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“So once you know what the question actually @)’y know
what the answer means.”

Douglas Adams (The Hitchhiker's Guide to the Gglaxy
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| ntroduction

Nowadays, it has become accepted that the worecttehic"
gualifies an object for performance and superiotlsskand even
introduces a degree of "intelligence" (we usualheak about such
smart-phones, intelligent washing machines etcgamng that the
machine has a certain logic that allows it to makene (often not)
simple decisions. The introduction of electronicsveryday life has
led to the birth of what today is calledformation society, where
information exchange and processing (voice, imagegibooks,
geographic data etc...) has to be very fast and &m enore growing
amounts but, more important, as technology advancesimon
objects designed for different purposes are fateetan order to
embed some information processing and storage tiypab

For these reasons, if a well-established part lefctenics
concentrated its efforts on miniaturization, conapiohal capabilities
and volumes etc., a second part considers as its pongpose not the
absolute performance in computing but the possibilb fabricate
simple or complex devices or systems which are suiibe to
fabricate by means of standard silicon technology.

Emissive, thin, transparent, optically active, xitde, light
emitting, light sensing, energy harvesting devidew-cost circuitry,
displays and antennas are just some examples grictadions of
Organic Electronics (OE), a branch of the sciencd technology
addressing the electronic devices made from cabased materials
and their integration.

Since the first evidences of the potential of aigamaterials in
electronics when employed as conductors [1] or sendiuctors [2] a
multiplicity of desirable features made them apimgafrom industrial
point of view as much to become a research priootymany
industries, universities and research instituteddwode.
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The ability of today’s chemistry to synthesize amig molecules
(Molecular Engineering) tailored for specific puges and with
features not common in inorganic semiconductorsilaon etc. has
spread the objectives in the current landscapapgfied scientific
research and product development from the matdeaélopment to
device integration and then to device engineegirguitry integration
and optimization.

This run has, time after time, required the priofla®f ever greater
efforts on the implementation and optimization tdcé&ronic devices
which can be integrated into circuitry fabricatedlarge area, flexible
substrates with low-cost manufacturing processesced complexity
and high yield and productivity.

As a result, a variety of fundamental electrordwides has been
developed on the basis of organic materials (sgedil).

A2

QT | ////{ALLV :
OFET
(OTFT)

figure 1: organic electronics applicationsin basic devices.

Organic Light-Emitting Diodes [3] are just one tbe most cited
and exploited of organic semiconductors applicaion electronic
devices in because of the advances in opto-elecgaand display
technology. Furthermore, there is a plethora oflissi which report
Organic Semiconductors (OSCs) to be effective dslibg blocks of
sensors, lasers, photodetectors, solar cells, mgehable batteries,
organic thin film transistors, RFIDs, wireless poweansmission
equipments etc.
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The drawbacks of organic technology are oftentedlao low
charge-mobility and poor electrical performancés.part this is due
to chemical, electrical and environmental stabilggues and to the
fact that process technology is still developing ihstruments,
methods and materials. For these reasons the ah@apeessing
technology of OE has still not reached the proditgtiand yield
standards of the silicon technology.

In order to meet the technological challenges &f tBat in the
always-demanding landscape of organic active matligplay
(AMOLED)[3][4], the devices involved in the drivinipgic of pixels
are particularly critical when coupled to organimissive elements
(OLED stacks) because from their performances diépeinesh rates,
image brightness and screen pixel densities. On a scale of
deeper detail, the creation of screens for larga atectroluminescent
displays cannot be separated from the design atichiaption of a
backplane that for each pixel is able to drive dptically active
element at constant current, and to persist thernmdtion’s state
between a refresh and the other image.

The primary building block of digital or driving dfc in organic
electronics is the Organic Thin-Film Transistor @&XJ. In this kind
of device, like in conventional FETs, the voltagppleed to an
insulated terminal controls the concentration ofbiteo charge in a
resistive conduction channel (see figure 2). Thins,current flowing
between the two electrodes (Source and Drain) etetiige of the
channel is modulated by means of the variatiorhefdharge induced
by the gate potential being the current dengibypund to the charge
densityn in an n-type semiconductor neglecting the p-typeiers
and to electric field &"[5]:

eg. 1
‘]DS = q:unng

Drain current can then be varied between two edreonditions:
from an off-state (no-current) and a saturatiotestan status).
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- Organic Semiconductor

Vo ——

figure 2: basic scheme of an OTFT. S=Sour ce electrode, D=Drain electrode, ts = channel
semiconductor thickness, t,,=gate insulator thickness, L=channel length.

