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RESUMO

Nas ultimas décadas tém sido observada uma crescente tendéncia de estudo e desenvolvimentc
de transistores de efeito de campo organicos, os OFETSs (acronimo em ingbégaacafield

effect transistors para aplicacdes nas mais diversas af@iapositivos eletrdbnicos organicos
surgiram como um fenémeno tecnoldgico por conta de suas propriedades inerentes, tais como
flexibilidade e deformabilidade, além do grande potencial da compatibilidade com materiais
biolégicos. Contudo, apresentam elevaasdes de operacdo em comparacdo a dispositivos
inorganicos. Este problema foi contornado por meio de uma mudanca na arquitetura: um arranjo
vertical de todas as camadas que compdem o dispositivo, 0 que leva a formacao do canal de
conducao ao longo dapsssura da camada ativa do transistde #ispositivo foi denominado

como transistor de efeito de campo organico com arquitetura vedi¥dDFET (acrénimo em

inglés paravertical organic fieldeffect transistors Apesar de isto garantir baixo consude

energia, ainda existem alguns aspectos limitantes, como por exemplo o efeito de blindagem do
eletrodo da fonte e a deposicdo de filmes metalicos sobre camadas organidasasiltra
Recentemente, @onceito deVOFETs foi ampliado pelo desenvolvimento dema nova
plataforma que utiliza nanomembranas enroladas para formar o eletrodo de dreno desses
transistoresos VOFETs baseados em nanomembranas enroladas@ieBETs (acronimo em

inglés pararolled-up nanomembrane based VOBEEsta proposta permige fabricacdo de
transistores com canaie conducéo ultrafinos e emprega um eletrodo de fonte com perfuracdes
retangulares definidas por meio de litografia Optica e deposicdo de filmes finos. Com isso em
mente, neste trabalho, propdesm novas estratégias paaprimorar o desempenho da
plataforma do4/OFET e investigar mais a fundo o seu principio de operagdo. Foram obtidos
resultados consistentes com trabalhos anteriores, os dipositivos apresentaram baixas tensdes d¢

operacéo (5 V) e melhora na faixaatazioon/off(~10-10°). Em contraste com 0 mecanismo
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de operacéo sugerido, nenhuma evidéncia de uma dependéncia linear entre 0 nUmero de borda:s
do eletrodode fonte e a corrente de saidadenominaddi e f daborade Yofoi observada
Constatotse que a permeabilidade ao campo elétriagadedo eletrodo de fonte (medido pelo
AFat or de PFRdesempenhemamatordndluéncia sobre a modulagéo da corrente.
Portanto, com o intuitde explorar a promissora combinagéo de cdaaonducaaltracurto

ea facilidade de interacdo engstimulos externasa camada ativa do dispositivoyestigou

se a possibilidade daplicacdo da plataformaVOFET como fototransistolOs resultados

obtidos foram impressionamsietal como alta faisensibilidade (~10 e rapido tempo de

resposta (~8,8), demonstrando grande potencial paradiegias de sensoriamento.

Palavraschave:transistor, litografia 6ptica, semicondutor organitapomembrana enrolada

fototransistor.
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ABSTRACT

The pastlecade has se@ngrowing trendowardtheinvestigation and developmentafanic
field-effect transistorOFETs)for several applicationsOrganicelectronicshaveemerged as

a phenomenorbecauseof their inherent features such #sexibility and stretchability in
addition tothe greapotential to interface with biological systentéowever, me of the main
obstacless the high operating voltagesmpared to inorganic counterpar®icha problem
was addressed by a change in the architecture desigatieal stacking of the device layers
and the formation of the conducting channel alongriduesistor's active layghickness This
device was named VOFET (vertical organic fielfect transistor)Although the approach
guarantes lower power consumptiotiis architecture still has some limiting factareluding

the source electrode screening effect and metal deposition on top @huitoaganic layers.
Recently,a novel architecture that inwas the preparation of drain electrode by roHupg
metallic nanomembranes has expanded WOFET concept The rolledup nanomembrane
basedvVOFET (FVOFET) allowsthe incorporation ofiltra-thin organic semiconductdayers
andemploysapatternedource electroddefinedby photolithography and thifilm deposition
Accordingly, in this work, we proposed new strategies to improve the performance and
investigate theperating principlef the FVOFET platform. Our findings are consistenith
previousstudies our devices exhibitedlow operating voltage$<-5 V) and enhancedn/off
ratio (~1¢-10°). In contrasto the operatihg mechanisnsuggestedthere was no evidence of a
linear dependence between the numbesofrceelectrode edges and the output current (the
socal | edlrfi vedegne meWehdsgoveredtida) the source electrode permeability to
the gate electric field (measured by fik@ll Factoo value,FF) playsa majorrole in current
modulation. Finallyto explore the promisingombination ofultra-short conducting channel

and facilitaed external stimuli with the deviseactive layerywe conducted a study abotite
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application other-VOFET platform as a phototransistor. We observed impressive results, such
as high photosensitivity (~<®) and fast response time (~8s}, thus demonséting great

potentialfor sensing technologies.

Keywords: transistor, photolithography, organic semiconductofled-up nanomembrane,

phototransistar
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LIST OF ABBREVIATIONS AND SYMBOLS

2D Two-dimensional Ey1 Forbidden energy gap

3D 1 Tridimensional EL T Electroluminescence

AT Area eV 1 Electron volt

A - Ampere Eu 7 Electric field perpendicular to the
AFM 1T Atomic Force Microscopy interface

ALD i Atomic layer deposition FET1 Field-effect transistor

Al20371 Aluminum oxide FF 1 Fill Factor

Aui Gold Gi Gate electrode

C1 Carbon atom GaAsi Gallium arsenide

CdSei Cadmium selenide go i Conductance

CFKs 1 Tetrafluoromethane gm T Transconductance

CinsT Capacitance per area Gei Germanium

CL 7T Contact Limited GeQ1 Germanium oxide

CLS1 Confocal laser scanning HF i Hydrogen fluoride

cmi Centimeter HMDS i Hexamethyldisilazane

Cri Chromium HOMO 1 Highest occupied molecular
CuPci Copperphthalocyanine orbital

Ceo'i Fullerene H20O1 Water

Di Drain electrode H20. 1 Hydrogen peroxide

DNTT i Dinaphtho[2,3b : 2-fiNhieB0[3,2 Ips T Electric current between S and D
-b]thiophene electrodes

DPAT 2,6-diphenyl anthracen lon T Transistor output current at on state

ET Electric field lorrT Transistor output current at off state
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Ji Current density

ki Boltzmann constant

L i Transistor conducting channel length
Lepi Sourceelectrodeperforationlength

LsT Sourceelectrode stripéength

LED i Light-emittingdiode

LUMO 1 Lowest unoccupied molecular
orbital

NM 1 Nanomembrane

nsei Number of source edges

npi Number of sourceerforations

NW i Nanowire

No i Density of states

N2 7 Nitrogen gas

OFET1 Organic FieldEffect Transistor
OH 1 Hydroxyl groups

OLEDT Organic lightemitting devices
OPBT1 Organic permeable base transistor
OPT1 Organic phototransistor

OSCi Organic semiconductor

OSITi Organic static induction transistor
OTFT1 Organic ThinFilm Transistor

P 1 Photosensitivity

PCDTPT 1 Poly[1,2,5]thiadiazolo[3,4

c]pyridine-4,7-diyl(4,4-dihexadecy4 H-

UNIVERSIDADE ESTADUAL PAULISTA
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clopenta[2,1b:3,4b0]dithiophene2,6-
diyl)[1,2,5]thiadiazolo[3,4c]pyridine-7,4
diyl(4,4-dihexadecy4H-cyclopenta[2,1
b:3,4b0]dithiophene2,6-diyl)

PG:BM 1 [6,6]-phenylG: butyric acid
methyl ester

PDVT-8 i poly[2,5bis(alkyl)pyrrolo[3,4
c]-pyrrole-1,4(2H,5H)}dionealt-5 ,-5 Nj
di(thiophen2-yl)-2 , -EM-(2-(thiophen
2-yl)vinyl) -thiophene]

PET Patterned electrode

PEVOFET i Patterneeclectrode vertical
organic fieldeffect transistor

PLED 7 OLEDs incorporating conjugated
polymers

PMMA 1 Poly(methyl methacrylate)
P(NDI20DT2) i
octyldodecyhnaphthalend ,4,5,8
bis(dicarboximideR,6-diyl]-alt-5,5-(2,29
bithiophene)}

PSi Polystyrene

g7 Elementary charge

Q1 Charge

QD 1 Quantum dots

R Photoresponsivity

poly {-hisk NNj
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r-VOFET 1 Rolledup nanomembrane Ves I Voltage applied between S and G

basedvertical organic fieleeffect transistor electrodes

ST Source electrode VLSIT Very Large Scale Integration

Si Subthreshold swing VOFET 1 Vertical Organt FieldEffect
SAM i Self-assembled monolayer Transistor

SB-VOFET 1 Schottky barrier vertical Vin T Threshold voltage

organicfield-effect transistor Wi Watt

SCLCi Spacechargdimited current Wi Transistor conducting channel width
SEMi Scanning Electron Microscopy WEeT Work function

SiT Silicon ZnSi Zinc Sulfate

SiOx 1 Silicon oxide q T Ohm

T1 Temperature Up 1 Energetic potential barrier
Ti T Titanium Fgi Carrier injection barrier
tint T Integration time K Chargecarrier mobility
TMA T Trimethylaluminum Win T Linearregimemobility
TMDs Transition metatlichalcogenides Usati SaturatioAregimemobility
UV i Ultraviolet meeri Field-effect mobility

Vi Voltage bias mi Electron mobility

Vo Drain voltage bias Ui Vacuum permittivity

Vbs T Voltage applied between S and D (7 Relative permittivity

electrodes -r 1 Dielectric constant or relative

Ve 1 Gate voltage bias permittivity

Ui Time constant
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1. INTRODUCTION

The use of fielekffect transistors (FETS) in electronic circuits has become more and
more popular since their piomeng proposition by Julius Edgar Lilienfeld in 19B0. The
FET's simplearchitecture was an advantage itself, with the requirement of only one type of
semiconductor that does not need to be doped, unlike bipolar transistors. Accordingly, FETs
are thregerminal devices, in which an electric field controls the electrical behaaiusing
signal amplification and switching functions. The principfeFET operatioris based orthe
current established between two of the terminals,source (S) and drain (D), whereas the
third terminal, gate (G), controls the device current annidi by the applied bigd&i 4].

During the 1980s, organic materials such as polymers and semiconductor molecules
began to be processed in the form of thin filfgis7]. A few years later, the fabrication of
organic/inorganic hybrid electronic components became possible, providing the properties and
high versélity of organic materials to electroni¢8]. Within this frame, organic fieléffect
transistors (OFETs) emerged as a key enabling technology wherein features such as flexibility,
lightweight, and low peduction cost are possibjg,9]. Compared t@onventional FETSs, the
performance of organic semiconductf@SCs)is inferior to that of inorganic semiconductors.
However, OFETs are promising due tteeir easy fabricatiori the devices layers can be
deposited and patterned at room temperature involving a combinatiow-gbst solution
processing and diregtrite printingi , which affordstheir great potential for the field of flexible
andlargeareaelectronicq3,4].

In the last yearsconsiderable literature has grown up around gedormance of
OFETSs. This progress has been achiaxsdghigh-mobility OSGs[10i 14] andmaterials vith
highdi el ect r i kappa)ds X} anditis alserelated addressing tharchitecture

design and processing methodswever, a key issuef the planar architectures attributed to
17
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the high operating voltages and low output current compared to inorganic countefpésts.
problem is associated with theomplexity to achieve nanometritateral structuring
consequentlyhe relatively large conducting channels impact greatly the OFET performance
A simple and effective solution wdke vertical architecture (VOFETS), whi involves a
vertical stacking othe devicdayers andhe formation of theeonducting channeadlongthe

OSC thin film thicknessSincetraditional deposition methods allow reliable and precise control
over thin film thickness, several VOFETs with ulstaort channels have been reportaely

[201 25].

There arehoweverjdentifiable shortcomings with metal deposition over organic thin
films such asmorphologymodification and channel lengtshorteningthat can occur due to
metal diffusion26i 28]. With that in mindjn 2020, weproposed theolled-up nanomembrane
based VOFETr-VOFET), a platformthatimplements the enorous technological potential of
the vertical architecture witthe outstanding approach difybrid metal/OSC/metal contact
employing nanomembranes as electro@dg. The deterministic selfolling hanomembrane
ensuresa soft andreliable electrical contact between metal and organic thin film \&ith
thicknes of a few nanometers, hence théOFET has the shortest conducting channel reported
in theliterature.

Overall, we have summarized in Figute the key developmentfor the OFET
platformto give acomprehensive big picture of tihmportant roleoccupied by the vertical
architecturein addressingsomeissuesof the traditional planaarchitecture and therefore,
expanding th@otential applicatiosfor organic transistordVe gart from thefirst FET device

in the 193040 themore recentoncept, the-VOFET, which is the main topiof this work.

18
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ORGANIC FIELD-EFFECT TRANSISTORS

The field-effect transistor (FET) is B An approach to overcome the m
first proposed by Julius Edgar L o limitations to obtain lateral
AR L _' =, structuring at the nanometer Planar TFT
- simple architecture; | B T' i P scale. S
- employs only one semiconductor; T P - ultrashort conducting channels; m
and " [} - large current densities; and '
- - low operating voltages.

does not need to be doped. P 9 q Vertical TET

1930 - FET 2004 - VOFET
I I

[
1980 - OFET 2020 - R-VOFET

MNovel concept with patterned
source electrode and a self-rolled
nanomembrane as drain electrode.
-softand reliable top contact with
the 05C thin film;

-one of the shortest channel lengths
reported: and

- multi-sensing capability.

o Organic materials start to be
processed as thin films, enabling the
fabrication of organic/inorganic
hybrid components.

