with terraces of
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1.5 nm height, while the second bilayer which contributes lesser coverage, consists 1 nm high

terraces.
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FIG.385 em x 5 em topographic i mages of pent a

deposited on Si®» Si  wafers at 80AC. Rulers (white hori
ranges from 0 nm (black) to (a)38.0;(b) 40.0 nm; (white)(c) and (d) histogramepagraphic
images showing the height distribution of pentacene thin films.
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In order to understand more about this morphological change quantitative analysarvied on.

The morphological parameters such us the roughngsand three correlation lengthm,( 2, 3) 3

are measured by fitting of the experimental data as a function of the evolution of the thickness. In
Fig. 3.10 we show the correlation lengths that are extracted from the linear power spectral density
(PSD) vs wavevectok=2"/x (x being the spatial lenig}, as already illustrated in our previous
works.[23] Correlation lengthssy, 32 and 33 are termed the larger, medium, and smaller
characteristic length scales that are associatdtetsland size, the branch in the islands, and the
exposed terrace width, respectively. The correlation lersgtRsandss in Fig. 3.10a, 3.10b, 3.10c
exhibit stretched oscillations vs thickness, as evidenced by the segmtenarker guidgo-the-
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eye.The maxima and minima of these oscillations arphase among the three characteristic

lengthscales.
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FIG. 3.11.Evolution of roughness versus thickness. The black dash line corresponds to the data
interpolation and serves as guide to the eye; Tbetinuous purpldine is the fitting of the
experimental data with eg3); the green line is the power law fittirgg). 2 to the data above the

first oscillation (h>5.4 nm)The best fiparameters are @1.87+0.02 nm,6=0.64 £0.01, and we

setso=0 nm and B=5.4 nm.

The rms roughnessexhibits an oscillatory behavior superimposed to a monotonically increasing
trend Fig. 3.11 showghe experimental data and their interpolation curve (dashed black line)
estimated with cubic spline to evidence the oscillations. We notice that gzhasé relation links

31 with the roughness, since the minimaspére observed in correspondence with the maxima of

the roughness, and vice versa.
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In the following, a series of increasingly more complex and physically sound models are described,
in order to explain the oscillatory behavior of the roughness (and itididcthe correlation

lengths).

Selfaffine growth

In all previous reports of transitions from laymrlayer to island growth, also termed rapid
rougheningin organic thin films, the roughnessllows a power law vs thickneg%,8,10,15]
Power law is the fingerprint of sediffine growth with scale invariance in time (thickness is indeed
time when the rate of deposition is kept constant as in our caseg3thibe the power law scaling

as:

woow 0 = (2)

It is observed that the growth expondénusually takes values between 0.5 and24,25] We

clarify the slight different form of Eqg. 2 with respect to theavpo laws in the literature. We

introduce here the characteristic thickness o nor mal i ze the thickness
produce parameters that have intuitive physical dimensions. According to eq. 1, inyldgwer

growth the first minimum would @tr atO=1 ML. We notice that the first minimum is at 5.4 nm,

which is about four times the height of one molecular layer of standing pentacene molecules (1.4
nm for the bulk Campbell ds phasehmdmIOur5 nm i
unusually large value foho is however in qualitative agreement with earlier observations by Ruiz

and Malliara which find the onset of se#ffine growth in pentacene thin films%% MLs (1 ML

corresponding to 1.5 nm in their work26]

In Fig. 3.11, the continuous green line is the power law fit of the experimental data above the first
oscillation. Best fit parameters are shown in Table 3.3.éMp®nent value is rather robust with

respect to the positioning of fitting range limits, for instance is 0.74 with the whole data set, and
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0.67 for data witth>10 nm. These values are all in agneat with the earlier reports of rapid

roughening in molecular thin films made of pentacene or other oligo[thér5]

Table 3.3. Parameters corresponding to the fitim§ig. 3.11describedoy eq.2.

Parameters Self Best fit values Estimated error Fixed or Free
affine growth

o (Nm) 0.79 +041 free

aop (nm) 1.17 +0.36 free

ho (Nnm) 5.4 +0 fixed

f 0.84 +0.14 free

Failure of Distributed Growth Model

Remarkably, we observe theughness oscillations do not vanish after one or two oscillations, as
typical of the layeiby-layer to island growth. Indeed, the oscillations occur at all thicknesses in
the range explored. Moreover, aside for the first oscillation, we observe no daimghegr
amplitude. This is already new with respect to earlier reports where the initial oscillations of the
layerby-layer mode are rapidly damped to a sdffne increase upon the sudden transition to
island growth[5] The layerby-layer to island growth transition can be properly described by
means of the distributed growth model (DGBJ], where local energy barriers like Erlich
Schwoebel lead to the net molecular flux from the bottom layears the top. This causes the
layerby-layer to island growth transition at a critical thickness. Our case is at variance with the
DGB model because the period of the oscillation keeps on increasing with the increasing thickness,
whereas the amplitude mot damped (even if we subtract the power law trend from the data). We
tried to fit our DBG model curve, however this converges to a power law without exhibiting any

marked oscillation as shovim Fig. 3.12.
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FIG. 3.12Figure showing the result of tHit of roughness with the Cohen's Distributed Growth
Model (DGM) The oscillatingpart described be red solid line correspondthtbehavior of RMS
for perfect 2D (layety-layer) growth model. Thielue shadow part corresponds to B2 growth
model (nordiffusive).Plot by courtesy of Dr. Francesco Borgatti (CN&VIN Bologna, Italy).