For the reasons that have been already mentiohedple of this
kind of switching device is crucial in informatiahisplays field, thus
major technology investments must be made to opéimihe
characteristics related to switching the powerustaif the pixel in
order to obtain sufficient dynamics for a propepresentation of
moving pictures, movies, or whatever as requirethleyspecifications
set by applications where the display is intended.

Some examples of applications of OTFTs can be sekterature
results cited in figure 3
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figure 3: an overview of applications of OTFTsas a building blocks of organic circuitry

In addition to the applications including organieTs, it should be
noted that the investigation methods of materiailerse often utilize
these transistors as an a tool and an experimemqioged to
characterize the physical properties of semicormacinsulators and
interfaces by taking advantage of the principlegrafion and the
fundamental physics of the device which will becdssed in the next

chapter.
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Motivation and purpose of thisthesis

The theme of the present PhD thesis is the rolgegldy the
gate dielectric in the electrical performance ajamic transistors and
is based on the research activities described abéiheen talking
about performances, not just charge mobility haset@onsidered but
also it's necessary to take into account gate dtgee, threshold
voltages, gate leakages and static power dissimati@perating
voltages, drain currents and so on in order toagdéeper insight of
what kind of specifications an OTFT device shouléyto be suitable
for industrial/commercial purposes.

In particular, in the present work the charactessof the
OTFTs have been analyzed in relation to manufagjuparameters
and processes, focusing on non-ideal behaviors aning to
optimize the characteristics of the transistorraciton morphologies,
geometries and process conditions.

Excluding this introduction and the conclusions thesis is
divided into four chapters.

The first chapter is a brief discussion about the working
principles of OTFTs. The approach aims to redueecttmplexity of
the analysis in order to discuss the basic toolstidy OFETs from
the electrical point of view.

In the second chapter, a broad overview of the state of the art
of technology for innovative methods of manufactgrifor OTFTs
shows topologies, materials and processing techgoland
integration issues and compares strengths and wssés to guide the
experimental work subsequently documented by medingrocess
recipes and details.

In the third chapter gate-leakage non-idealities are analyzed
by changing the dielectric material in comparalttacture topologies
modeling the device by means of a circuital eqenal

The fourth chapter is devoted to gate field-mobility and
thermal analyses performed to investigate the némameters
changes in OTFT devices. In detail, by acting ogleditric material
and gate insulator surface, we analyzed the aoedtip between the
nature of gate dielectric-semiconductor interfacel ahe insulator
itself. In order to accomplish this, a common devieference
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structure has been designed and developed on #ie dfachapter 2
and 3 considerations.

The study was addressed by characterizing the ey
measuring the static curves of output charactesistind gate-drain
(input-output) trans-characteristics. Activatioresgy of the mobility
of charge carriers in thermal measurements haweislextracted in
the aim to investigate charge transport at digtectiannel interface.

The tools employed in the proposed analyses aredbais the
model parameters of field effect transistors (mbhil threshold
voltage, saturation current) and non-ideal factorked to leakage
currents but also gate-field dependent mobility eiedhave been
studied and introduced to model the presence qf tewels in
disordered semiconducting mediums like in our case.

Among the adopted models, particular attention paad to the
extraction tools, modeling and analysis of gatekdge. The
introduction of an equivalent circuit of the studli€FTs to separate
intrinsic behaviors from non ideal-drifts has beserformed. The
developed simple model has been applied to chaizetihe thermal
annealing effects on complete devices and to makesideration
about the drift of gate currents.

Specific data concerning the development of marnufang
processes of OTFT were provided showing the rotied have
enabled it to increase integration level and ovewalformance of
studied transistors.