The promissing tecnology of flexible
and stretchable electronics emerges.

Figurel. Timeline showing key developmerfts the OFET platform Adapted from ref [1,22,29,30]

Despite the-VOFET's remarkable findingd still suffers frominferior performance
when compared thigh-performancetransistos (viz. relatively low on/off ratio, high gate
leakagecurrent and significant hysteresid)hereforejn this work we aimed to expand on the
results of our previous study by improvirthe r-VOFET platform's performance and
reproducibilitythroughengineering approachad/e also highlight that processing the devices
entirely employing photolithograpkgssisted patterning effectively allowed a more careful
control over the patternestructures to study closely the effects caused angbs in the
electrode geometry and choice of materi8igecifically, we intended to:

i To obtainimprovedr-VOFETs employing microfabrication techniques and to define
the rectangulaiperforaed source eletrode employing photolithograptassisted

patterning;

19
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1 To optimize thefabrication process, therelnhancingperformance by architecture
modificationsandallowing a more reliable extraction of important device parameters
andto study theoperatingmechaimsm;

1 To systematically studthe edgedriven operating takingpoth nse and the Fill Factor
value EF) into account, so it would be possible to assess more information about the
source electrode

1 To estimate VOFET performance parameteasid comparevith transistors in the
literature {.e., saturation, threshold voltagenllorr ratio, gate lakage);and

1 Toinvestigatehe FVOFET platforms potential when applied as a phototransistor.

20
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2. THEORY AND BACKGROUND

Low-power and lowvoltage operatiorare fundamental featurdsr devices to be
compatiblewith modern electronicsOn account of this statemerihe VOFET concephas
emerged asa powerful platformto outperform its traditional counterpar{g,31,32] As
illustrated in Figure, in contrast to planar architectures that show conducting channeldength
(L) up to hundreds of micrometetbg nanoscaledhannel lengthef VOFETsoffer a possible
way towardsovercoming thenherentOSCs low mobility and facilitatehigh current densities
with low power consumptiorAdditionally, thesimplevertical architecturallowsthe use of
low-costand less complefabrication processethusoffering greatpotentialfor large-areaand

high-performancerganic electronics.

(a)

L

—

—LI 0sc

Gate dielectric

0OSC
Gate dielectric

OFET:L=1-10*pym VOFET:L=1-10*nm

Figure2. Schematic illustrationsomparing the device layer arrangement and conducting chiengéh () of
the planar OFETa) andthe VOFET (b) architectures

On the question dfiexible electronicsorganicdevicesattract considerable interest
due to heir mechanical propertiesdprocessingonditionsthatallow them to be fabricated
on flexible substrates such pslymers Another advantagef the VOFET platfornis thatin-
plane cracksn the OSC layer formed during repeated bending cycles show little to no effect

onthe formation of the vertical conducting channel along the OSC layer thickness. Therefore,

21
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the outof-plane current flonensurs that device operation is preservadd overcomes the
critical bending limitatiorobserved for planar OFETs and inorganic trshess[29,33]
Furthermore, in thascendindield of organic electronicshe VOFET has a pivotal
role in allowing the combination ofow-cost processing and batch fabricatioith a simple
architecture desigand fundamental featuressential for a wide range tchnologiesThus,
novelengineeringstrategies to improve device performance and the exploration of new
strategies for comprehensive controltbé operationare of crucial importance twoealizing
novel highperformance devices. Hence, for further contextualization about the topic, this
chapteris dividedinto the following sectionsSection2.1 introduces the basic backgrowfd
organic semiconductors, molecular orbital theory, amtge transpomechanisms; &tion
2.2, we discusghe theory and operation of the OFET platfor@ection 2.3 describes the
VOFET platform architecture, typesind operatig mechanism and finally, Section 2.4

comprises aboythototransistorsa potential applicatiofor VOFETS.
2.1. ORGANIC SEMICONDUCTORS

Organic semiconductors (OSC) have been extensively studied because of their unique
electronic properties combined withe chemical and mechanical benefits observed for organic
compounds. Additionally, due to their ability to be fabricated with-lemper#ure processing
techniques onto flexible substrates, which facilitdtes-costand more versatile fabrication
methods, OSCs are attractive candidates for applications in devices such as s¢ddi 86lls
field-effect transistors (OFET$37,38] stretchable electroni¢39], and laser§4Q].

Organicmaterials are composed mostly of carlf@hpand hydrogeriH) atoms, with a
few heteroatoms such as sul{@®), oxygen(O), and nitroger(N). For a long time, they had

been considered to haview electrical conductivity[3]. However, the discovery of
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semiconducting behavior in organic compounds created a new and fascinating field of research.
Since the first report on organic electroluminescence (EL) cells by Bernetradsien 1953[6],

andby Pope and coworkers in 1964, OSC attracted tremendous attention and encouraged
rapid growth of this field of resear¢8].

Currently, great attention has been directed toward the technology of organic light
emitting devices (OLEDs). Initially, theinglecrystatbasedOLEDs were thick and required
excessivehigh operatingvoltages (above 400) [7]. In 1989, Tang and Van Slyke developed
more efficient EL devices, LEDs based on amorphous organic thin films showing operating
voltages lower than 19 [5]. In 1990, Burroughest al.reportecdthe firstapproactof OLEDs
incorporating conjugated polymers (PLED4)]. They demonstrated easily processed devices
with robust structures and reasonably efficient operation. Oyeratly new technologies were
proposed such as new materials and device architectures, establishing a prosperous growing
field [3,42].

It is possible to classify organsemiconductorsito two major classes: molecular and
polymeric materials. Molecular organic semiconductors are small molecules, in general, with a
nornrepeating structure, whereas polymeric organic semiconductors consist of linked chains of
repeating small subunits (monomers). Crystalline films and layessmall moleculesan be
deposited under vacuymwhile not requiring high-temperature or higbpurity processing
methodg3]. On the other hand,gbymers are oftesolutionprocessed because they are more
soluble tharsmall moleculesn common solvents, which allows the use of simple anddost
depositiontechniques, such as sginating and largscale industrial coatinig,43].

The semiconducting natud commonly studiegolymers and small moleculés
usuallyassociateavith abackbone of conjugated bondse., unsaturated structures showing

alternating single and double bor{8s43,44] The ©njugated structure is essential for charge
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conductiondue to lower energy levels related tdbonds[3,43]. A few example®f the two
classes of organic semiconductors can be found in F&jure

(a) Small-molecules

009 NP 42
N /‘Ir~;‘~~
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]
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_.f> ) %’
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(b) Polymers CieHas
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Figure3. Examples of chemical structures’etonjugated molecules for the two classes of organic
semiconductors: (egmall moleculesind (b) polymers. Adapted from rdf3;43].

A neutral C atom has six electromso electronsn a1s orbital two electrons in a 2s
orbital, andtwo in 2p orbitals(as shown in the schematic representation of valence atomic
orbitals in Figureta). When a binding atom approaches this neutral C, the 2s and 2p orbitals
combine forming new hybrid orbitals Zsfin the case of a conjugated system). Therefore, a
singebond configuration i s f dondyehdchis formedmytlye o n e
shybrid orbitals and has fully paired el e
ant i bondi nThisleadstd streng, atablmrsd highly directional carbon chains. On

the other hand, the doubt®nd configuration is formed bgneld a n d -bondso Thé
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remaining haHfilled por bi t al s ar e r es p-dondsi(Aguréb). mohis f or |
case, 2por bi tals are hybridized r @lewngthat chargei n w
transfercanoccur t hr ough tstates ofitleelcanjugated syseenh. The/weaker

spl i tt i negorbitals has maaerfavorablé (loyemergy levels thanthel * tr ansi t

of theCi C bond as shown in the diagram of energy levels in Figu[8,43].

(a) 2p, 2p, 2p

2py

25p2 Zspz
2p,

(b) (C) Vacuum level
n-bond 0
————————— 5
o) o
2 oA—, oy, LUMO
o-bond - _ﬂ_ Pz
2sp® g o 2sp?
A HOMO
——
1s ﬂ Lﬂ_ *l 1s
_ _ hond _ 1 s

Figure4. Schematic representation of hybridization and bonding of a carbon atom. (a) Valence atomic orbital of
a neutral C atom and its hybridization irf spolecular orbitals after the combination with another binding atom.
(b) Representation of a double bondstgucture. (c) Simple diagram illustrating the energy levels of the
formation of 0 and °~ bondsorffitalssuch as HGM®iamd LWMORs welh | s, a

Only orbitals involved in the carberarbon interaction are shown. Adapted from (8.

In a molecule,the multiple atoms and their atomic orbitals interact resulting in
molecular orbitals. Thdéower-energy andthe higherenergy orbitalare called the highest
occupied molecular orbital (HOMO) level and the lowest unoccupied molecular orbital
(LUMO) level, respectivelf3]. In a conjugated system, the two unpaired élpctrons will
tendtooccupythetwospm!| | owed °~ states, | eaving the un

energy gajky (this energy separates HOMOdahUMO levels) Therefore, whertheinjection
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of electrons occurs, electrons will go into the empty orbital at the LUMO energy. Similarly, the
injection of holes corresponds to taking electrons out of the HOMO energy and subsequently
placing them in the ettrode. Whether electron or hole injection can occur depending on the
OSCmolecular orbital levelssimilar to theinorganic semiconductdrand gap energhs,44].

Typical properties of OSCs are absorption and emission of light in the visible spectral
range, and a degree of conductivity thadugablefor classical semiconduot devices (LEDs,
FETSs, and solar cells). However, this semiconducting behavior ditiexpletely from the one
observed in inorganic materig®. Inorganic semiconductors have narrow band ¢a65 eV
for germanium, 1.2V for silicon, and 1.&V for GaAs) intrinsic conductivities ranging
around10® to 102 q cm?, and at room temperature, free charges can be created by thermal
excitation from a valence band to a conduction b#tsb, the dielectric constar{k or -r),
which is the macroscopic equivalent to the atomic or molecular polarization, has values as larg
as-r =11[3,45]. On the other hand, organic semiconductors are formed by weak van der Waals
interactions between molecules, exhibitingide bandga@around 1.53 eV (limited by HOMO
and LUMO levels)46], anda distinct charge transport mechanif3m7]. Their conductivity
is extrinsic and charge carriemwust be injected from electrodes orgenerated by
photoexcitation. Further more, 308 ineeractiond i t s
between free charge carriers are substantial and cannot be if8jored

The transport mechanisms in OSCs are usually explained by aowersbetween
band and hopping transport of charge carriers. In the band trarspmst temperaturg(close
to 0K), an electron in a LUMO donor site will move to an empty LUMO accepiieg(the
same happens with holes at the HOMO level). This charge transfer occanstant mobility
due toa sequencef collisions(i.e., scattering at structural defectsice organic molecules
typically exhibit no longrange ordex In addition, with increasing temperature, vibrations of

the lattice willincreasecharge carriescattemng. However, as long aséfscattering process is
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only a weak perturbation, including all intrand intermolecular vibrations, charge transport
can $ill be described in terms of a band mof&k#38].

In the context where the band concept cannot describe the transporhigh
temperatures}thecharge flow mechanism is attributed to iatnalecular charge diffusion and
inter-molecular charge hopping. In hopping transport, a changeecis localized at individual
sites and transport takes place eh@rges jumping from site to siji#9,50] The probability of
each hop depends the site energythe hopping distancéhe temperatureandthe electronic
disorder since each intemolecular hop requires significant reorganization energy with a

polarization effec{3,48 51].
2.2. THEORY AND OPERATION OF ORGANIC FIELEEFFECT TRANSISTORS

OFET is a threg¢erminal device that uses third electrode (gate) to control the
electrical current through an OSGéat localized between the other two electrodes (source and
drain). As a regular electronic device, OFETs have features such as controlling conductance
and output curreramplification(10° - 10°) [3,47,48,52,53]lt is also possible to study the OSC
properties such as chargarrier mobilityand transport characteristigst,48,52]

Two common OFET architectures are shown in Figuhey are called (a) bottom
and (b) top contact configurations. In the bottom contact configuration, the source/drain
electrodes are in direct contact with the insulator, while in the top contact configuration, the
source/drain electrodes are stacked over the OSC. In normal practitem-bated
architectures are more commonly used because this configuration avoids metal and gate

dielectric deposition steps over the organic |d§ét.
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Figure5. Schematic illustrations of OFET architecture and operation. (a) OFET with a bottom contact
configuration and (b) a top contact configuratidhandL are the conducting channel dimensions of the
transistor(width and lengthrespectively) (c) The OFET opeationis illustratedby the formation of a conducting
channel in the vicinity of the OSC/dielectric interfasederbias application. The OSC considered heretige,
hence holesh() are the majority charge carriers.

As illustrated in Figuréc, the device operation depends on the application of two
potentials at the same time: at the gate electidgg &nd at the drain electrodess), with the
source electrode held at ground. Wh&ss is applied, the device behavior is a lot similar to a
planar capacitor: a high charge density is created next to the dielectric intdithaise. it
generatesnaccumulation of opposite carriers in the OSC layer adjacent to the dielectric layer,
which chages the channel conductance. Consequently, Wbers applied, charge carriers
are easily injectedhto the conducting channel and are pulledthe direction of the drain
electrode, where the drain currehs] is measured. Therebis modulation occts depending

on the magnitude dhegate electric field applie[2,4,54]

28



"‘ A¢;¢¢" UNlVERSlDADE ESTADUAL PAULISTA

I 7 u ne s “ 4(LI0 DE MESQUITA FILHO" CNPEM
Faculdade Campus de Bauru

de Ciéncias

Figure6a shows the output characteristics curves measured for aclosal OFET
The output curves studpe evolution ofips vs.Vps, where each curve is measured at a fixed
Vasvalue.This measurement alloudentifying two regimesof operationlinearandsaturation
regimes. An explanation fotthis is the distribution of charge carrier accumulation along the
OFET conducting channgR,54]. To help understand iigures6b-d illustrate the charge

carrier density distributiofor each case

a)

Saturation Regime
VDS il IVGs' VTh I

S Vs > [Ves — Vel D

Gate Electrode ‘

0 \/.