Model based on discrete scale invariance

To explain theobservedoscillations of the roughnessve first tried to adapt the theory of
renormalization formulated by Sorneté¢ al. that describes the scale invariance of generic
observable® with oscillatory behavio28] The theory uses discrete wave transforms where the
oscillation undergoes a logarithmic periodic scaling, with the pgniodortional to the relevant
scaling exponent (in our cadd. Thus,we adapt their main equation 23 into the following

equation:

.y — O QOOEE —IT— HOEE —IT— (3
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where in the wave transform one recognizes the-frequency component being our eg. 2, and

the first two harmonics as from eq. 23 of reference [27] are made explicit! Hetbe scaling

factor: O(

6)="‘/ ¢ 8In order to restrict the paramet@ase, we fix the parametelils, b, ho,

b according to best fitalues from eq. 2, and then we fit the experimental data with the first wave

only using as fitting parametess, €, U;. In Fig. 3.11 the purple line is the best fit obtained with

parameterseported in Table 3.4. Albeit the fit is not perfect, the function eq. 3 encompasses some

distinctive features of the roughness oscillatory behavior: i) the period that is stretching with the

thickness above a critical thickness, and ii) the amplitudesmatt damped.

Table 34. Parameters corresponding to the fittimgFig. 3.11 describedy eq. 3.

Parameters Best fit values Estimated error Fixed or Free
o (Nm) 1.13 +0.01 free

ap (nm) 1.87 +0 fixed

ho (Nnm) 5.4 +0 fixed

f 0.64 +0 fixed

ar (nm) 0.55 +0 fixed

1 1.74 +0.03 free

m 1.75 =0 fixed

However, we notice that the fit with eq. 3 does not superimpose properly to the maxima and

minima of the oscillation (e.g., compare with the interpolation dashed line in Fig. 3.11), and the

broadening of the waves increases too slowly with the thicknggasBection, the problem may

arisefrom the logarithmic dependence ba n d

the fact

t hat

t he

wayves

the same critical heigh. Thetrend of the experimental data hints to the possibility that also the

center of the wave may ifhmonotonically with the thicknesh, instead of remaining fixed.

According to ref[28] it would imply shfting the critical coverage, which indeed is consistent with

our observation.

Our idea is then to endow the waves in eq. 3 not only with the stretching period but also with a

shifting reference. We implement it by constructing a functional that resethieldsatures of

local waves (also known as waveld9,30] superimposed to the selffine trend in eq. 2. We
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therefore took eq. 3 and modified it in such a way that both the frequendiieandnter of the
wave are functions di. To represent the shift of period and wave center, we adopt a power law.

The resulting function is:

L. 0 —  GOERTII—— o QOETII—— . aHe)

Here there are new fitting pEmeters in addition to the ones in eqda3:go, p, g The result of the
fitting with eq. 4 is shown in Fig. 3.13, as red line.
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FIG. 3.14. Evolution of roughness versus thickness. The blaclkeddisie corresponds to the data
interpolation and servess guide to the eye; The continuotesl line is the fitting of the
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experimental data with egd); the green line is the power law fittireg). 2to the data above the

first oscillation (h>5.4 nm)

The corresponding best fit parameters are repant@&dde 3.5. The parameters from the function

as in eq. 2 were kept fixed. We notice that the curve is now reproducing not only the essential
features of the roughness oscillations, but also and quite nicely the maxima and minima of the
oscillations. This agreeent may be the result of the increased dimension of the variational
parameter space, and to restrict the number of free parameters, we invoke some physical model
based on the phenomenology observed. The process is described in the next section.

Table 3.5. Parameters corresponding to the fitting in Fig. 3.14 desbsibeg 4.

Parameters Best fit values Estimated error Fixed or Free
o (Nm) 1.38 + 0016 free
aop (nm) 1.17 0 fixed
ho (Nnm) 5.4 0 fixed
f 0.84 +0 fixed
ai(nm) 04 +0 fixed
1 1.74 +0.03 free
az (nm) 0.55 +0 fixed
P 1.74 +0.03 free
p * fixed
q 2 +0 fixed
do (nm™(2p)) 0.010 +0 free
go (nm”(Xq)) 0.010 +0 free
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Continuous wetting/dewetting transitions

We propose an alternate explanation of theserved oscillations of the roughness. We start
noticing that there is a resemblance between the oscillations of the roughness with some of the
features ofdewetting in particular those that are associated to the phenomenon termed spinodal
dewetting [11,31,32] In spinodal dewetting the time evolution of the fluctuating topographic
profile leads to the emergence of the charactemgivelength as the distance between the peaks

or the valleys of the film topography. In our case, this characteristic wavelength of deWetting
would measure the distance between the islands whiehiis Fig. 3.10. Theoccurrence of
dewetting, hence, théer upt ur e of the fil mdé, would ®orresp
and, because of the aipihase relation between them, maximum surface roughness. Vice versa,
wetting corresponds to the maximwand the minimum surface roughness. Based onwlas,

infer that the thickness of the dewetting layer does not encompasses the whole thickness of the
film, instead can be ascribed to the upper pentacene layers. We envision that these are the ones
mostly contributing to the islands, and hence to roughiésslower layers forming the smooth

basal plane are not directly involved in the dewetting.