The survey on the major sources of non-idealitielated to the
dielectric-dielectric  interface  and channel modglin and

characterization and analysis has led to the ifiestion of

morphological and process factors that can infleethe mobility and
current saturation in OTFT considered. Finally, amovative

inorganic dielectric deposited by liquid-phase gssol-gel process
has been introduced to reveal specific charadesisompared to the
data acquired so far. This was made possible byntethods of
extraction of physical parameters such as curreahrel the energy
of Meyer-Neldel without which it would not be pdsi& to identify

these correlations and the found exceptions
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Chapter 1

Working principles

An Organic Thin-Film Transistor (OTFT) is an electic device
which unlike conventional silicon-based device®udt by means of
thin-film deposition of organic materials; it udés the field-effect
principle to control the density of curren) fjowing between two
electrodes (Source and Drain) by varying the veltagplied to a third
electrode terminal named Gate.

The gate terminal is insulated from the rest efdlevice, like in a
capacitor’s plate, then the gate current coulddresiclered the leakage
current making the drain signal controlled by a Kipawer signal
(the gate voltage ).

Since OTFT shares with the MOSFET (Metal-Oxide
Semiconductor Field-Effect Transistor) device timgortant feature
and a part of the working principles, it has beepp®sed to play the
same role in Organic Electronics than the one pldg@an MOSFETS.

In conventional electronics FET-based circuits asgensively
employed as signal amplifiers, switches, transmissjates logic,
buffers, and drivers and so on.

For all these reasons MOSFETs are, in fact, censtl the
cornerstone of modern electronics but despites hef first-order
similarities of OTFTs with MOSFETS, the integratiohOTFT-based
circuits cannot be considered straightforward noly doecause of
technological reasons but also from the designpost of view
because of OTFT’s intrinsic limitations and peatties which in part
will be analyzed in the present chapter.

In inorganic TFTs and MOSFETSs, the conduction tyfaore
precisely: the type of charge carrier involved e tconduction
mechanism) is determined from the presence andidpéng of the
drain and source wells. Differently from their iganic parents, in
OTFTs the type of charge carrier involved in thendaction
mechanism is not bound to doping but to the chargbility of each
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carrier and to the energy gap between the worktiomaf injecting
S/D contacts and conduction/valence levels in thegafic

Semiconductor.
Being thin-film FETs, differently from MOSFETs, TB and

OTFTs lack of a substrate contact thus cannot wonkversion mode
but just in accumulation and depletion mode.
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1.1 A mode for DC behavior for OTFTs

In this chapter a first-order description of therling principles of
OTFTs is discussed. Some kindrefavyassumptions will be taken if
necessary to go through an explanation of the [@Ctetal model of
the device and to gain basic instruments necessayaluate device’s
performances and characteristics.

Physical details, interpretations and higher-olgalyses are left
to semiconductor’s physics publications [1][2] dabks [3] .

1.2 Model hypotheses

hp. 1) Device structure

In our analysis, OTFT’s structure will be schemedizas in figure
1 and considered variables depicted on the schema.

| m -

x

Organic Semiconductor
. 00666
[

<
)

—V(

Ins.

X0}
on—

Vp ——

figure 1: theoretical schematization of an OTFT device structure. S=Source, D=Drain, Ins. = gate
insulator
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Working Principles

hp.

hp.

In figure 1, we namedqt the channel thicknessgytthe
insulator thickness, & the gate to source voltage, V(x) the
voltage along the channel starting from the sogrpesition.

2) Source and drain are considered as metal-semictarduc
contacts having an ohmic behavior. In this caseir talectrical
resistance is hypothesized to be constant witlapipdied voltage.

For a contact between a metal and a n-type semiactod this
basic condition is reached when the energetic leargiz from
metal work-functiongy to semiconductor material electron
affinity ys is zero or negative beings = om - ys Where gy is
evaluated as the difference between the vacuurh(EEyeand the
Fermi level (E) in the metal angs is the difference betweeny E
and the conduction band level in the semiconduggor

More precisely,

om = Eo - Erveta))
xs = Eo - Er(semiconductor)

for a metal/(n-type semiconductor) junction therbaris:
@B = OM - XS
and for a metal/(p-type semiconductor) junction:
98 = (Ec + x9 - om

Being & = Ec- Ey the semiconductor’s band-gap. In this case the
barrier is the distance of the metal's Fermi lefmm valence
band of the semiconductor.