DS

Figure6. Representation of OFET output characteristics regimes. (a) Output characteristics curves observed for
closeto-ideal OFETSs. Evolution dbs in relationto increasingvps, where each curve is measured at a fiXesl
value. The dashed line separatthgredandblueregiors depicts the transition from linear to saturation regime.
(b-d) OFET representations showing the charge density in the camglokinnel in purple: (b) in the linear
regime, (c) at pincloff, and(d) in the saturation regime. Adapted from.rg§4].

When |Vps| <| VesVin| (WhereVi is the threshold voltagejhe OFET operates in a
linear regime, in which the device acts agsa-controlledresistor. In this scenaritps has a
linear relation withVps and depends o¥ics (i.e., with higherVgs there isan increase ithe
charge carrier density accumulated along the channethag@ decrease iresistivity). Then,
as assumed in FiguBb, as long a¥psis lower or close t&cs,the decrease of charge density
across the channel is relatively small, and it is possible to approximate the charge density as

uniform[2,53,54]
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In the case thalMps| = [Ves-Vi|, the quasuniformity of charge density across the
conducting channel is lost. Consequently, a considerable reduction of free charge carriers
occurs at the region near the drain electrode, whereas the channel becomes "pinched off", as
shown in Figue 6¢. The real charge density at the OSC/dielectric interfacevwsa sum of
remaining chargeat Ves = 0 and chargeinduced byanexternal voltaged 6w 6w
0 ®w w ,whereQis the chargey is the bias applied, ars is the capacitance per area
of the gate insulatoherefore, wheiVps| approache$/csVin|: 0 o o
o W 0 . Thus the charge density near the drain electrode is reduced and the
resistivity of the conducting channel is enhanced, causing a reduction in the slope of the
Ips vs.Vps curves, which stastto saturatg¢2,53,54]

Finally, once|Vbs| > |[Ves-Vi|, the OFET operates in the saturation regime.chagge
densitydiscontinuity at the conducting channel is largedthere is a substantial increase in
resistivity (Figureéd). In this caselpsis independent o¥/ps, i.e.,thecurrent is only dependent
on the chargearrier mobility and no longer on tleecumulateadthargecarrierdensity at the
OSCldielectric interface. Therefores results froma spacecharge limited currerthat flows
across theonducting channels the applied electric field forces thgectedcharge carriers to
the drain electrodg2,53,54]

The performance of an OFET can be quantiftad assessing some important
parameters extracteoly assunng the standard Shockley FET equationg.(the gradual
channel approximation) such as field-effect mobility (u), Vi, conductance ¢p),
transconductanceyg), and sukthreshold swing$) [53i 56]. The Shockley assumptions far
closeto-ideal OFETprovide equations that give the drain current in the linear and saturation

regimeq2,54,55}
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Where win and psat are the linear and saturatiomegime field-effect mobilities
respectivelyMobility is a very important parametédratmeasureshe chargdransport in the
semiconductor.Additionally, it plays a key role in improving device efficiencyighr
performance OFETs ofteemdoy OSC with high p values (above 1cm2/Vs) [57i 60].
Accordngly, proper extraction of mobility from experimental data is essentiahturethe
reliability of reported valuesTo fulfill this requirementfransfer characteristiaaustshow a
linear dependence fdbs(Vas) in the linear regimdFigure7a), andfor |los|“¥(Ves) in the
saturation regimgFigure7b) respectively, otherwise parameter extraction is not accurate

[53,55]

(b)

Figure?. Ideal OFET transfer characteristics: (a) linear regime, and (b) saturation regime. Adapted from ref.:
[54].

However, @viation from ideal characteristiacsf operationis often observed for
OFETSs, such as nonlinearities, hysteresis\ant 0. These nodealities might be associated

with chargecarrier scattering at bulk andterfacial defects, charggarrier trapping, shoit
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channel effects, and high contact resistadé@54,55] Also, the mobility valuesestimated
from the saturatiomegime linear fithavesome drawbacks: chargarrier mobility is highly
dependenbn the charge density along the conductaignnel;thus,it is not constant in the
saturation regime due to the large charge derdiggontinuity. Therefore, it is strongly
recommended to exichthe mobilityusing Equation for thelinear regimg53,55,56]
TheFET equation for the saturation regifiguationll) also yields the valufr Vi,
which can be determined as the intercefdbefvith theVgs axis (.e., whenlps = 0). Vi is an
additional Vs bias applied to fillshallow and deeprapsin the semiconductor and at the
semiconductor/dielectric interfacerhich enabletheaccumulation of chargearriers, forming
the conducting channf83i 56,61,62] By means of performance and applicatiom,iMicates
the operating voltage rangand for a cosefficient device, it should shoavalue close to ¥
[54]. Similarly, the subthreshold swingS, also depends on the charge trap concentration

can be determined employing the following equaft:
Y — ()

Where it is reported with units of V/deSmeasuretheVesvalue necessary to increase
current by an order de magnitude, or in other wotlas, transistor power consumption to
amplify current e.g, high-performance FETsre often reported witls values lower than
1V/dec[54,56] Last but not leasthe amplification factorsare veryimportantperformance
meritfigures such ashe intrinsic gaingmw/go) andtheon/off ratio (lon/lorr, wherelon andlorr
arecurrent valuestaon andoff states respectively) arge valus (above 16) areinteresting
because the "on" and fof f, thussdicathga<onsderablev i s i

current amplificatiorj54,56,63]
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2.3. VERTICAL ORGANIC FIELD-EFFECT TRANSISTORS

Vertical organic fieldeffect transistors (VOFETS) are an approach to overcome the
limitations of traditional planar OFETs. Although the planar architecture has shown
continuous increase in performance and significant advances, it is hard to obtacutezge
densities and low operating voltages because of their relatively large conducting channel (

L around micrometers or even mof4)31]. The man difficulty in achieving shorter channels
typically resides in processing limitations to obtain lateral structuring at the nanometer scale.
Using a vertically stacked architectutejs determined by the thickness of the active layer,
which can be contrtdd easily by mangxtremely precise and reproducible deposition methods,
allowing the fabrication of devices with conductng channel length of a few nanometers
[4,31,32]

During recent decades, numerous devices showing vertical architecture have been
developed and analyzed extensively, and a growing body of literature has emergediKeriode
and FETlike structures are two major categories of vertical organic transistorsughly
investigated[31]. In the triodelike vertical orgarg transistor the three electrodes are
denominatediifferently (base, collectpand emitter), there is no insulating material separating
the OSC from one of the electrodasd the intermediate electrode (basapserted between
the other two electrodeand the OSC. A requirement for the base electrode is timatst be
permeable to charge carriargected into the OSC by the emitter, alsomiist control this
current by the potential applied, thereby, enhancing the current measured at the cohector
category includes devices such as organic permeable base transistors (OPBTSs) and organic
static induction transistors (OSITS)1,32]

Meanwhile, considering device architecture and operation, thdik&$tructures are

more likelysimilar to the traditional planar OFETs than the triodes. Two examples olilkET
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architectures are the vertical organic fieliflect transistors (VOFETS) drthe Schottky barrier
vertical organic fieleeffect transistors (S&OFETS). Figurse 8aand8b show examples of two
types of stegedge VOFETS. In a stegxge structurghe OSC layer is deposited around & pre
defined edge in a way that the charge carmmgestedare transported vertically from the source

to the drain electrodd81,32] Figure8a is arepresentation of a tegate architecturehe edge

was definedby employing an insulating layer separating the source and the drain electrodes.
Alternatively, Figure8b is a bottorrgate stepedge VOFET, the edge wasulpted on the
substrated.g.by etching). In both architectures the en@8C layeldength is in contact with

the gate dielectricthus ensurindps modulaion when charge carriers accumulate at the
OSCldielectric interface. However, the term vertical organic transistor has been frequently
misused in some cases. For example, many of these devices ghewdavertical conducting
channel,a combination of lateral and vertical transpdik., the lateral contributionoccurs
along several micrometer@hereas the vertical contribution occurs along a few nanometers)
[31,32]

The FETlike category also includes SBOFETs (closely resembling the
representatiom Figure8c). SBVOFETSs are generally composed of a vertical arrangement of
drain electrode, OSC layer, source electrode, gate dielectri¢ éagegate electrod&.he key
concept adopted in this architecture is that the drain electrode, OSGalaysource electrode
act as a metaemiconductemetal Schottky diode, showing very ldwer caused by the high
injection barrier. The operation of an SEFET relies on the modulation of the injection
barrier heighti(e., the Schottky barrier) bycs, hence resulting in variation of the contact
resistance at the source/OSC interface rathertttemodification of charge carrier densities
at the conductig channel.Also, for an effective modulation, a continuous metal source
electrode must be avoided therefore it would completely screen the gate field due to its natural

shielding [4,31,32] For meeting this particular requirement some approaches have been
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thoroughly employed, for example, perforated and ultrathin s@lecaodesand many others

that will be further discussed in the following sections.

(

a) (b)

_
O
~—

negative gate bias

no gate bias

Energy band diagram in
the perforated source

® h+

Figure8. Schematic illustrations of FElke architectures and device operation. (a) and (b) show examples of
two types of stejgdge VOFETSs: (a) togae, and (b) bottorgate. (c) SBVOFET with a vertical configuration

andaperforated source electrode. (d) Schematic representation of operation and current modulationfor an SB

VOFET. On andoff-stateband diagrams explain the current modulation mechanism through energy band

bending A lowering of the Schottky barriés observedwhichenabésthe formation ofavertical conducting

channel perpendicularly to the OSC/dielectric interface. The OSCdawadihere is{ype, hence holes {hare
the majority charge carriers.

Figure8d illustrates the operation and current modulation in asWSBET. When

Vasis applied, the Schottky barrier at the perforated source/OSC interface is narrowed due to

band bendingThere is no more a large energy mismatch between the HOMO level of the OSC

(p-type)and the Fermi level of the source electrode, and charge caareiseceasily injected

from the source electrode into the OSC layidrose injected charges accumulate at the gate

dielectric/ OSC inter f acitb Vp§ sinultaneaug apglicatiom, ithe t u a

electric field forces these accumulated charge carriers from the OSC/dielectric interface
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towards the drain electrode, resulting in a vertical diffusion of charge c48#&6gl,65] The

main difference in operation between this device and the planar OFET ihehethannel
transport is no longer restricted to the OSC/dielectric interface, but rather becomes distributed
along the active layer volume (contributions in lateral and vertical directions). Also, the vertical

transport is parallel to thgate electric &ld direction, therefore tuninips[4,31].
2.3.1. Source Electrodes for SBOFETs

As discussed, the source electrode iIn\BBFETs plays a major role in the device
operation: if a continuous metal source electrode is employed, it would completely screen the
gate field due t@ natural shielding effect observed in metallic films in taeameterange,
hence no modulation can be observed at the transistmlucting channeln order to avoid
this effect, several different approaches have been suggested suth-tisn metallic layer
deposited through evaporati¢®4,66] metallic nanowires (NWs) film§2,67] perforated
metal filmsdefinedby lithographic patterninf23,64,68,69] and carbon nanotubg&0].

The first SBVOFET waspresented by Ma and Yang in 20(24]. In contrast to
conventional planar architectures, their study demonstatedrganic transistor with low
working voltage (< 5/), highIps (up to 10mA), andimpressiveon/off ratio (over 16). It was
possible by using a very thin source electrode, which showed a roughness comparable to its
thickness, in combination with a higlapacitance ce[R4]. A schematic crossectional view
of the SBVOFET proposed by Ma and Yang is shown in FigRagillustratingthe arrangement

of the layersn thed e v i acteedragion.
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Figure9. Overview of three outstanding SBOFET architectures. (a) Schematic crgsstional view of the first
SB-VOFET reported, which employed a very thin source electrode with a roughness comparable to its thickness,
combined with a higltapacitance material #se gate dielectric. Adapted from ref24]. (b) 3D crosssectional

view providing a clear visualization of an SBDFET with a nanopatterned metal electrode. The inset is the

zoomin image of the gap area showing the vertical flow of charge carriers. Adapted fropvilief(c)

Schematic crossectional view of the rolledp NM-based VOFET structure. Adapted from r§@1]. (d) and (e)

Confocal laser scannin@LS) microscopy imags showing the two different pattestudied by Nawaet al.
(circular and rectangulashaped perforations, respectively). Scale bars corresponcetar?4 f cand100d i

for (e). Adapted from ref[21].