In continuous theories of dewettir{§2] the characteristic wavelendthscales with th thickness

as a power law:

- - — (5)

The wetting/dewetting transition as in eg. 5 occurs for film thickiessver than the critical
thicknesshc. We associate the Asmoothly varying pe

experiment to the fAcho f821lcal thickness of dewe

To assess this hypothesis, we extract the periaafsthe oscillations of the roughness and plot
them as a functioof the film thickness. We estimate the periddss distances between adjacent
peaks, e.g., from a maximum to the next, and from a minimum to the next. We refer the periods

/ to the thicknessf the peak or valley where the period starts.
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In Fig. 3.15,we show the scaling of max (min) VS hmax (min), Where the values were extracted,
respectively, from the distances between adjacent peaks (maxima) and valleys (minima) of the rms
roughness. The data reveal a monotonic increasing trend but, interestieglglign on a common

line. We fit all data (except the roughness maximum at 3 nm) with a power law whose exponent
equals 2 in apparent consistency with spinodal dewetting. The best fit line is shown as the

continuous blue line.

number of oscillation (n)

1 2 3 4 5 6
20 | | | — W 25
]
7r20
.°"'\ 3:_
152
-103
2
-5
0- -0

0 5 10 15 20 25
hmin (max) (nm)

FIG. 3.15. Left and bottom axes: periddbetween maxima (solid red circles) and minima (solid
black squares) of the roughneswsersus the origin of the oscillation (expressed as the thickness
of the maximum or minimum, respectively). Blue line is power lawtfitexponent fixed to value

2. Right and top axes: the origin of the oscillations (as in the bataghas maxima (empty red
circles) and minima (empty black squares) vs the numlzgroscillation. The dotted lines are
power law fitscaling as proportioal to r?. The blue empty triangles are the mean between maxima

and minima, andts blue dotted lings power law fitscaling as proportional to%n
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In Fig. 3.15, we notice that if we take the mean value between adjacent minimum and maximum,
then also thes mean points obey the same scalindiv@/e take the mean valuéslue empty
triangles) of the maxima and minima in Fig. 3.15 and refer them as the d¢gmtettse local wave,
whose period is given Hy(hc) as from eq. 5. We construct a leog table wiere the experimental

data are classified according to their thickness&s belonging to a common ceniteiand period

I (he). In Fig. 3.16 we plobc vsh wherethe st@wise structure described above is evident. We then

approximate the stepwise functiow fitting it with a continuous function:

N0 8p Qon — 8 (6)

The parameters that describe the dependence ddiberete)centes of the local waves are
reported in Table 3.6hy is a characteristic thickness that appears here because of the limited
amount of data. Albeit this function contains artifacts, describes smoothly our data set (is

monotonic and can be inverted).

Table 3.6. Parameters corresponding to the fiitifgig. 3.16 describedly eq. 6.

Parameters Best fit Errors Fixed/Free
value

A 17.341 +0 fixed

b 2 +0 fixed

C 2.82 +0 fixed

hy 13.192 +0 fixed
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FIG. 3.16 Plot of the centers: bf the oscillations vs thickness h. Continuous line is the fit

according to eq. 6.

According to the wetting/dewetting picture, we express the period scaling vs thickness in Fig. 3.15

as:

1@ Q@ QQ QQ for —L 1 (7)

Eq. 7 incorporateshe features typical of waveletg) the center of the local wavk; shifts with
the increasing film thickness; and ii) tpperiod (wavelengthpf the local wave (spread of the

oscillation) increases witthickness.
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Based on this, we provide a new heuristic equation that we use to fit the oscillations of rms
roughness. fie heuristic equation encompassing both-a#ifie correlated growth and the

oscillatory features of spinodal dewetting. [6,15] reads:

,Q , © - OOEY —— + HOEt —— - 6)

In equation §) two mechanismslescribe this anomalous growth modelfaffine growthand

spinodal dewettinghat induceshe spontaneous formation of spatially correlated nanostructures

Eq. 8, despite of being phenomenological, bears a value as it is parametrized on observables
independently extracted from the roughness experimental data. The agreement of our fit with eq.
8 and the experimental data shown in Fig. 3.17 is excellent. Best fit parameters are reported in
Table 3.7.

2F L i .
* ===- guide to the eye
' — eq. 8
.- —— Self-affine
O | 1 | 1 | 1 | 1 17

0 10 20 30 40
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FIG. 3.17.Evolution of roughness versus thickness. Alaek daskedline corresponds to the data
interpolation and serves as guide to the eye; The continbtuesline is the fitting of the
experimental data with eg8); the green line is the power law fitting to the data above the first

two oscillations.