3) Carrier diffusion effects are neglected and, fa thatter of
simplicity, n-type conduction hypothesized neglegtip-type
carrier concentrations and currents. Once negledi&dsion

currents, just the drift contribution jo current density will be
considered.
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hp. 4) Decoupling between injection mechanisms and fiéleee
The charge density injected from source to chanpgl,y) will
be considered independent from the charge demsityced in the
channel by the field effects(x,y) due to the gate potentialcy
and will be treated separately.

hp. 5) Charge mobility p will be thought constant in the
semiconductor material, and then its value willdomsidered in
first approx. uniform and independent from apphadtages \ss

and \ps.

hp. 6) Gradual channel approximation (GCA). The rate afiaten
of the lateral field&, within the channel is considered much

smaller than the rate of variation of the vertiield&, . An easy

case in which this condition can be reached is whenchannel
length is assumed much higher than insulator tl@sknand the
potentials \4s, Vps in the same range. Then:

tox <<L =6, <<8§,
05,

06,
<< |—=
oy

0x

Thus, in GCA the voltage along the chanigk) will be
considered “smoothly” varying with the position aissa x.

hp. 7) The insulator is not leaky, then we can consideOA.

1.2.1 Problem definition and decoupling

Under the abovementioned assumptions, the destedy can be
decoupled along the x and y coordinates. In faetctirrent density in
expression can be simplified as in eq. 1 and réeawin eq. 2

Jos 03, 037 =qu,né

eq. 1
n=ng +Nys+N,
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eq. 2 ‘]DS:qﬂn(nG+nDS+nO)6

whereng is the charge density induced by the field-efféag nps is
the charge density injected from the source amds the charge
density already present in the channel.

Then, the Poisson’s equation can be also rewritsein eq. 3:

& =£ D&:_q(nG +nDS+n0)
=T A -

eq. 3 06, + a(%y - Q(ne tNpg t+ no)
ox oy £

along the two directions.
By using the GCA, we can split the two-dimensigomalblem seen
in eg. 3 in a couple of monodimensional equatiem&q. 4.

dé, (v) —_ qlns () +1,)

dy £
dé, (x) _ _anps(x)
eq. 4 dx - £

Jos = U, (nG T Nps + n0)§

1.2.2 Drain current calculation

The drain current can be obtained by integrating turrent
density on the section,dx) of the channel material at the abscissa x
shown in figure 2.
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figure 2: integration section for the channel current

Where_gs is the current density in the channel, W the cleann
width and & the direction normal to the surfacgy,&) that we will
hypothesize to be along x.

Thus, we can write:

Iy = _”QDS [dS=
Swy(X)
teW

== jqun (ne +Npg t1y )8x [dlydw=
eq. 5 00

t

=W, [alng +nps +ng)dy=
0
= _IunW(_ Qs ~Qos = Quo )gx (X)

Then, it will be necessary to evaluate the sugpatficharges
involved in the calculation § Qpbs € Qo at the position x.
As in a capacitor, the gate-induced charge canwbtten as
follows:
eq- 6 QG = _Cinsvins = _Cins (VGS _V(X))

Where G,s is the specific capacitance of the gate which ban
calculated as:

Eoér

eq.7 Cins =

tOX
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being &y the vacuum dielectric permittivity and, the relative
permittivity of the dielectric.

QDS == fh qNps my
ds, (%) _ _angs(x) (=

dx Ean
« & (X ds. (x ch
s Qomea [ LMy b, oy
dé, (X
Qbs = ten€en (;)(()

Keeping in mind that, because of the hp.4s @as been supposed
to depend only from source-injected charge and fren the electric
field along channel's direction&(), we can calculate it using the

Poisson’s equation like in eq. 8 then, charge dessican be
summarized in eq. 9.

ds, (x).