Another attractive alternative to overcome the limitation of the source electrode is
employing a patterned electrode (PE), which consists of an approach that has been successfully
demonstrated by BeBassoret al [23]. Their PEEVOFET (patterneesource vertical organic
field-effect transistorpresentedyaps in the source electrode with dimensions arounchtDO
(a schematic tridimensional (3D) representation of the platform can be observed irBBjgure
obtained through a soft lithography method based on aass#imbled block polymesf

polystyrene(PS) andpoly(methyl methacrylatefPMMA). After selective removal of the
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PMMA matrix, a physical mask made of PS nanopatrticles is obtained and used for deposition
of the source electrode. Then, the PS nanoparticles are removed througff pridtesq23].
Therefore, Berbasson and coworkers demonstrated a new and relativelyrésglution
process that still maintained the low cost and simplicity associated with organic electronics.
Also, it offers an easily controlled featuthe patterned source electrqg®oviding important
benchmarks for new studies, including a better tstdading of the platform operation as well

as the means toward architecture optimizaf@i65]

In 2020, Nawazt al reported a novel concept for SBDFET with a patterned source
electrode,viz. the rolledup nanomembranleased VOFET. Such a device can entirely be
processed & microfabrication techniques and photolithograpkgisted patterninf21]. A
schematic representation of the architecture can be observed in $aglitee device employs
apatterned source electrodth perforationglefinedthrough photolithography and deposition
steps. The authors studied two different patterrtt different perforation sizes (identical
circular and rectangulashaped perforations, as shown in Figi#e and 9e), showing how
easily theperforation shapean be modifiedby employing this method.

Another important aspect of the platform is the aa selfrolled hanomembrane
(NM) as drain electrode, which allows relialfeechanicatop contact with nanometéhick
organic semiconductof21,27], as demonstrated by tseanning electron microscogSEM)

imagein FigurelOa.
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Figurel0. (a) Falsecolor SEM image showinthe mechanicabp contact between thielled-up drain
electrodeand theOSC layerfor arolled-up NM-basedVOFET. (b) Schematic representatiof common issues
observedor top metal electrodes deposited over orgéayers: (i)surface modification(ii) short circuit; (iii)
bulk modification; (iv) shorteningf the conducting channel lengtind (v)metalagglomerates into the organic

layer. Adapted from ref[21,26]

The rolledup metallic NM employed as top dragtectrodeworks aroundsome
limitations commonly imposed by metal deposition on to@8fCfilms (i.e., modification of
OSC surfaceandor bulk, short circuit,channel lengthshortening, and other examples
illustrated in FigurelOb) [21]. The NMs ar@D structuresvith athicknesof a fewnanometers
and of lateral dimensions in the microscale, which can evatte robust and flexible 3D
structures (tubdike structure¥ able to stand freely in air or vacuum due to their large aspect
ratio. The NM seHcurling is possible becauséa strain gradient originated during fabrication
and depends on experimental conditions. the materials selected, layer thickness, and
deposition rates)28,72] Therefore, NMs have proven attractive for various applications, such
as ultracompact capacitoilg3,74] heterojunctiong28,75,76] transisors [77i 79], batteries
[80], diodeq81,82] and so on.

Consequentlythe rolledup NM-based VOFET has one of the shortest channel lengths
reported so far and exhib& remarkable performance with uHmawv operathg voltages (<3V)

as well as high current densities (~B.5m’ § [21].
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2.3.2. Mechanism of Operation of SBOFETSs

As previously stated, the SBOFET modulation relies on the gate electric field
inducing a variation of the contact resistance at thecedQSC interface for charge carrier
injection into the conducting channeTlo facilitate the understandirgg the modulation and
operatng mechanism, Figur&la presents arosssectional viewof a single source perforation
of thePEVOFET studied by Betsassoret al [2], illustratingthe current behavior at off and
at on statesiWhen the devices turnedoff ([Ves|<|Vu|), lorris injected intothe OSCfrom the
top of the source electrode. In this case, the current injection is limited by a Schottky barrier,
thusthe current regime is the same expected for a Schottky diode, which is the Contact Limited
(CL) behavior[2,65]. The current density for a PEOFET at off state is described by

EquationlV [65]:
0 n" 06 0OA@b— p 00 (Iv)

Whereq is the elementary chargg, is the mobility for electrons (when considering
ann-type OSC)No is the density of stated the OSCE is the electric field perpendicular to
the interface,lib is the energetic potential barridt,is the Boltzmann constant, is the
temperatureand FF is the Fill Factor valuei.e., the ratio between the total area of source
perforations and the total area of the source elect{68g)

In the on state]\{cs| O[Vin|), the gate electric fielts large enough to causdaavering
of the Schottky barriein the source electrode/OSC interfatteerebyenabling charge carrier
injectioninto the 0SJ2,65]. As shown in Figuréla, thelon is established from the center of

the perforation, where charge carriareaccumulatedt the OSC/gate dielectric interfadee
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to gate bia§2]. In these circumstances, the large charge density at the center of the perforation
creates an unlimited carrier reservoie( a virtual contact), close to the behavior of an ohmic
contact. Consequentlyps depends almost entirely on the semiconductor mokalitg the
charge density accumulatagtiusthe current regime expected to expl¢éhis behavior is the
spacechargelimited current (SCLC) theory2,65]. The current density for a PEOFET at on

state is described by tif@lowing equation65]:

o - - "0°0 V)

Where(3 andUare the relative permittivity and the vacuum permittivity respectively.
Additionally, for a better understandimg the current behavior at on state, Beamssoret al
analyzed the charge concentration distribution in a single source perforation by employing two
dimensional (2D) numerical simulations (Figld® in logarithmc scale)[65]. The charge
concentration displays a maximum close to@®Chate dielectric interface (virtual contact)
and starts to reduce exponentially up to a certain point wHegedimes consta(#-axis). This
region is wherehe diffusion-controlled current is dominant, as indicated in Fidiide. At the
regionwith constant charge concentratiamjectedcharge carriers are vertically pullexvards
the drain electrode, formirtype vertical channel. This inversion in the current direction occurs
at a particular spatial location called the inversion point and depends on the electric fields from
all three electrodes (lateral and vertical contributions). In this retemriftcontrolled current

is dominant, as indicated in Figutgb [2,65].
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Figurell Representation of traechanismof operatiorfor an SBVOFET with nanopatterned source
electrode. (a) Schematic cressctional viewfor a single source perforation showing the current behavior while
the device is at off and at on state. In the off state,s injectedfrom the top of the souradectrode. In the on

state, thdon is established from the center of the perforation, where charge camarscumulated (virtual
contact) due to gate bias. Adapted from f&f.: (b) 2D numerical simulation analyzing the charge concentration
distribution in a single source perforation (logarithmic scale). The regions where diffasadriftcontrolled
current is dominant are indicated. The device stud#sthe following spes: 60nm of perforation widthx-
axis), 100nm of conductig channel lengthzaxis), and biasing conditions of&=5V, Vps=2 V. Adapted
from ref.: [65].

For instance, Nawazt al demonstrated that for an SBDFET withapatterned source
electrode, the formation of the vertical conducting channel can occur in the center of the
perforation or the vicinity of the source edges dependmghe perforation size, and such
featuremight enhance current densi®1]. Figurel2 shows their theoretical study performed
in COMSOL Multiphysics. The upper panelisistrate schematic crossectional views for a

single source perforation demonstrating the electric potential variation #ilermgnducting
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channelwith a color gradient. The lower panetemparethe normalized current density

distribution within theconducting channgklong the region indicated by the dashed lines in

the crosssectional views).
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Figure12. Theoretical simulations performed in COMSOL Multiphysics analyzing current density distribution in
a rolledup nanomembranleased VOFET while at on state. The upper panels show a schematisaxticsal
view for a single sowe perforation demonstrating the electric potential variation aloncptiducting channel
with a color gradient. And the lower panels show the normalized current density distribution withiaGhe
layer (along the regions indicated by the dashed lindgeigrosssectional view). (a) and (b) show the

simulations performed for two different perforation sizesr{B0and & m
of Ves= Vps =12 V. Adapted from ref.[21].

r especthiag appligajion

In Figurel2a, the device has a patterned electrode with nanometric perforations

(resembling the P&¥OFET studied by Beibsassoret al [23]), exhibiting high current density

distribution concentrated at the center of the source perforhtitmns casethe vertical channel

i s under

a a® d resnlnoédnsiderabldatemlicetectric field caused uke to the

proximity between the sourcaectrodeedges. Considering the device performance, such a

6tunnel 6 i s

suppressindps [21,65]

Foradevice wth a patternegdourceelectrode with perforations ofeé3 m

not

i deal ,confmedtoa wesyenarrovin regiog, éhusc a r r

(resembl

the PEVOFET studied by Nawaet al [21]), the current density is concentrated close to the
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source edges, sintaeralelectric fields are not substantialdauseany influencgFigure12b).
Therefore, the theoretical simulations allowiteeémto demonstrate that the formation of a
vertical conducting channel occurs in the vicinity of the source edges, rather than being
concentrated at the center of the micrometigle perforation[21]. Accordingly,this study

raises the possibility th&B-VOFET output current may be enhancedce itshows a relation

with thenumber of source edgessf).
2.4. ORGANIC PHOTOTRANSISTORS

To date, optoelectronic devices are one of the major roles played by semiconductor
materials anchave proved to benamportant application due to ena@ging and extensive
improvements in many fields, including industrial, communication, and military.
Optoelectronic devices can be classified into two main categories, photodetectors and emitters
[83,84] The concept of photodetectdssone of the most widelgmployed, they operate by
converting an incident optitaignal intolight-inducedcurrent or voltage drojsome &amples
are photoconductors, photodiodes, and phototransi®@8y85] Since it was first reporteih
1951 by Shocklewt al [86], phototransistors have proven to be an appealptmpn due to
their operatng mechanismwhich combinesptical detection converted inémelectrical signal
(photodiode functions) with the signalamplification (transistor function) thereby
demonstrahg higher sensitivity and lower noisi84,87,88] Some examples of high
performance phototransistoemploy semiconductor materials suchrastal oxides[89,90],
transition metal dichalcogenides (TMO8Li 93], and OSC$94].

The phototransistorefficiency in converting optical power in electrical signal
commonly quantied by the figures of meriphotosensitivity(P) and photoresponsivityRj,

which aredefined by he following equatios[84,87]
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Whereliight and lqark are themeasuredps valuesunder illumination and in the dark
respectivelyPinc is the power of incident light per unit area, & the effective device area.
High-performance OPTexhibit P values around TG 10° andR values around %6 10° [95i
99].

Currently, great attention has been directed toward organic phototransistors (OPTS)
owing to their outdanding electreoptical propertiescombined withlow-cost processing,
lightweight and mechanical flexibility thereforethey have proven attractive for various
applications, such as sens@tf0i 102], memory device§l03,104] optical switching105],
etc. The OPT operathg mechanisndepend on lightabsorbing(i.e., photons of energgqual
to or higher tharthe absorption range of tHeSC) then theexciton formatiorand dissociation
in additional free charge carriers, resulting in amplification of output cufhf06]
However, exciton dissociation is not as favorable in organic semiconductors as in inorganic
semiconductorsAlso, as mentioned bare, planar OFETs often show high operating voltages
(>20V), thus limitingthe deviceefficiency because dhe high energy consumptiof84,88].

To addresghisissue OPTs have been extensively stucaed dfferent methods have
been propose[94i 99,103] In particular, the combination eéduced channel lengdndlow
operatingvoltages observed for VOFETdfectively enhance photoelectric conversiare (
high photosensitivityyith simultaneouslyast response.¢., low subthreshold swing, SPn
this regard Figurel3 presents some examples of vertical OPTs developed recéhihand
coworkersreported a vertical OPT for optical memanyd data storageurpose [103]. Their

device was a floatingate transistor witha nanoscale conducting channel, as shown in
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Figurel3a The floatinggate layeri(e., gate dielectric) is RMMA composite with CdSe/ZnS
quantum dots (QDs), and the conducting channel is -gypg@ OSC copolymer
poly[1,2,5]thiadiazolo[3,£]pyridine-4,7-diyl(4,4-dihexadecy4H-clopenta[2,1b:3,4
bO]dithiophene2,6-diyl)[1,2,5]thiadiazolo[3,4c]pyridine-7,4-diyl(4,4-dihexadecy4H-
cyclopenta®,1-b:3,4b0]dithiophene2,6-diyl) (PCDTPT). Therefore, this combination
resulted in OPTsexhibiting excellent memory window (A3 with good responsivity

(>104A/W) [103].

(@)

(b)

PCDTPT

L=120 nm

(c) (d)
light

L=135nm AgNWs L=130 nm

Figure13. Examples of verticaDPT architectures: (&)PT employing PCDTPT as conducting channel and a
PMMA composite with CdSe/ZnS QDs e floating gate dielectricAdapted fronref. [103]. (b) OPT
employinga copolymer PCDTPT as conducting channel. Adapted fronj1@7]. (c) OPT employing polymer
BHJ blend of PDVT8/PG:BM as conducting channéhdapted from ref[99]. (d) OPT employingann-type
OSC mixed with PMMA as conducting channel. Adapted from[&ef].
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Similarly, aiming to compare OPT performance for planar and vertical architectures
(Figure13b), Zhanget al. investigated the effect caused when doping the OSC PCDTPT with
[6,6]-phenylG: butyric acid methyl ester (R@BM) [107]. The vertical devices showed
impressiveperformance, including ultrahigh responsivity (~7%20W) [107].

Zhonget al proposed a novel vertical OPT with a conducting channel based on a
polymer bulk heterojunction (B¥ blend of ply[2,5-bis(alkyl)pyrrolo[3,4c]-pyrrole
1,4(2H,5H}dionealt-5 , -d&i(tHjophen2-yl)-2 , -(EMN-(2-(thiophen2-yl)vinyl) -thiophene]
(PDVT-8) andPCs1BM as illustrated in Figuré3c. The devices showed high photoresponsivity
(>750A/W) and reméekable photosensitivity R=10°) [99]. Most recently, Yeliuet al
demonstrated for therfit time the use of antype OSC as the conducting chehfor a vertical
OPT (Figurel3d) [94]. Sucha choice of OSC is considered unconventional becattypen
OPTs often demonstrate poor performante. overcome this difficulty, they doped the
p ol y {-hisk-odi¥/pdecylnaphthalend,4,5,8bis(dicarboximide,6-diyl] -alt-5,5-

(2,29 bithiophene)} P(NDI20DBT2) with PMMA and PS, which improved free charge carrier
generation efficiency, thus enhancipgrformance (& 30 A/W and Pa 10%) [94].