Table 3.7. Parameters corresponding to the fittingign 3.17 describeldy eq. 8.

Equation 8: values error

Uo 1.20 +0 fixed
U 1.41 +0 fixed
ho 5.4 +0 fixed
b 0.64 +0 fixed
U 0.17 +0 fixed
A 8.89 +0 fixed
hy 5 +0 fixed
fo 15 +0 fixed
Jo 0.067 +0 fixed
q 2 +0 fixed
C -0.51 +0 fixed
Uo 16.87 +0.07 free
y 0.9 +0 fixed
U 13.22 +0.06 free

Our finding poses some relevant questions on the mechanism operating here, as our pentacene thin
films cannot be assimilated to continuous films, instead they are solid but made of discrete
molecular terrace stacks. Theories of dewetting are usually egglay equilibrium arguments,

and the transition wetting/dewetting is explained as moving back to equilibrium from a metastable
spreading state (according to Le Chatelier principle or pursuing the minimum chemical potential).
Here, the driving force is noexclusively thermodynamics, as we observe iteration of
wetting/dewetting transitions superimposed to a monotonicaffate growth. Indeed, if the
phenomenon were a genuine (spinodal) dewetting, over time it would lead to the emergence and

consolidationof the characteristic wavelength that becomes the distance between islands. This

115



would happen once, and no more. The oscillations indicate iterations which must undergo kinetic
control. On whether this is related to secondary, tettiangl so on nucleatio and growth

phenomena we cannot state at this time, and further investigations are needed.

3.3 Discussion

In this Chapter, we observed a new growth mode of pentacene thin films and tried to explain the
data that exhibit new and interesting featurethicknessTheoscillatiors of the roughnessij as

the thickness increasesere shown to be ianticorrelation with all the correlation lengttzs, (3,

33). We invoke the combination of two different phenomena which took place during the film
growth. A kinetic phenomenon of roughening of the thin film together with a-g@gadibrium
phenomenon which resemblgginodal dewettingWe proposed twaew heuristicequationg4)

and (8)to fit the roughness oscillations embodying the distinctive features edfieé growth

and dewetting[8,32]
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Chap4er

OFETs and EGOFETSs response vs thin film thickness

AThis chapter discusses the behavior of trans
behavior in phase with the morphologigarameters is observed. In particular, the correlation

of transconductance and roughness/ correlation
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4.1 Introduction

Organic thin films are the active layers in Organic Field Effect Transistors (OFETS) as well as in
ElectrolyteGated Organic Field Effect Transistors (EGOFETS). Therefore, the search for organic
materials having excellent charge transport properties infithms is an important topic. In last
decades, organic semiconductoreonjugated polymers and small molecules were studied
extensively[1,2] Charge transport in thin films is governed by hopping across dismdigced
localized states close to the Fermi level of the organic semiconductor. Previous studies have shown
that the density of localized states (DOS) can be described @aussian or an exponential
distribution in the energy close to the Fermi ley@M] In OFETs charge transport occurs in the

first few nm of the active layer closer to the gate dielectric surfacén a molecularly ordered

thin films, charge transport occurs only in the first one to tineaolayers[6] This charge
transport is mostly two dimensional in chaead5,6] The upper monolayers, albeit may be
populated with charge carriers, do not signiiitba contribute to the overall current, because of
either greater resistance at domain boundaries that occur with higher density, else because of
discontinuity of the percolation pathways. In Electrolgated Organic Field Effect Transistors,
devices thaare operated without an explicit dielectric layer and are gated through the electrolyte
which form an electrical double layer (EDI[Ji 9] Here, although the simplest models depict the
gating as a surface capacitive coupling, there are hints about the penetration of ions (apions for
typeEGOFETS, cations far-typeEGOFETS) in the semiconductor layer, thus involving not only

the geometrical surface but also (at least part of) the voll®iel 2] lons, both cations and anions,
possess small enough size, when undressed of their solvation shell, of penetrating even compact
molecular layers as the one formed the stacked pentacene monolayers, for instance by
intercalating on the molecular sides along the long axis of standing pentacene molecules. The ion
p-interaction between them may indeed strongly deform the energy landscape where carriers
move, thus leadintp a modulation of the channel conductivity. It is also clear that morphological
and structural defects will effectively contribute to create an electroactive surface area much larger
than the basal plane, and therefore a correlation between morphotbdg\véare response may be

envisioned.
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In this chapter 4 we investigate the influence of the thickness on the response of OFETs in solid
state operations and EGOFET in an electrolytic environment. The devices with pentacene thin
films of different thicknesse as from Chapter 3 were characterized. Transfer curves of the
transistor were plottegersushicknessand discussed below. Electrical parameters were extracted

and their evolution with the morphology was analyzed.