€q. 9 QDS = tch"gch T’ QG = _Cins (VG _V(X))' QnO = _CinsVO

Performing substitutions of eq. 9 in eq. 5 we catingte the
channel’s current as in eq. 10.

lps = _lunW(QG +Qps +Qn0)gx =

eq. 10 _ WS, {Cins (VG -V (X)) —ten€en d%@ + CinsV0j|

This expression is still channel-position dependban, it has to
be integrated along the abscisst relate ps to electrode’s external
potentials like in eq. 11 being X a generic cooatinin the channel’s
length.
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X
I DSy =
1 o MW
eq. X
ds, (x)
8 ins X))_tC gC
oI { T dx
Then, being ( )
dV(x
& ==
eq. 12 §,(x)=-=%

>] los_ =
0 lunW
X
- - M, v, -vieaxr
eq. 13 o dx
t dV(x)[ d@x(x)j
- I_ _tch ch d +
5 dx
X
+ _[_ dV(X) C:ins\/OdX
5 dx
Then,
)] IDS dX_
o MW
2
_Clns(VGV(X)_V (X)j-'-
eq. 14

17
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In eq. 14, an approximated estimation of the doution to the bs
due to charge injection is related to the secomd.t8uch term can be
rewritten as in eq. 15:

frae S M) T, 0o e

= T 05,0, () =~ o)

eq. 15

with A&, =6 ,(X)-6,(0).

Therefore, it's possible to relate the injectedrent contribution
(Injection-FET — IFET [1]) to the electric fieldagnitudes near the
electrodes by eq. 15 then, by extending the integraesults to the
[0, L] interval by putting X=L, a drain current agximation can be
derived as follows:

0 I DS dX: —C- V V _VDZS chg h(Ag ) C VV
16 ; ins| YGYDS 2 2
eq.

2
eq. 17 Iy =4, %|:Cins(VGVDS _V;S J + Lenfen (zAgX) +C, VoVp }

Or simply:

w Vos |, 1 w
eq. 18  |l1ps =4,Ciys T((VG +Vo Nos - %) + E/ungchtch T (28,)°
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The formula in eq. 18 gives the static charactiesstf the device in
the accumulation mode wheng¥#Vo<Vps. Differently from the
standard MOSFET equation [3] in the active regitimere’s an
injection-dependant contribution (see eq. 18 and 8}y

1 W
€q. 19 IDSinj = E:ungchtchT(Agx )2

Such contribution (see eq. 19) takes into accthespace-charge
limited current near the drain electrode becomkwvaat at high drain
fields, for short channels and for relatively thesmiconductor layers
and can explain some deviations from the standardetsuch as the
lack of a saturation behavior for higher sourcerdvaltages.

The lack of saturation in the channel current carobserved
after Koehler-Biaggio works [1] by adopting the sarformalism
utilized to model charge injection in insulatorsthe Gurney-Mott
approach. Non-saturation effects are more pronalratelow gate
voltages and ad it has been shown in figure 3.

3.0 (a) 0.15
<
E 201 1 0.10
oy
>
1.0 0.05
0 = T . T n ™
0 50 100 150 200 O 50 100 150 200
Vas (V) Vas (V)

FIG. 2. Current-voltage (/—17) characteristics of two surface
IFET. The simmulation parameters are C,=176>107* Fm™>, u
=107 m*V s, pp=10"" m™>, 7=15nm, D=100 nm, =3, L
=3 pm (a), and L=25 pm (b). The curves were plotted with in-
creasing gate voltage of 0 WV [dashed curve, not visible in (b)], 3. 3,
7. 10, and 15 V {continuous curves).

figure 3: non-saturating behaviour of channel current due to the contribution of the injection at
S/D electrodes as shown by Koehler-Biaggio in [1].
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1.3 Brief on working regimesof OTFTs

In this section, a quick overview of operatingioms for
modeled OTFT devices is given to introduce termd aoncepts
which will be utilized in the next chapters.

Linear region

In the linear regime, a film of mobile charge @med at the
interface between the insulator and the semicoonduchterial.

Organic Semiconductor

. Seeeeeeeeeess——

figure 4: OTFT working in the linear region representation; the purple zone is a simplified view of
the mobile chargein the channel.

In the hypothesis of y<Vs+Vo, we can consider valid the GCA
and uniform the electric field componeg&t along the D/S direction.