Overall the previous section hasutlined some examples of alternative vertical
architecture OPTsThese studies clearlgupport that there is a relationship between
photoresponse and the transistonducting channééngth.Accordingly,the concept of the-r
VOFET platformnot onlyhasone of the shortestonducting channslever reported (tens of
nanometershput alsodemonstratefacilitated external stimulivith theactive layerIn order to
test whether trse features allow surpasmg the performance of statd-the-art OPTsin this
work, we suggested some approactesircumvent the limitations observed in the roligal
NM-based VOFET architecture developed by Nawaal [21], and fabricated optimized
devicegpresentingmproved performance and reproducibilijurthermorethe fabrication and

electrical characterization of these optimized devaseslescribed in the following chapters.
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3. METHODS AND MATERIALS

In this work, we present a VOFET platform with convenient device integration due to
close structural similarity to planar OFETs. The-abip devices were manufactured by
microfabrication techniques, which provide high resolution associatedomitbost and low
complexity processes. Processing the devices entirely employing photolithogisgisigd
patterning effectively allowed a more careful control osleape andizeto study the effect
caused when changng electrode structures Hence, the rolledp NM-based VOFET
architecture developed was based on Nasta study[21]. Our device fabrication comprises
eight photolithography steps, eight tHilm depositions, and two etching steps. The
architecture modifications anichproving alternatives employed will be further discussed in

Chapter 4.
3.1. DEVICE PATTERNING VIA PHOTOLITHOGRAPHY

The rolledup NM-basedvertical organic fieleeffect transistors (VOFETSs) were
fabricatedon 9x 9 mn? size,SiO, coated (um thick)/<100> Si substrateBigure14a exhibits
aconfocal laser scanning (CLS) microscopy image (top vieve)fofly fabricatedmicrochip
with a total of 35devices which was manufactured using conventional microfabrication
processes, such as photoldhaphy, thirfilm deposition, and etching.

Photolithography is a technique used for the patterning of device structures on
substrates/wafers. Thus, it employs a photoactive organic material (resist) modified locally to
create patterns (as a physical masdimiting regions of the substrate/wafer surface, which
later can be subjected to a step of etching, deposition, or other modification of the underlying

material[108]. Figure #b illustrates the photolithography patterning process step by step using
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an image reversal resist, the same type employed for the fabrication of our devices (AZ 5214E
purchased from Microchemicals GmbH). The steps depicted in Figorare: (i) a few
milliliters of resist is applied over the substrate/wafer by spin coatihg;l{ake step to remove

the resist solvent; (iii) photomask alignment to the patterns already defined on the
substrate/wafer; (ivexposire of uncovereeresist regions taltraviolet (UV) light; (v) an
additional bake to promotie diffusion of photogenated molecules; (vi) an additional UV
exposure responsible for changing the resist solubility in the developer due to crosslinking
between molecules; and (vii) the development stdyich the solubleesistregionsare etched
away.Step(viii) comparesvhenametal deposition occurs over a positive mode resasi(ive

undercu} and a negative mode resisegative undercyf108].

(i) resist application (ii) pre-exposure bake (iii) photomask alignment (b)
< : resls( ’? ‘P 5 L) ---
e » EmE Y [ |="s
photomask  [e—
fEne —_— —
) (vil) development (vi) flood (V) post-exposure (iv) exposure
" L I e oy p p ; 555 pe
LD TP TR [ ] [ ——
i s — —
o '... '- » '- » '. . '. - S negative photoresist
£ '-_. '._. .-i '-_. [T -_. (viii) metal deposition l
F '-_. .'._. .’.i '._. -’.i u M (vii) development

G'--'I.'.I'-l'.l
| oM LNNano | 4

resist lift-off

positive photoresist

[ A [

Figure 14. Microchip (9 x 9 mn?) manufactured by microfabrication techniques and photolithography patterning
steps. (aCLS microscopy image of a fully fabricatedcrochip consisting a85r-VOFETSs (b) Schematic
representation of the photolithography patterning process step by stgmosimage reversal resist. An image
reversal resist can either be processed in positive or negative mode depending on additional processing steps.
Adapted fromsubmitted manuscript r¢f10].

In terms of thirfilm deposition methods, we employed thermal evaporation for the
deposition of metalliand oxidefilms (e-beam deposition systenfAJA International Ing.

shown in Figurd5a) and organic semiconductor thin filn{gesistive filament deposition
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system(Leybold Univex 25pshown in Figurel5b) under a vacuum pressure of <IDorr. In

the deposition chamberguartz crystal microbalances were used to monitor the film thickness

during growth

Figure15. Thin-film deposition equipment employed in th& OFET fabrication. (a) Electron beam deposition.
(b) Resistivefilamentevaporation. (c) Atomic layer deposition (ALD). Photographs adapted fronjli@®]:

In the electron beam and resistive evaporation deposition methods, high vacuum
(>10° Torr) is used to ensure highly directional film growth. Localized heating into a crucible
vaporizes the material and the evaporated atoms/moleatdetransported directly to the
substrate/wafer, where it is condensed and deposited as a thin film. Electron beam deposition
is often used for lowmelting-point metals and a few metal oxides, and resistive evaporation for
thedeposition of small organic oreculeq108].

Accordingly, before the first microfabrication step, the substrates eleaeed in an
ultrasonic bath using acetone and isopropanol (electronically graded, VLSI) ricin 3ach
followed by exposure to oxygen plasma fanB. The cleaned substrates wtren passivated
with spincoated hexamethyldisilazane (HMDS, obtained from Technic, Inc.) at 3®@0for
30s, and thermdl treaedfor 3 min at 100°C.

Figurel6 illustrates all the microfabrication steps necessary for obtaining a complete
r-VOFET. Once the samples were passivatetnesastructurewas definedon the substrate

surface (Figurel6a) This structureensures a vertical contact between the ralipd\NM
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(caused by the height difference betweenntiesastructure and the substrate surface) and the
organic semiconductor filpand alsat lessens substrate eddy current interferefberefore,

the mesastructure wagpatternedemploying a reversmode lithography stefincluding gate

and source electrode g, followed by the deposition of Ifim Cr, lift off of theresistusing
acetone, and last, 190n SiQ etching around the Cr structure (used as an etching mask besides
acting as the transistor gate electrodée Crdeposition was carried out at an evegiion rate

of ~0.6A/s and the Si@etching was performed by using a reactive ion techn{Gudord
PLASMAPTro 80 etching systenirhe etching gas employed was tetrafluoromethane)(CF

(a) Mesa and gate electrode: (b) Gate dielectric: (c) Patterned source electrode:
Cr deposition; +  Al,Oj; deposition. «  Cr/Au/SiO, deposition.
SiO, corrosion.

d) Contact pads: e) Active layer: (f) Rolled-up drain electrode:
Si0,/Al,0; corrosion; +  OSC deposition. «  Roll-up process.
Cr/Au deposition.

e i

. Si0, . cr o A:0; W Au W) osc

Figure16. Schematic illustrationfor each step of theVOFET microfabrication. (apefinition of amesa
structureand the gate electroaeéth the deposition of a Cr thin film and Si@tching. (b)Deposition ofthe gate
dielectric(Al,Os3) over the entire substraté) Definition of the patterned source electrdgethe deposition of
Cr/Au/SIO; films. (d) SiO,/Al 03 etching from the pads and definition bktdrain electrodand electrical
contacts by the deposition 6f/Au films. (e) Demsition of the OSC at the device active regionT{fgroll-up
procespromoesa soft mechanical contaoetween the tubuleshape drain andhe OSC thin film.

As the gate dielectric, 20m thick AkOs film was grown over the entire substrate
using atomic layer deposition (ALD), which is a deposition method with great thickness control
sincethe film is deposited one atomic layer at a tifRgure16b). Also, the film is grown in
pulses of precursor gasolecules reacting with the substrate surface a{aof]. Al-Os was

chosen becaus# its high dielectric constant (~9) amdde bandgap (~2.@V). The deposition
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was performed on a Cambridge NanoTech Savannah 100 ALD system (gueenploying
trimethylaluminum (TMA; Sigma&Aldrich) and water as precursors. The tempegebf the
sample stagwas keptat 150°Cand thegrowth ratewas1.5A/cycle. The chamber pressure
was sebetween 120260mbar, andargonwas useds the carrier/purging gas at a flow from
30 to 100sccm

Afterward, the rectangulgserforaed source electrode was define@Figurel6c)
which was patterned by employing a revemsade lithography step, a deposition step afrb
Cr, 10nm Au, and 10'm SiQ layers (carried out at an evaporation rate of A0, and lift
off of theresist It is worth mentioning that, a SK10 nm thick film is deposited on the top of
the patterned sourde ensurehat current injection takes place predominantly from the source
edges into the organic semiconductor channel, either-abrooff-state,thusimproving the
transistor saturatiof21]. Concerning electrical contact with the gate Cr filmy@ilwas etched
from the top of thgate electrod pad(Figure16d). In order to perform the AD3 etching, first
a directmode lithography was employed to define an etching mask and protect the rest of the
substrate, followed by a hard bake forrih at 100°C. AlO3z was etched with hydrogen
fluoride (HF) aqueous solution (1% v/v) for $&nd theesistwas removeaoncluding this
step.

The next photolithography step was the definition of contact padstructure
consisting of drain and gate pa@dich mainconcernwasgoodelectricalcontactthusthicker
metallic contactpadsare deposited A reversemode lithography waperformed,and Cr and
Au (10 and 50m) were deposited at a rate of ~8/8, followed by liftoff. After that, a
sacrificial layer of 20hm thick Ge film was deposited, which wasidized later in the kD>
solution during the rolup process. The structure was patterned through a revede
lithography step. Then, an anchor layer of Crijif) was defined. This structure connects the

sacrificial layer to the drain pad. Sequemyighe strained layer was defined by another reverse
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mode lithography step and deposition afrd Au, 15nm Ti, 20nm Cr, and 15m SiQ. The
NM comprising Ti/Cr/SiQ films shows a strain gradient necessary tfe roll-up process,
while the Au film was mployed as an electric contact betwealea OSC film and drain pad
after theroll-up. In the last photolithography stefhe OSCat the devicective (Figurel6e)
region anda trench structure &ve defined the latteris employedto ensurethat the roHup
solution would promote a selective removal of the sacrificial layet the device active region
As follows, the OSC was deposited the device active regioa,35nm thick dinaphtho[2,3
b : 2-fNhieBo[3,2b]Jthiophene (DNTT) film We employed a Leybold UNIVEX 250
deposition systerat a rate of ~0.2/s.

To complete the device architectutiee last step was éhroll-up process assisted by
the selective removal of Ge@ H.0:H.02 (1:0.0025) solution, which releases the ised
layer. The strained layestored elastic energy promotes a cudupgof this planar structure
until reaching the anchor layer, assuming a cylindrical shape (typical diamé&®8eom) and
promoting a soft and reliable electrical contact between the draimoelecnd the top of the
OSC film(Figure16f). The total roHup timenecessary fathe NMto reach the trench structure
lower limit took around 1@nin, then theesistwas removed iacetoneand the sample was put

back in the roHup solution for more ~kin sothattheNM could reaclthe device active region.
3.2. ELECTRICAL CHARACTERIZATION

Prior to theelectrical characterization, the devices were stored for around three days
in vacuum of 1@ Torr to remove solvents from thself-rolling processand preserve the -as
fabricated properties. TheMOFET characteristics were evaluated by measuring output
(Ios vs Vps) and transfer curves$os vs Ves), which were acquired usingkaithley 4200 SCS

coupled to a LakeShore EMPPAF cryogenic probe statidifrigure17a). The device operation
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was evaluated in environmental temperature with a controbgtbW to carry HO vapor out

of the chamberfigure17b showsa 3D schematic representatioitheelectrical measurement

configuration employed and the positions where the voltage is applied to each electrode pad.

fully-fabricated
microchi

Figurel7. Rolledup NM-based VOFET electrical charactetipa. (a) Photograph showing the electrical
measurement configuration using a Keithley 2636B SourceMeter® coupled to LakeShoreHEMPYogenic
probe station. (b) 3D schematic representation of ralfptiM-based VOFET during electrical measurement
with the S, D, and G electrodes identified inset.

In order to investigate thghotoelectric performana® our rVOFETs when applied as
OPTs weconducted series of electrical maagments under illuminaticemploying different
monochromatic light colors.e., 450nm (blue), 550m (green), and 700m (red. Therefore,
an RGB lightemitting diode (LED) was coupled inside the cryogenic probe station chamber.
The RGB LED illuminatiorwascontrolled and adjusted using a teleannelKeithley 2636B
SourceMeter®(Figure18a). During electrical measurements, to ensure that the light would
assess theVOFET active layer, the sample is illuminated from the top with an incident angle
avoiding tre rolledup nanomembranes illustrated in Figur&8b.

Also, to increase reliability each device testedmust be reset before electrical
characterization, which is a step called the reset phase. The reset phase is done by applying a
large negativé/csvalue Vss=-4.2V) simultaneously with a smallos value {/ps=-0.1V),

therefore releasing trapped photogenerated charge carriers and promoting their recombination.
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(b)

Figure18. Study of the OPT characteristicof r-VOFETSs.(a) Photograph showing tHRGB LED coupled
inside of thecryogenic probe statioffb) Crosssectional view of the-WOFET while topilluminated by blue
light. Adapted fromsubmitted manuscripef [110].