4.2 Experimental part

Forthis study sandard test patterns having a common gate as described in Section 2.1.3 were used.
The test patterns were cleaned according to the following procedure. At first the devices were
rinsed with acetone, followed by washing in hot piranha solution for 15mdihydrogen fluoride

water solution (2%). Then, the oxide surface was functionalized with hexamethylsilazane (HMDS)
by thermal evaporation onto the cleaned surface. Twamtydifferent thicknesses of pentacene

thin film were evaporated at a rate of 0.5AFor the electrical characterization of the devices was
used an Agilent B2912A SourddeasureUnit (SMU), for more details see chapter 2 (Section
2.8).

Firstly, we performed electrical characterization of the device in solid state operatidDRkiirs
shown schematically in Fig. 4.1. Transfer characteristigsvé Ves) were acquired by sweeping
the gate potential from 340 V to-40V and with a drain potential s =-20 V. Devices with
different thicknesses were measured and elecppaaméers were extracted and correlated with

the thickness.

123



E@mﬂ > Pentacene

\.@lﬁaim »HMDS

I *Dielectric material

gate

Fig. 4.1. A schematic diagram of Organic Effect Transistor (OFET

Operations of the EGOFET were carried with an electrolyte top gate as schematically shown in
Fig. 4.2. Thegate electrode was a Pt wire (& = &00). The cleaning procedure for the gate wire
was sonication in ethanol and DI water 1:1 for 15 mins then gimyith nitrogen flow. For the
electrolyte, we used 50 mM KCI solution in deionized water. The volume of the droplet during the

measurement was kept at80

~Electrolyte
l*Pentacene
+HMDS
I Dielectric material

Fig. 4.2. A schematic diagram of Electrol@ated Organic Field Effect TransistgEGOFET).
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[-V characterization was performed with gate potential sweepWg.1 V to-0.5 V and a drain
potential as/ps = -0.2 V. The measurements were performed with a range voltage limited to 0.8
V to avoid the electrolysis of the watehich occus at 1.2 V. All the devices were measured in
top gate operation, electrical parameters such as threshold vltgge( transconductancg

were extracted and correlated with the different thicknesses of pentacene thin films.

4.3 Results

After the morphological characterizatiothe electrical measurements were performed. First the
devices were measured in bottom gate operation. Fig. 4.3 shows the transfer characteristics of
OFET as function of pentacene different thickrteegpressed in nm. To ceert it to coverage,

that is the nominal fractional area, one needs to divide the valuéyf.5 nm. Looking at the
transfer characteristics, there is barely variation of the transfer curves with the increasing thickness
of the thin film below 5 nm. iis hints to an incomplete percolation channel in agreement with the
dewetted morphologies in Chapter 3 Fig. 3.1. Wienfilm thickness ranges from 5 nm to 8.5

nm, the current starts to increase. However, the trend is not monotonical and currentdhsctuat

are observed within this range of thicknesses.
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FIG. 4.3. Transfer characteristics pentacene thin films at different thicknesses in solid state

operation with a drain potentialpé= -20 V.

The devices with the highest currents corresportetaces with film thicknesses between 13 nm

and 30 nm. These are the films where the first layers are completed and continuous, and where

dewetting has not yet disrupted the large and continuous islands, thus leading to favor transport of

the carriers acss the channel where a few domain boundaries exist. On the other hand, at thicker

films the current curves seem to decrease with respect to the 13 nm films, thus confirming the

commonly observed

fisatur at i

on

of

stdntewithrtlees p o n s ¢

scenario where charge transport takes place only in the first few monolayers, and with the

observation of dewetting of the upper layers that prevents the continuity of charge transport across

the channel.
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To understand better the behaviortloé electrical response of the transistor, we extracted the

transistor parameters. The trend of the threshold voltage is shown in Fig. 4.4.

N
i\/i\
<-10- e *\ — .
c ]
e Vi, (V)
> -20- 20 16 12 8 -4
-30 - o B

0 10 20 30
h (nm)

FIG. 4.4. Threshold voltage (Y vs thickness in solid state operation. Inset: histogram of the
threshold wltage.

At the onset of percolation, a jump of the threshold voltage from cle26 ¥ to a few (negative)

volts is observed. These large valuesVerexplain the difficulty to generate currecarrying

states in the channel and move the carrierssache channel. The coverage leading to continuous
percolation pathways is not reached, and a low density of mobile carriers are accumulated. The
increase of the thickness above 5 nm does not change substantially the veijumbfluctuates

around-8 V with damped oscillations. The histogram also shows the more frequent occurrence
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around-8 V. The oscillations 0¥, seem to correlate with those of correlation length and roughness
in Chapter 3 Fig. 3.10 and Fig.3.11 respectively, although there @asveoy distinctive correlation

between them.

We then extract the transconductargsg (vhose evolution vs thickness is plotted in Fig. 4.5. The
jump of the transconductance at the onset of percolation confirms the origin of the trend in terms
of charge caier percolation.

(1S)

e 0.1

g

0.01

0.001

"% —=,
h (nm)

FIG. 4.5 Transconductancenggvs thickness of OFET. The dashed red line corresponds to the

mean value of the transconductance.
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In this case, it is noticeable that the initgl increase is two orders of magnitude then the
fluctuations exhibited range on one order of magnitude. If we consider a thickness invariant
capacitance, then the main contribution to these variations of the transconductance are the charge
carrier mobility fluctuations. Charge mobility of pentacenagé il 3,14}, when the path becomes
complete at 6 nm. The oscillations of the transconductance at thickness > 6 nm are even more
marked than the ones of the threshold voltage. These oscillations seem correlated to the ones of
the correlation length/roughness in Chaf®er wi t h t he fAwetted/ smootho
higher transconductance. The fact that transconductance remains oscillating around a mean value
of 8 mSindicates that the wetting/dewetting smoothing/roughening transitions reported in Chapter
dinnove partially the charge transport | ayer 0fAb
is that only the upper charge transport monolayer (out of the three monolayers involved) is affected

by the increased density of domain boundaries when the fillmtdébaughen, and by polarization

effects to be ascribed to the small islands growing on top.

The next step after the bottom gate operation, was to measure the devices in an electrolytic
environment. In EGOFET a different mechanism is taking place. As wsamhere, the 3 nm
thin film pentacene device does not appear in the graph, because in the elegatelytihe upper
layer contributes to the charge transfer, so when the film is ultrathin, there is not a percolation

channel for the carriers.
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FIG. 4.6. Transfer characteristics of pentacene thin films at different thicknesses operating in
[KCI]= 50 mM solution.

When the thickness is from 8 nm to 11 nm the device conducts and the maximum current increases.
Of course, as we highlighted for thettom gate operation, between this range of thicknesses that
we measured there is not a monotonic correlation of the electrical response with the increase of
the thickness. In EGOFETSs where the upper layers are among the main contributors to the charge
transport through the substantial ion exchange, the thicker films act like insulators, because these
upper layers are nonetheless highly discontinuous. As we can observe from the transfer the
maximum current is much lower in respect to thinner films, rewgahe difficulty of the carriers

to cross the conduction channel.
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FIG. 4.7. Shows the threshold voltage vs thickness operating in electrolytic environment. Inset:

histogram of the threshold voltage.

More electrical parameters were analyzed also iIOEETs in order to understand better how the
thickness of the film influences the electrical response. As we can see in Fig. ¥ ,9peeads
according to a narrow morraodal distribution vs thickness betwe®»4 and 0.2 V and the peak
around 0 V. Wha the thickness reaches 20 nm,¥sseems to reach the maximum value. Taking

into consideration this fact, there is a range of thicknesses in which the percolation channel is

sufficient for the carriers to cross it.

As last parameter, we discuss thens@nductance evolution vs thickness in Fig. 4.8. ghe

undergoes oscillations. This evidences the fact that electrolyte operations, that involve upper
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pentacene monolayers that expose the largest area to the electrolyte, the surface morphology plays

an mportant role.

10 : —
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FIG. 4.8. Corresponds to the transconductance vs thickness of EGOFET. The dashed red line

corresponds to the mean value of the transconductance.

In previous discussions we explained that the transconductance is based on the mdbéity of
material. The oscillations due to wetting/dewetting phenomenon observed by AFM and discussed
in Chapter 3 clearly influence the transconductance of the EGOFET. More specifically, the devices
with the highest transconductance, which correspond to theedewith the 6 nm, 14m, 15 nm,

and 19 nm pentacene thin films, correspond to the morphology with large islands and small
roughness. This suggests that the upper monolayers fephane percolative pathways that are

effectively adding up and maximizhe& transconductance. At thicknesses where the roughness
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reaches the maximum value, the carriers face a difficulty to cross the channel across continuous

pathways and the transconductance tends to decrease.

The oscillations in Fig. 4.8 show very convindingthat the morphology affects the
transconductance by modulating it up to one order of magnitude. This points to the fact that the
control on film thickness and morphology must be the finest, as the periodicity of these oscillations
are on the few nm s@l On the other hand, it is telling a new and to some extent unexpected
outcome: by finely tuning the thickness, the transconductance can be enhanced up to one order of

magnitude, thus making the EGOFET a potentially 10 times more sensitive device.

4.4 Discussion

With this work westudiedthe influence othe morphology, through the systematic variation of

the thickness on the electrical properties of pentacene thin film transist&sctrical
measurements were performed both in air and in electrolytic environment. The electrical properties
of these devices show that the fipgeintacenenonolayers are sufficient for the formation of the
percolation channel. As the thickness increaesprobability of the charge to bemsportedn

the channebecomes smalletn aqueous medium, the transconductdremmmestablevery soon

at small thicknesses, whidb possibly related to the fact that the percolation channel for the
carriers is lgated at the surface of the organic semiconduateaning the interface with the
electrolyte.The oscillations of the transconductance around the thickness independent mean value
are up to one order of magnitude and are only modestly daipasiwhen thckness is between

a few up to 20 nmthe charge transpoeppearsstrongly correlated with thenterfacial area.
Importantly, we notice that the maxima occur for the smoother films with larger islands on top
(wetting films) while is minimum on the roughBims with small islands. Thisneans thathe

surface morphology modulatése chargdransport all the way down to a charge transport layer
which, however, remains stable and insensitive to thickidésgan envision this surfasensitive

layer to coin@e with the thickness of the surface roughness. Beneath this fluctuating interface, a

charge transport layer persists that remains stable and insensitive to thickness
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This observation in EGOFETSs also hints to the fact that, albegehsitivity to morphology is
mainly localized to the fluctuating interface, the whole film thickness is involved in the charge
carrier modulation by the ions. The exception may be the films thicker than 20 nm, where perhaps
the ion penetration is incompétor more likely the number of interconnected pathways is
saturating. This supports the view of EGOFET and OECT as very much similar in the mechanism

of Aion dopingd across their volume and not
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Chap5er