3.3. MICROSCOPY CHARACTERIZATION

During the fVOFET fabricationafter each microfabrication stegptical microscopy
images were takeemploying aZeiss Axio Imager.A2 microscope order to carefully check
the patternedtructuresOnce the samples weltdly fabricated images showinghe FVOFET
architecture were acquired employi@4S microscopy(Keyence VKkX200 3D laser scanning
microscopgand SEM(Inspect F50 scanning electron microsgope

For a morphological studyhe DNTT film and the patterned source electrodes were
characterized bytamic force microscopy (AFM) in tapping modBark Systems AFM

NX10).
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4. RESULTS AND DISCUSSION

This sectiorsummarizesnd discusses the main findings of the wéwkusing ortwo
key themesthe rFVOFET performance optimization and the platform potentiality for sensor
technologiesFirst, we detail our #VOFET fabrication according to the method reported in
2020 by Nawaet al [21] intendingto evaluatats reliability andreproducildity . Second, we
evaluatd h e d eleciricale@amcteristavhenemployinga highperformance OSC as our
transistorconductingchannel Third, we point out some optimizations in the fabrication process
to improvereproducibility and performancetherebyallowing a more reliablextractionof
some importanteviceparameterand study othe operathg mechanism. Finally, weeport
remarkable findigs about the-WOFET photoresponsedemonstrating thagur platformis a

promisng approacto surpass the performance of stat¢he-art organic photodetectors.
4.1. r-VOFET FABRICATION

Our fabrication processs shown in Figurd9 by optical microscopy imagdsaken
after each stepAdditionally, aschematic crossectional view of the layer arrangemanthe
deviceactiveregion (red dotted li) is illustratedat the bottom of each panéi the first step
(Figure19a), we pattered a mesastructure on a Si/SiOwafer with the deposition of a Cr
15 nm thick film followed by the anisotropic Si@tching (down to 19@m) aroundt. The Cr
coveredmesas designed to play the role of th&/ OFET gate electrode. As the gate dielectric,
we depositeda 20nm thick AkOs film over the entire substrate surface by ALD. Afterward,
we defined a source electrodewith rectangulasshaped perforationsemploying
photolithography and electrdream evapotan techniquesThen the AJOz covering the gate

electrode pad was etched to provide a bare metal surface for electrical contacti@yure
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(a) Definition of mesa (b) Definition of source || (c) Definition of drain pad and || (d) Definition of strained and
structure. electrode and Al,O; etching || sacrificial layer. anchor layers.

= from the top of gate pad. m' 7
= layer
Al,0,
etching
B ato Source
(S)

(e) Deposition of OSC at the active
region and definition of trench structure.

(f) Roll-up process performed in
H,0:H,0, (1:0.0025) solution. rolled-up
nanomembrane
S~

trench

D l G
releasing il H;0:H,0, electrode
of strained ) gate somg’
layer  — selective

removal of GeO,

@ Sio, ocr OAI,0; O Au ®Ge OTi 0SC Resist

Figure19. Optical microscopy imagesf each step of theWOFET microfabricationThe dashed linesdicate
crosssectional viewdor thelayer arrangemerat thedevice'sactiveregion as shown irthe bottompanes. (a)
A mesastructurewasdefined with the deposition of@r thin film and SiQ etching. (b)An Al>Oz thin film,
employedas the gate dielectriesyasdeposited over the entire substrate, followed by the definition of the
patterned source electroffer/Au/SiO; films) and AbOsz etching from the top of the gate electrode pad. (c) The
drain electrode (a Cr/Au bilayer) and the sacrificial layer @ film) werepatternedn the substratg¢d) A Cr
thin film (named asinchoragéayer) was depositedollowed by the definition of the strained layanNM
comprising Au/Ti/Cr/SiQfilms. (e) Definition of a trench structure to allow the aqueous solutioodesa the
sacrificial layer, and subsequent depositiothef OSCat the device active regioff) NM roll-up process
assisted by the selective removal of Ga®d releasing of the strained Ngrosssection thin film stacking of
GeQ sacrificial layer and strained laye(y) Fully fabricatedr-VOFET (crosssection NM tubular shape
forming a softmechanicatontact with theDSC thin film). Adapted from submitted manuscript ref [110].

In Figurel9c, the drain electricatontacting padviz., a 60nm thick Cr/Au bilayer)
and the sacrificial layer (20m of Ge) were patterned, respectively, on the sample substrate.
Thenwe deposited 40 nm thick Cr film, namedthe anchor layerto connect the sacrificial
layer to the draipad and the strained layere(, an NM comprising Au/Ti/Cr/SiQ films on
top of the sacrificial and anchor layera$ shown ifrigure19d. The lasiphotolithography step
wasperformed to define a trench structure (Figi®e), which ensures that thelrolp solution
promotesa selective removabf the sacrificial layer {.e., oxidation of the Ge thin film, which
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becomes soluble in watewith the simultaneous release of the strained NM thatcsel$
towards the device active regidfinally, the OSC tim film wasdeposited on theéevice'sactive
region.

Figure 19f shows the NM roHup process assisted by the selective removal ofkGeO
which releases the strained layer and promotes it&ggihg until reaching théower limit of
the trench structureAfter removing the resist, the NM continuesdarl up and stops at the
device active regigras shown ifrigure19g, the topview ofthe FVOFET active region at the
end of the device fabrication. Notice that the rellgdNM contacts th©SC film from the top
(Figure19g, bottom panel), promoting a reliatdeft electrical contact between the sedfled
drain electrode and threnomegr-thick OSClayer.

Figure20a shows a falseolor SEM image othe active region foa fully fabricated
r-VOFET, consisting ofa rolled-up drain electrod€in yellow), OSC film (in green), and
patterned source electrode with rectangp&&forations (gap of Bm with a total of 26 source
edges)To provide a clear visualization of the device archite¢tigure20b shows a 3D cross
sectional viewof the thin film vertical arrangement at the active regian, (helocation where
all layers overlapronsidering two source perforatiofi3om bottom to top, our device has the
following structure:gate electrod€Cr), gate dielectrigqAl20s3), patterneesource electrode
(Cr/Au/SiOp), OSCthin film, androlled-up drain electrod€Au/Ti/Cr/SIOp).

Crucially different from conventional VOFET architectuif@g,25,66,67] in the
VOFET platform, the patterned sourelectrode with rectangait perforations is the alternative
to lessen the electrode screening effect, allowing both the gate field penetration and the current
modulation at the semiconducting chan®ecordingly,as proposed by Nawat al in 2020,
this featurealsoallows one tacontrolthe current densitylistribution along the channelrhey
reported high current densitponcentratedlose to the source edges or at the center of the

perforation depending on the source perforation geonf@trgdemonstrated in Figui@) [21].
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Figure20. Fully fabricated +VOFET. (a)Falsecolor SEM imagemphasizing the main featuresthe FVOFET
platform:the patterned souraeith rectangular perforation® nm gap), and the rolledp drainelectrode(b)
The 3D crosssectional view providsa clear visualization of the device architecture and the rolfeNM soft
contact with theédSClayer.

The main limitationobserved for the-WOFETs reported by Nawaet al was the
relatively low on/off ratio (<1@), although this is in accordance with previous studies
employing pristinecopper phthalocyanin@CuPc) as the transistor semiconducting channel
[66,111,112] Hence our first attemptto improve device performance was incorporatea
high-mobility OSC.A detaileddiscussiorof the findings employing thiapproachs given in

the following section

4.2. DNTT AS SEMICONDUCTING CHANNELOF THEr-VOFET PLATFORM

Prior to evaluaing our r-VOFET performanceemploying a different OSC athe
semiconducting channet is worth restatingthe platform mechanisraf operationto better
understand how such modificatiamghtimpact the electrical characteristid® illustrate the
verticakttransistor operation as well as the formation of the vertical conducting channel,
Figure2la shows a 3D crosssectional view of the-WOFET for a single source perforation
while bias application Specifically, the representatiomepicts the edgdriven operating

mechanism, as proposed by Navezal in 2020[21]. According to their findingsa high
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current density i(e., the formation of a vertical conducting channel within the VOFET
semiconductoibulk) can be observedoncentratectlose to the source edges (edyren
effect) or at the center of the perforation (tunnel effect) depending on the source geometry
[21,71] Regardinghe use of highmobility OSG it may causanincrease irlon as well as
lorr, thereby noaffectingthe on/offratio significantly.

Moreover, @ account of being an SBOFET, the principleof operationis based on
gate voltageVes applicationthat results in amffectively Schottky barrier modulain (i.e.,
reducing the energy mismatch between soeteetrode work function and the OSC
HOMO/LUMO level), thusswitching on the devicélence the charg@njectedfrom the source
electrode accumulates close to the perforation edge at the gate dielectric interface, forming a
virtual contact With thesimultaneous application &fps, a vertical channel toward the drain
electrodes formed from this virtual conta¢82,64,65] In this casethe OSCHOMO/LUMO
levelsand the sourcelectrode work function will dictate tHerr, andthis caninfluencethe
on/offratio.

Having definedhe device mechanisof operation let us now turn taehe FVOFET
semiconductor channeln our devices, & employeda dinaphtho[2,3b : 2-fiNhieBo[3,2
b]thiopheng[ DNTT) thin film (the chemicalstructureis shownin Figure21b inset) DNTT is
an air-stablehigh-mobility small molecule i.e., it operatesinderambientconditionswithout
degradatiorandshowsexcellentp-typetransporwith mobilitiesusually>102 cm?/Vs[69,113
115], thus it is widely used as the active layer of stateof-the-art organic transistors

[69,113,114,116119]
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Figure21. Electrical characterizatioof DNTT-based-VOFETs. (a) Schematic representationtioé r-VOFET
operation considering a single source perforation (two source edgek)s|¥8. Mos characteristic$or afloating
gate The arrows indicate the voltage sweep directipget: DNTTchemicalstructure. (c) Output curves
(Ios vs Vps) atdifferentVgsvalues. (d) Transfer characteristiflsd] vs Ves) atVps=-1.5V. The respective gate
leakage curve is also shown, wherasarrows denote the hysteresis behavior.

Toinvestigatgheelectricalcharacteristicef our DNTT-baseddeviceswe performed
an output characteristicaeasuremenilps| vs.Vbs) with a floating gate(Figure21b). Ther-
VOFET diode part(rolled-up drain electrode/DNTT thin film/patterned source electrode)
presentsa currentrectifying behavior(i.e., very low Ips for Vps < 0). Several factors could
explain this observation. Firstlye could attribute this result to the fact that althotingne is
not a large energy mismatch between the Au/DNTT contact (Au work function eVg3]

and DNTT HOMO level of 5.4V [115]), our source electrode is a combination of Cr/AutSiO
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thusindicating a possible contribution of the Cr/DNTT contéct work function of 4.5V
[3]). Anotheralternative explanation is thitis due to a high density of charge carrier traps at
the source/OSC intface, thereby affecting charge carrier injectipe.(altering the injection
mechanism because of increased contact resist@ige)Ve believe a possible source for these
traps might be the multiple fabrication steps and exposure to solvents,(#&d9, oxygen
(O2), light, temperature, etc.

Figure21c shows the output curvels$ vs.Vps) at differentVes values(from +2V to
-2V). As expectedpur DNTT-baseddevicesshowa typical ptype behavior andemarkably
low operating voltagesAlso, these results are in agreement witta w a @@8) findings
which showedutput curvepresening saturation tendency. VOFET devices are known for not
showing saturation in the output characteristics caused by thectlammel effec{4,31,65]
Meanwhile, by covering the top source facets with a>$iih film, we restrained current
injection only in the lateral parts of the source in the same way as demonstrated previously for
CuPcbased +VOFETs[21].

As can be seen frorigure21d, a gate sweep performed for fixedbs=-1.5V
resulted inan on/off ratio ~10%, which is far below those observed hyevious studies
employing DNTTFbased OFET$10°-10") [69,77,113,117,120We attribute thidow current
amplificationto aninefficientcharge accumulation at the OSC/dielectric interface, thus limiting
the charge carriedensity necessarto create the virtual conta@nd vertical conducting
channel.lt is difficult to explain this result, but it might be relatedthe large gatdeakage
current(|lcg): in the off statelgd & |Ips|, and in the on statésh is only an order of magnitude
lower than |ps|. This level of leakage currennhay be due tothe gate dielectric thickness
(~20nm thick AkOs film) andthe large intersection area between gate and source electrodes

(thisissue is discussed furthertime following section).
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If we now turn tothe significanthysteresiobservedn Figure21d, it is explainedoy
the presence of traps in tsemiconductor bullor at the semiconductodielectric interface
During the forwardvoltagesweep somecharge carriers are trappebereby contributindo a
differential currentn the reversevoltagesweepg51,54,61] There are two likely causes foiigh
behavor: the device fabrication procss and the conductng channel formationDue tothe
complex architecture, VOFETequire more lithography stepnd consequently amnsore often
exposed to multiplesolventsand waterthat generate additional trap statesthe OSC and
dielectric thin films Also, thechannel transport is no longer restricted to the OSC/dielectric
interface, but rather becomes distributed along the OSC volume. Therefore, improving OSC
crystallinity and passivation of dielectric surface are approaches largely employed to suppress
chargetraping, thus lessenindnysteresis[61,62] Recently, Chang, J. F., and coworkers
demongtated thathe dielectric interfacanodificationemploying sedassembled monolayers
(SAMs)improves VOFET performance by enhancing DNlobility andlessening hysteresis.
In their study, the unmodified device exhibited the largest hysteresis as wed ksvist
mobility (0.7cm? V1s?), indicating the presence aflargenumberof trap states. In contrast,
the SAMmodified devices exhibited smaller hysteresis along with enhanced mobility
(~4.0cm?/Vs)[69].

In summary our findings agree withthoseobservedoy Nawaz et al for the CuPe¢
based-VOFETs the DNTT-based devicesxhibit remarkable lowoperatingvoltage(<-3 V)
as well asa saturation tendency for outpctaracteristicsHowever,our devicesstill show
inferior performancevhen compared to the statéthe-art VOFETSs(viz. relatively lowon/off
ratio, high gateleakagecurrent(up to 10'°A), and significant hysteres)s Therefore, the

following sectionmoves on to discusome approaches circumvent theelimitations.
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4.3. r-VOFET FABRICATION OPTIMIZATION

We performed some modifications to theVOFET platform by employing
engineering approachessuch as low-cost processing and batch fabricatiomne.(
microfabrication and straiengineering techniquesaiming to addressthe shortcomings
outlined previously Hence the following part moves on to describe in greater detesl
procedures and methods used in this investigatmatithe mainfindings

The first attempt was focused lesseninghegateleakage currenBesideghesmall
r-VOFET injection area(reported by Nawagt al, to beAged1.3x10 bcn? [21]), the main
difficulty in achieving highlps valuesis likely a result of the substantial gdémkage current
observedThis discrepancy could be attributedthe large intersection area between gate and
source electroddghe Cr thinfilm employed as gate electrode coverswiimle mesastructure,
including both gate andource pasl as shown in the opat microscopy image in Figu2a),
and to the gate dielectric layer thicknessiig0thick Al.O3 thin film).

Therefore the first architecture modification employed wamiting the gatesource
intersection areto only thedevice'sactive region Figure22b demonstrates this modification,
themesastructure was patterned time Si/SiO, substratevith anisotropic Si@etching (down
to 190nm), andafterward we deposited &5 nm thick Cr film only over the region designated
for the gate padsuchanapproach resulted in a reduction of 82% ofghtesource intersection
area The other modification wassing a thicker gateielectric layer 20 nm to 30 nm thick

Al20s film.
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(a) r-VOFET gate electrode. (b) Optimized r-VOFET gate electrode.

SiO,
(190 nm)

Cr (15 nm) CRE

Si/SiO,
substrate

Si/SiO,
substrate

Figure22. Study for lesseningajeleakage current. (&)ptical microscopy imagef the gate electrodbased on
thestudy proposed by Nawa al.[21], Cr thin film was deposited ovéhe wholemesastructure, including
both gate and source pads. Qptical microscopy imagef the optimized gate electrod€r thin filmis

deposited only over the gate pad.

The second strategy that we proposed was the modification of the pateured
electrode To ensurean effectivecurrent modulationin the VOFET architecturgit is of
tremendous importance to emplayource electrodbat shovg some level opermeability to
the gate electric field4,31,32] Taking this variable into accounijawaz and coworkers
proposed for the-WOFET platforma novelsourceelectrodeconcept, the patternedsource
electrode with identical rectangular perforationdefined by photolithographyassisted
patterning[21]. This strategyallows more careful control ovethe electrodeshape and
dimensionsand guaranteeshat the rolledup drain tube overlaphe whole sourceelectrode
lengthevenly(including metal stripes and perforations)

Figure23a shows an optical microscopy imafge this rectangulaipatterned source
electrode based on the study proposed by Natvar [21]. In this case, the electrode has
dimensions for lengthaj and width ) of248¢ m a nd m1l B s p Also tthese delviges
employedperforations of.p & 9 em as well as source electrode stripes & 9 em (as shown

in thezoomin image) resulting innsg = 26.
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(a) r-VOFET source electrode. (b) Optimized r-VOFET source electrode.

o
Cr (15 nm)

Figure23. Patterned source electrode optimization for study of -elliyen effect (a) Optical microscopy image
of source electrodeased orthe study proposed by Nawat al.[21]. This patterned source electrode has
26 source edges and dimensiona@f248¢ m @A B2e m. The i n-kanage shewing the o o m
dimensiongor source electrode stripand perforatioa(Ls & Lr a2 9& m)b) Optical microscopy image dhe
optimized source electrod€his patterned source electrode B&8sourceedgesand dimensions ai & 2506 m
andbd143e m. The i n-& anage shewing thdinsensiandor source electrode stripfl.sd2¢ m)
and perforatioa(Lpa 12 m) .

In order to study thedgedriven operating mechanisiih was necessary takeboth
nse and the Fill Factor valueFfF) into account so it would be possible to assess more
information about the source electrods.previously statedhe FF parameter was first defined
by BenSassoret al in 2011[65], which isthe ratio between the total area of source perforations
and thesourceelectrode total areghusi t measures the source el e
gate electric field. Beidassoret al. investigated the operation of a patterned electrode VOFET
fabricated using block copolymer lithography (source electrode with nano perforations). They
proposed that for devices with larger source perforations and incrdéSinglues, a more
efficient barier modulation is observed due to the reduced influence of lateral electric fields

from source electrode edges, thus facilitating current injection into the semicor{@6¢tor
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Compared to convention®IOFETs[23i 25,69,121,122]the effective injectin area
in the FVOFET platform is not the same as the patterned selemtrodeotal area. This area
is defined by the mechanicalractbetween the rafidup drain electrode and the OSC thin
film, which is highly dependent onetelectrodend OSG topography21,27,28] Hence, iis
of fundamental importance aapt the=F parameter taking into consideration tHgOFET
feature. Consequentlyhe nse andFF values werecalculated for our devicess shown in the
following equation65]:

3 3 C C (vi)

00 —— prnmnhb (IX)

Where np is the number of rectangular source perforatiofhien we employed
EquationlX for the patterned source electrode shown in Figi8a (nse = 26), we obtained
FF & 45%. However, he main disadvantage @mploying this patterned source electrode
structure(viz. Ls = Lp) is that it failsto providea high variatiorin FF when varyingnsg, i.e.,
for a source electrode withesamea butLs=Lp =3¢ mnse = 83 andFF & 50%.

Therefore, we fabricated devicemployingrectangulaipatterned source electrodes
with different perforéion sizes (tp= 12, 8, 6, 3, and 2m). An example is shown by the
optical microscopy image of patterned source electrodeth Lpa 12em and nsg= 38
(Figure23b). Despite the different perforation sizes, it is worth mentioning that the electrodes
still maintaired the same lengtland width regarding both the electrodetive region(viz.

a 250emandb 143em) as well & theelectrode stripe lengthhd 2e m) . These as

guaranteed-VOFETSs with the following features as shown in Tahle
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Tablel. List of the mtterned source electrodeastures employed to study th¥ ©FET operating mechanism.

ne (#perfurations) 18 25 31 50 62
nse (#edges) 38 52 64 102 126
FF (%) 87 79 74 54 45

The last modification in the VOFET fabrication was the rellp process calibration.
Figure24a showsoptical microscopy imagdsr theroll-up procesproposed byNawazet al
[21]: (a.l) sacrificial layer etching and strained layer re¢edisat islimited by the trench
structure; (a.2) trench structure removal anduplprocess end with the rettup NM reaching
the transistor active regiofhis method'sreproducibility yielded a75+ 13% rate of fully
fabricated +VOFETSs per chip.

However, whenhe origind r-VOFET fabrication processas undergongate and
sourceelectrodemodifications to improve device performance, the-upllprocesgroved to
be inefficient We observed a drastic drop from ~75% to @roducibilityrate. As a result
the rolkup processvasadapted according to thearchitecturamodifications as dematrated
in Figure24b. Toensure the required strain gradieshising the roltup process (Figur24b.1)
as well as the subsequent formation ofvdical contact between rollagp NM and the DNTT
thin film (Figure24b.2), wechangedhe following features(i) the shape andimensionsof
sacrificial strained and anchadiayers; (ii) the anchor layewas definedluring thestep fordrain
pad and electrical contacts (gate and source paddyjiii) a roll-up solution with half of the

concentration of ED: (i.e., H20:0.00125H205).
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(a) Roll-up process. b) Optimized roll-up process.

rolled-up
area

e e S &trench)
\rolled-up NM

(AurTi/
— Cr/SiOy)

layer (Cr)

rolled=up

rolled-up NM

rolled-up NM (drain)

(drain)

SRS S S,

(c¢) Roll-up process calibration.

Figure24. Study forincreasing the rolup processeproducibility. Optical microscopy images showiagr-
VOFET during the roHup process based on (a) the study proposed by Newed421], and (b) optimized-r
VOFET architecture. (c) Optical microscopy image showtirggrollup process calibration employing five
different structure shapes ftive sacrificial and strained layers.

We carred out a study employinglifferent shapes and dimensions for the sacrificial
and strained layeiig order toassess which combination would be best to improve ouupoll
process effectiveness amiability. Figure24c shows amptical microscopy image difie result
obtained oér this roll-up process calibration. In the same chip, we tested five different shapes
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and dimensions for sacrificial (Ge) and strained (Au/Ti/Crépi&@yers.The results ottis study
demonstratéhatNMs 2, 3, and 4 have improvedproducibility (~100% rate), while NMs 1

and 5 show problems forming tabelike structureand reaching the trench inferior edge
Overall, to decide between options 2, 3, and 4, we have taken into consideration that the NMs
with triangular shape exhibdonsiderableadiusvariationsalong the tube length. Therefore,

we chose structure number 2 to be employed in our optimized d€akehown in Figurib),

which provided &5 + 16% rate of fully fabricated-WOFETSs per chip.

The strategic changes in thal-up processiot only consider theeproducibility but
also accounts foenablingdevice performancémprovement by employin@pproaches to
control OSC crystallinity as well as the dielectric surface passivafmg, the SAM
modification) [69,116,123] A drawback in the-WOFET platformwhen modifying thegate
dielectric surface, it is not possible to define the trench struasimg aphotolithographystep
beforethe rolkup process. In this scenario, the SAM molecules would be exposed to UV light
and multiple chemical processdberebychangng the passvation propertiesWith that in
mind, our roltup process calibration studyas made substantial contributioto addressing
this issuethe proposed NM structuressure the required strain gradiefatsa rolkup process
with enhanced reproducibility ithhout the trench structure definition. Henaayr findings
circumvent this issue and allow SAM modification in future studies

Togetherthese modifications provide a device as shown in Figure25a, a CLS
microscopyimage (top view) of a fully fabricatedr-VOFET. Additionally, in order to
investigatethe topographyof our patternedsourceelectrodg(i.e., the transistoractiveregion),
we carriedout AFM measurementsefore(Figure25b) andafter(Figure 25¢) thedepositiornof
the DNTT thin film. The patternedsource electroddisplayed araverage roughne$BMS) of
2.2+0.4nm for both the SiO,-covered source stripe artde Al>O3 thin film at the source

perforation
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Figure25. Optimized rVOFET platform. (a) CLS microscopy image of a fully fabricatdddFET with a
source electrode of 3&1ges AFM images of the patterned source electrodetiveregion(b) beforeand(c) after
the deposition of the DNTThin film. (d) DNTT thin film topography acquired by AFM. The inset shows the
measured step height profile along the dashedAidapted fronsubmitted manuscripef [110].

On the other hand, after the deposition of the DNTT thin film,RWE roughness
acquired over the source stripe and source perforatiommmeximately6.1+ 0.3nm and
5.0+£0.4nm, respectively. These findings suggest that the DNTT film may exhibit different

molecular packing depending on the device counterpart surfecgridwn. Such a structural
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difference along the DNTT semiconducting channel may impact-tW@RET's electrical
properties €.g, charge carrier mobility, transconductance, gain, among ofiéarsp]

Turning now to the experimentalevidenceon our r-VOFETs conductingchannel
lengh, L, Figure25d exhibitsthe AFM topographyimageacquired from the DNTT thifilm
that was depositedt the device active regiofhe measuredtepheightprofile revealedhat
theDNTT thin-film thicknesss 37.5nm (i.e,, L), asshownin Figure25d inset.Also, one may
observethere are homogeneouslydistributed DNTT aggregatesn the thin-film surface,
resultingin thetopographysmoothvariation.

Thefindingsin this sectiondemonstrateéhat with a fewarchitecturaimodificationsto
improve the WVOFET performancet was necessary tapt some processesaccommodate
those changeseffectively. The nextsectiors, therefore, move on to discuss takectrical

characterizatioof these optimized¥OFETsandtheplatformapgdicationas a phototransistor.
4.3.1. Electrical Characterization

Based on thee findings,here we provide some experimental evaluatioh the
optimized FVOFETSs'electrical characteristicRrior to commencinghis study amethod was
used tanormalizethe differences ithe experimentalata.We observea noticeable difference
in Ips values for devices employiragsource electrode with the samg (andFF). We believe
that e mainreasonfor thesediscrepanciess associated witthe FVOFET injection areas
illustrated in Figur&6a. The effective injection areabtained from the mechanical contést
highly determined by the rolledp NM and DNTT's roughneg21,27] Hence,considerable
variations inlps might be found fordevices with the samarchtectural features because of

topography differences.

72



[

Faculdade
de Ciéncias

AVA

Avavaev  UNIVERSIDADE ESTADUAL PAULISTA

u nesp ™" 40LIO DE MESQUITA FILHO” '.-/" CNPEM

Campus de Bauru

Turning now to the patterned source electrode influeRtgure26b provides a
correlational analysis of &r-VOFET injection area as a function wde. The injection area was
calculated bythe relation] UE used to describe the electrical current in a di@27]. First,
we determined theurrent densityand the electric field¢onsidering a planar OFET withe
following specs30nm of DNTT thin film, conducthg channeldimensions ot = 20 um and
W=166um, and biasing conditions d¥cs=0V, Vps=1V, andIps=0.41pA. Once a
correlation was found, waetermined the current density fwur r-VOFETSs with differeninse
values and a biasing condition \dés= 3.6V andVps = 3.6V. The results were then used to

acquire the mean injection area and the respective standar@eyroe26b).