Studying the mechanicploperties of conductive and
semtconducting organic materials

AThis chapter describes the application of
organic materials. Pentacene thin films wexealyzed,and the theory of bottom effect was
applied. Inaddition, the local viscoelastic properties of PEDOT :PSS was measured under the

application of voltage. 0
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5.1 Introduction

Organic semiconductive and conductive conjugate thin filn@ve attracted tremendous attention
because of their widemge of bioelectronic applicationd.i 6] Atomic Force Microscopy (AFM)

has known an extremely huge development in nanosciences and nanotechnologies over the past
three decade$r] More specifically, in polymer science the use of AFM is considered as key factor

in the understanding and the characterization of the mechanical properties at nanoscgé level.

11] Prevous studies have shown that using bimodal AFM provides a precise and quantitative way
for the characterization of organic sasembling monolayerfd2] Moreover, it was shown that

the substrate plays an important role in the study of the mechanical properties. When a thin, soft
layer is deposited on a rigid substrate the force measured by the tip are influenced by the substrate
itself. Thisphenomenon is called bottom effect artifact and different models have been developed
trying to determine the wunaffected Youngds m
support[12i 15]

This work aims to study the mechanical properties of two different organic semiconductors on
different substrategsingbimodal AFM. More specifically, pentacene thin films on Sv@fers

deposited, as described before in secB@®) as well as PEDOT:PSS electrodeposited electrodes

on Quartz (more details about the technique in section 2.5). This chapter will explain the influence

of the substrate on the Youngds modulus on p
appliedt o recover the unaffected YoungG6dependend ul us.
behavior of the mechanical properties of PEDOT:PSS filmsnirelectrolyte solutianResults

show that theres a change of the elastic properties due taah@enetrabn in PEDOT:PSS films

when the voltage is applied. All theseperiments were carried oaifthe Instituto de Ciencia de

Materiales de Madrid (ICMM) in Spain during my secondnezebt Pr of . Ri car do Gar

group in collaboration with Simone Berliag
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5.2 Experimental data

For the first set of experiments, as test pattern was usedv@i@ which was cleaned using the
standard protocol discussedsection 2.1.3. Pentacene is thermally sublimed in high vacuum (base
pressure 2 x 16 mbar) onto the test pattern, with sublimation rate 0.1 A/s. The thickness of the
thin film was measured with a quartz crystal microbalance (QCM) and it was h = 1/Aftem

the thin film deposition, the characterization with bimodal atomic force microscopy was carried
out. The technique is explained in detail in section 2.6.2. The bimodal AFM measurements were
performed using a Cypher S (Asylum Research Inc.) at teomperature (fbomd 25 AC) and
N2 atmosphere. Cantilevers PIRIEHAuUD (Nanosensors) witfy;= 303.451 kHzki = 43.97 N

m'%, Q1 =590.6, §>= 1900 kHz k. = 2354 N mi! were used in this experiment.

For the second set of experiments, quartz cryshatsates were used. The substrates were dipped

in pure acetone over a hot plate atG@or 15 min. After that, PEDOT:PSS was deposited on the

top of the gold electrode through electrodeposition as described before (section 2.5). The thickness
of the eleatode was measured with AFM and it was arotred 160 nm. AFM operated ithe
amplitude modulateffequency modulated configuration (AMM AFM) using a Cypher S
(Asylum Research Inc.)was usedto probe the mechanicgropertiesof the film. For this
measuement as electrolyte an agueous solution (0.05 M) of potassium chloride (KCI) with pH =

7.2 was usedl'he @antileverused for this experimemtasPPRNCHAuUD (Nanosensorsyith for

= 646.595 kHzki = 46 N m?, Q1 = 616.1foo = 2135 kHzk2 = 2376 N mi’. Moreover, a study of

the influence of the applied voltage on PEDOT:PSS films was occurred. Two biases (0 mV and
800 mV) were chosen and applied to the Pt electrode respect to the gold substrate in order to study

the mechanical response oétbonducting film.
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5.3 Results