(@) (b)

210"

-
(&)}
-
S

Au (rolled-up D)

r-VOFET injection area (cm?)
S

N Ay /- .
5 = L/ R 510
I > I DNTT
| \ 1
1y S I 0-
i/ N _ 128 102 64 52 38
5 lps |DS\“ SiO, (S) n_, (edges)

Figure26. (a) Schematic crossectional viewof the rolledup NM vertical contact with theemiconducting layer
at the fVOFET active region. The representation illustrates the drain electrode and the DNilirthin
roughness and how it affects the injectayea.(b) -VOFET injection area as a function .

Overall,in the study © the r-VOFET injection areaas a function of nsg, the only
notable difference igbserved fonseg = 38, and t is not possible to draw any strong conclusions
about theelationshipbetween those parametefsirther experiments, usidroader range of
samples, would be necessary to provide more definitive evidence.

To investigate the edegriven operating mechanism demonstrated by Nastee.

[21], we fabricated -WOFETs with five differentnse and FF valuesas shown in Tabld.
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Figure27a exhibits optical microscopy imagestbése studiedsource electrode&ecause of
thehighvariation forinjection area,tte error barsvere significantly large fdibs valuesWhen
the data areormalized using this consideratjgdhese errors are largely reducedegsrted in
Figure27b, which shows the output characteristitss(vs. Vbs) at different gate voltages (from
+3.6V t0-3.6 V) for differentnse values We found that the optimizdaNTT devicedisplayed
clear saturation tendendgw operating voltage&5 V), and effective current modulation with
increasingVes. Theseobservationsare consistenwith the results reportedor the old
architecture.

In the case of the transfeharacteristics (Figur2rc), the results surpaddsa wa z 6 s
work [21] and our old DNTT deviceis terms oflower hysteresis and highen/offratio (~10-
10°). Furthermorewe also presented a remarkable improvement in g@éagecurrent
reducing itby aroundwo orders of magnitudéherebyshowing that the changes in the device

architecture were effectively suitable.
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Figure27. Optimized FVOFET electrical characterization. (a) Optical microscopy imagedfefelnt
rectangulaiperforation source electrodes having (i) 38, (ii) 52, G#) (iv) 102, and (v) 126dges. (b) Output
characteristics curvesog vs Vps) measured fothe samanse valuesshown in (3, at differentVgs. (c) Transfer

characteristics (lof|vs Vas) measured fothe samenge valuesshown in (3, atVps =-3.6 V. The respective
gateleakagecurrent (lcd)) is shown in panel (c), whereas the arrows denote the hysteresis dirackiqted
from submitted manuscript r¢t10].
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To determine whether th&e value (orFF value) affects the-WOFET performance,
we estimated the performance parameters assuming the standard Shockley FET equations,
which are applicable when the transfer characteristics show a linear dependés®dey in
the linear regime andbk|%(Ves) in the saturation regime respectively, otherwise, parameter
extraction is not accuraf®4,55] Figure28a shows the transfer curves measuredixed
Vbs=-0.5V (linear regime) and/ps=-3.6V (saturation regime), comparing devices with
different nse values. The red lines correspond to extended linear fits. Despite some
nonlinearities €.g, substantial threshold voltage andlag plateau for highVss values) and
additional uncertaintiefor vertical architectures due to shahannel effect, contacgésistance
and the conducting channel formaticall devices fulfill a linear curremvoltage relation
Therefore, the extended linear fits for experimental data at the linear regime were employed to
extract performance parameters sucly@sgm, andWuC (Equationl), and at the saturation
regime to determin®m (Equationll). These criteria were used tule out thepossibility of
nortuniformity of charge distribution along the conducting channel (effect observed in the
saturation regime) antie¢ considerable contact resistance contribution in vertical architectures
compared to channel resistance (shorter channel lengths), which can disturb thevoliagat
linear relationf31,53,55]

The resultsacquiredfrom the linear fits,the perfornance parametex$) intrinsic gain
(am/gp); (i) WC; (iii) Vin; and (iv)on/offratio, arepresented in Figur&8b. They areplotted
as a function ohse andreportedwith the respective standaedrors Here we reportthefield-
effectmobility values as the figuref-merit WuC because of our distinct device architecture
When weturn to gain andthe or/off ratio (i.e., the transistoramplification factors)both
performance parameters have average values of arodndhtvinga quitesmall variation
with the valueghatfall within theerrar bars Meanwhile WuC values presenéargervariations

for differentnsg, andthe reporte@rrorsare relatively more significanHencejt is not yet clear
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whethemse andFF are responsible fahe variationreported for these parametersd to what

extent.
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Figure28. Extraction of performance parameters employing Shockley FET equaticthe foptimized-
VOFETswith nonrideal characteristicga) Forward transfer curves faleviceswith differentnsg values in the
linear regimgVps = -0.5V) and in the saturation reginfeps = -3.6 V), both inlinearscale plots. A linear fit
(red line)based orthe Shockleymodel (Ips|(|Vass]) and|los/“A(|Ves|) respectivelywas employed to estimate
performance parameter®) Performance parameters feWOFETs with differenhse values Adapted from
submitted manuscript r¢f10].
The most surprising aspect of the ddamonstrated in Figui28b is the correlation
found betweenvi and nse. r-VOFETs employing source electrodes with largeg (and
consequently lowefFF) show a slight increase W, values. This is explained by the decrease
in the source electrode permeability to the gate electric field, thereby resulting in a less effective
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barrier lowering for current injection into the semicondu{®éi. However, me unanticipated

finding was thatVin starts dropping fonsg = 102edges, suggesting that likely there is a
transition in the operating mechanism, the same obserMddw§z(2020, in whichnse affects

the formation of the vertical oolucting channe[21]. Therefore it could conceivably be
hypothesizethatan oper ati ng mechani s ndrtirvaenns ietfifoenc todc
ef fect 6, i Viamighteafecieddyferentlydoyt factors such as the trap density and

the injection barrier lowering at each c{54,61]

Overall,the reported findings reveséveral notable strengtb$this worksuchas the
enhancedperformancethat wasachievedby architectural modificationand theimproved
reproducibility in device fabrication and electrical characteristibs order to compare
quantitativelyour -VOFET performancewith published workswe list some of themn
Table2. Our results showed somienprovement over standarapproachesgemonstrating
impressive values fodps and on/off ratio that can becompaed to several statef-the-art
VOFETSs The largelps (>10 A/cm?) andthe low operating voltagéVps| < 5 V) are attributed
to thereducedconducting channel length) and effectivenjection aredA), which are features
in accordance with the fundamental idea behind the use of the vertical architeciFETics.

Moreover, he results obtained may have implioas for understanding thedge
driven effect and its influence on the transistor operating mechanism. Our investigation showed
a contrary outcome thatiffers from Nawad sssumption21] for the source edgériven
mechanismno linear dependence betwess andlps is observed. We reported lowless for
devices employing source electrode with increasgzgyalue due to a decreasepsfrmeability
to the gate electric field.¢€., lower FF value). Meanwhilefor devices withnse > 102 was
observedan unexpected increase Ips and a drop iV, which we believe might be due to a
transition in the operating mechanisrd € ddgrei ven ef f ect 0, thereby, 6t un

changing the source/OSC injection barrier lowering and vertical conducting channel formation.
78



\/
I 1 A##i#‘ UNIVERSIDADE ESTADUAL PAULISTA
|

.. 3 u nesp ‘JULIO DE MESQUITA FILHO” '.-/" CNPEM

de Ciéncias Campus de Bauru

Table2. Summaries oW OFETSs reported in literaturemploying different source electrode approaches.

Source electrode 0osC L (nm) A (cm? Jps (Alcm?) Vps (V)  on/off Ref
Photolithography DNTT 35  ~1x10M  ~1x103 36 104105 NS
patterned work
Photolithography CuPc 35 1.3x10%  ~1x102 1.0 10102 [21]
patterned
Sn thin film CuPc 80 4x102 1.5x10?2 -5.0 ~10 [66]
Ultrathin film Ceo® 90 2.5x103 ~4x101 -4.0 ~106 [24]
Graphene DPA®) 100 3.8x10° ~5x102 -5.0 ~10° [124]
Nanowires PINDI2OD- 150 1x104 1x103 5.0 ~104  [22]

T2)©

Nanowires Ceo ~120 4x102 ~1x103 15 ~103 [67]
Nanosphere
lithography DNTT 400 1x102 ~1x1072 25 104 [69]
patterned

(a) Fullerene (Go).
(b) 2,6-diphenyl anthracene (DPA).
(c) n-type semiconducting polymer

However this work is also limited by some aspeasthe large variation ifhps andthe
impossibility toextractsome device architectural paramettus to theeffective injection area
that isdetermined by the rolledp NM and DNTT's roughnes§herefore, ltis is only a limited
study, and the full potential of the approach has not been préwtme reseah should
therefore seek to address this issuetmploying a larger number of samples and diffenept
values, & several measuremeran be doné reduce the uncertainties

Furthermore,the devices with improvegerformancethat we obtainedoy the
optimized fabrication process proposed in this stedgpurageds tofurtherinvestigatehe r
VOFET ar c hi t merodarkabie de@tares such as ntsilti-sensingcapability reported by
Nawazet al[21]. The followingsectionmoves on to describe in greater desailnvestigation

of ther-VOFET potential when applied as a phototransistor.
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4.3.2. The rVOFET Platform as a Phototransistor

In 2020,Nawa found clear variations in thies valueswheninvestigatingexternal
stimuli response (exposure to humidity and ligiit)e authors attribute these findings be t
narrow effective contact betwedretolled-up drain electrodandthetop of theOSCthin film
thatfacilitatesdirect interaction between externabfytesandthe device'sactive layersurface
[21]. Here we investigate the-WYOFET photoresponseto obtain a further Hdepth
understanding of th@lumination effect on thedevice operation and its potential in sensor
technologies.

Phototransistoreave becoman attractiveoptoelectronic application for OFETsie
to combiningopticaldetection and signal amplificatidanctionalitiesinto a single devicelhe
physical operation is based on ligitisorption exciton formation, diss@ation in additional
free charge carriers, aramplification of the electrical signf4,87] However, compared to
inorganiccounterpartsOPTsstill face challengesuch asnefficient exciton dissociatiomvith
a high recombination los&reat efforts have been made to address these problems. Initially,
several OSChave beenvidely designed and synthesizaningfor high light sensitivity and
carrier mobility[95,125 128]. Anotherapproach, thoroughly investigated in recent years, is
exploring novel device architecturés.particularvertical architectures showcambination of
reduced channel lengtland large electric fields thus enhancing the photoresponse
[64,94,107,124]Therefore the concept of theVOFET platformseemgromisng to surpass
the performance of g&of-the-art OPTs,owing tothe ultrashort conducting channel (tens of
nanometers) and facilitatexternal stimulwi t h t he deviceds active

Here, we provide some experimental evaluation ofpthatoresponse ofVOFETS
with differentnse andFF values in order to identify tHeestcombinationfor applicationas an

OPT. We used the photosensitivitl?, as the figure of merit to quantify thghotoelectric
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responseTo calculate tts parameter for our devices, we carried out measurementsngfedr
curveswith and withoutheillumination of blue light Figure29a shows the® valuesobtained
as a function o¥csfor differentnse values From this graph, we extractéte maximum vale
of photosensitivity Pmax) for eachnse valug as shown in Figurgdb. The results showed that
our r-VOFET exhibitedhigh photosentivity (~10% and nosignificant variationof Pmax for
different nsg values The impressive photoelectric performance is attribtbetthe ultrashort
channel lengtthatreduces charge recombination and scattering by defectslso ienhance
exciton dissociation and chargeparatiordue to higheelectric field level§99,103,107]

The only significant diffenecethatstands out heris the Vs valueat which thePmax
occurs A steep shift towardgss = 0V is observedor smallemsg and higheFF values which
is similar to that found foVw values as a function afse. Hence, ve believethe same
explanations valid herethe higher permeability to the gate electric fiidt is observed for
r-VOFETSs with source electrode with lowege. Such effecttontributes to the source/OSC
injection barrier loweringife., threshold voltage shifgnd enhacesthe generation of photo
excitedcharge carrierswhichincreagsthe additionaklectronghatbecome trapped near the
source electrodehus alsdacilitating holes injection into the conducting chan(i@dl,98,106]
Therefore, this data indicates thathe rVOFET with 38edges demonstrates the best
photoelectric performance among thg values studieddemonstratindiigh Pmax combined
with a lowerVgs

With this in mind, wecarried outelectrical measuremen&smploying different
monochromatic light colorg,e., 450nm (blue), 550im (green), and 700m (red)for anr-
VOFET with nse = 38 edges antrF = 87% Figures 29c and 2d show the outpuand transfe
curves acquired duringillumination. As can be seen from th@ata, the device presents
significantly higher photoswitching properties under blue lijinnination; Ipie Is aroundtwo

orders of magnitude higher comparedde, bothatoff and on statedn accordance with the
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present results, previous studies have demonstrated DNGIT OPTs exhibit larger
photoresponsivitieso blue light [88,98,104,106] This effect is explained by the fact that
organic semiconductors absorb light with a specific wavelength dependiegnjugated
bounds and bandgdf7]. For DNTT, phonons with a wavelength of around AB0 have

enough energy to promoteore efficientexciton formatior{87,98,104,106]

Figure29. Investigation other-VOFET photoresponsga) Photosensitivity Ips_piudlps_dard VS. Ves for r-
VOFETSs undeblue-light illumination. The photosensitivity values weeatracted fronthe forward transfer
characteristics for differemtse values.(b) PmaxObtained in (afor each studiedse. (c) Outputand (d) transfer
curvesacquiredfor an FVOFET with nsg = 38 edges measured under illumination with different light colors.
Adapted fromsubmitted manuscripef [110].
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