5 3.1 Young6s Modul utherolé of theesubstaate e ne t hi n

Bimodal AFM were first applied to 15 nm pentacene thin films. Image analysis were performed
using Gwyddion free software and RStudio 1.1.428] From the calibration method previously
described in Section 2.6.2 tlepring constant of the first and the second eigenmodes were
extracted. In Fig. 5.1a the topography of pentacene thin film grown@sSshown. Fig. 5.1b
and ¢ shows the second mode frequency shift
characterization. In bimodal ANM the second mode frequency shift is directly proportional to
the elastic response of the sample, thus Fegand b are very similar. It is possible to notice a
smooth distribution of the frequency shift and the corresponding elastic modulus through the

pentacene terraces. I n | iterature previous
pentacene thinlfins is around 15 GP§L7]

FI G.Bibmddal AFM maps oa)Jppogaeaephyg ohi @a5f hmmpen

depositzehj):roenqtﬁﬁzrot]yt corresponds t o tchfe uelgadst i c

modul us map of pentacez.nelrtshe"rnes‘pdm\d dte@ otsh & edi s

height, the frequency shift, and the Youngos
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Forthecal cul ati on of the Young Gesultsreg.dluslconsideredi o m t

Equation 1derivesE,whi ch i s the effective Youngdos modul
theYounmgodud and Poi ssonds r atEpp3s)aondthe pubstratéas e ne t h
3sup). The calculation offt e Y o maodglus svhich corresponds to thep (Fig 1c) shows a

homogeneous material characterizedEby14.8 GPa, which agrees with literature values.

In the second case, a thinner pentacene thin film is grown on thea&iiGhe influence of the
substrate can be observed when the mechanical propaeigsobed. The nominal thickness of

the pentacene thin film is= 1.5 nm.In this casewe tried to apply to our data a simple bottom
effect theory that previous studies applied for-asembled monolayefs2]. The application of

the bottom effect was used here, due to the low ratio between the thickness (few nanometers) and
the indentation (around 1 nmin order to be able to recovésetactual viscoelastic parameters of

thin films without having the influence of the rigid substrate, it necessary to control the ratio

between the contact radius and the thickness of the[fiBi.

The elasticity of the SigsubstrateEsu,, was determined from the experimentally extracted value

of E". The analytical expression for the reduced modulusitsen to the following equation:

- -p U 0 V) °© — p O —0 (1)

Wherelo andl; are weighting functions that corresponds to the shear modulus mismatch and to
the Poissonds ratio effects, respectiv®aihy. FoOI

equals to 0.27, and for the pentacene fésnequals to 0.35, accord to literature value$17,19]

For the weighting functionly andli, eg. 2 and eq. 3 are written according to jmes literature
studies[20]

0, -AOAQOAdl )
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s x o~ A oA

0, -AOAOA}+—— p o I F+— — (3)

wheres-is the ratio between the thickness and the radiusbandi s t he Poi ssonos

substrate.

These calculations correspond to the case of a flat punch indargar experiments a paraboleid
shaped cantilever is used. In order to able to extract the right values a correction factor was applied

according to the literaturgl 2]

Bimodal AFM maps of the pentacene thin films is shown in Fig. 5.2. Both Fig. 5.2b and Fig. 5.2c
represent the topography and the (normalized) elastic maps of the sample with and without the

substrate effect correction, witlhoss sections along different layers.
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Fig. 5.2d shows the overlap of the cross secti
modulus map shows an inverted trend respect to the not corrected one. It is clearly shown that the
elastic modulus without the application of the substrate effecli(@dtends to lower the higher

is the layer. This is a typical effect of the substrate that diminishes the thicker is the sample
(considering a more or less constant indentation). Thus, the stiffness of the substrate is relevant in
these measurementsspect to the ones done at higher thickness (i.e., Fig. 5.1). When the theory

is applied the elastic modulus changes and the data corresponds to the normal behavior (blue line).
Thus, the first | ayers corr espondlaydrsoandatisY o un g ¢

attributed to a softening of the material near the free surface.

5.3.2 lon penetratiom PEDOT:PSS electrodes

Here, bimodal AMFM was used for mapping the mechanical properties of PEDOT:PSS. The
preparation of the polymer was done tigh electropolymerization and deposited on the top of
the gold electrode as it described in section 2.5. In order to estimate the swelling of the
PEDOT:PSS, cross section profiles of the bare and covered ele@tralie and wet conditics)

were measud as shown in Fig. 5.3.
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FIG. 5.3 Topography images of gold electrode and PEDOT: PSS. Scale kars,a) Cross
section of the gold electrod® Profile of the gold electrode) cross section of gold electrode
covered by PEDOT: PSS measured indyiProfile of the gold electrode covered by PEDOT:PSS
e)cross section of gold electrode covered by PEDOT:PSS measwggeous solutiod) Profile

of the gold electrode covered bi#POT: PSS measured in agueous solution

First, the topography (Fig. 5.3a) shows the bare gold electrode over the quartz substrate which, as
it is calculated, corresponds to a height equal to 60 nm (Fig. 5.3b). After the deposition of the
PEDOT: PSS filmFig. 5.3c) the height of the film was around 200 nm (Fig. 5.3d). The topography

of the film was taken in dry environment fldtmosphere). As last step, a droplet ofeB®f
solutionwas added at the top of the PEDOT: PSS and left it for around 1h intorelesure the
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