Then, we can approximate it a§;~Vpg/L and neglect the injection
current contribution which is bound tao§Qand to the differenceg(
(L) - &,(0)), then the channel current can be approximatedjbg@

W
eq. 20 Ips = lunCinsT((VGS +Vo) m/Ds)
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and behaves as a resistor with the gate potent@ulating its
conductance.

Pinch-off

Organic Semiconductor

\
) Ins.

Vo ——
Ve —

figure5: OTFT polarization at the pinch-off

In this working region, operating voltages aretlwe range of
Vp>Vet+V, thus there will be an abscissasxch as if Xxq there will
be no mobile charge in the channel (in other terrtise
semiconducting layer is completelgepletedl. For x<», as x
approaches gx the mobile charge density becomes lower leading t
the presence of a depleted region near the dragrenthe voltage
drop will fall to zero (see figure 5 and figure hen, there will be a
range of x where the GCA is no more valid because ftelds
relationship 6, <<&,) will fall. For the pinch-off condition, if x>x

V(X)>Vsst Vo and for x>%, we obtain the voltage drop across the
conducting channel (eq. 21).
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X=X =>Q:+Q, =0= _Cins(VGS _V(Xo))+Qo =0=
_Cins(VGS _V(XO))_CinsVO = O:>V(Xo) =Vas V5

eq. 21

Thus, the channel current will become independeninfthe \bs
being stV the voltage applied to the conducting channel.
Then we will have to use the characteristics regubrin eq. 18
substituting:
Vps —VestVo
L—Xg

Depleted region
V/
S D

—_ XO

- Organic Semiconductor

Ins.

yol—

X0

Vp——
Ve ——

figure 6: depletion abscissain the OTFT

If the length of the depleted region is neglecfembmpared to L,
eg. 18 becomes:
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2
((VGS + Vo )VDS - %Sj

1 W
+ E /'Ingchtch T (Agx )2

<

I DS :lunCins +

Vos=VestVo

w
L
eq' 22 +%:un£chtch %(Agx )2 =

1 W
= E/jncins T (VGS +Vo)2

Vbs=VestVo

As described by eq. 22, the field-effect modulatechponent of the
channel current saturates at the pinch-off, indbpleted region, the
vertical electric field pushes the free carriersr faom the
semiconductor-channel interface and when x is giL[xthen @+ Q
= 0 then, the second term of the eq. 22 can alsmohsidered in the
depleted region:

tch

I D~ _'unW(_ QDS )8x (X) = )unng (X) _[_ ansdy =
eq. 23 °

tch

de
= ,Unng (X) jgch d_): dy = ‘gch:unWtchgx (X)

0

ds,
dx

By integrating in the depleted region,]x], we obtain:
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In the [%,L] region, the density of free charge is very lbwompared
with the channel ([0g}), then we can approximate the charactenef |
as shown in (eq. 26):

5,(%)>>8,(x)=5,(0) Ox>x=

KGR )
—~1..0 (VDS _V(Xo))2
eq. 26 N ('Y

= lps = ELMU,

This explains the power-law behavior shown in fegGrfor high D to
S fields.

1.4 Thermally activated conduction and
compensation rules.

The dependence of charge mobility in organic sendactor
channels from temperature and gate fields for Od@éVices is one of
the subjects which have attracted the attentioth@®frecent literature
studies [4][5][6][7] in the last years but still day, the charge
transport in such materials is still not fully unsteod.

In organic semiconductors, such dependence hasdeseribed in
terms of multiple charge trapping [14]), hopping, [harge diffusion
processes [4] etc. by starting from common evidembéh is the
starting point for all these models developmertis: dependence of
the thermal activation energy Ea for the mobilitpnh the gate
voltage. In particular, we are referring to a phaeaon which for the
matter of simplicity we will call X (i.e. conducity activation in the
active region of the OTFT) and evidencing a thelyrattivated
behavior and following an exponential Arrheniuzlilaw versus the
temperature (see eq. 27).

eq.27 X= Xoe(;%?)
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In eq. 27, k is the Boltzmann constant, T is the absolute teaipee,
Ea is the activation energy of the process. In higpothesis of
Arrhenius-behavior Ea can be extracted by experiatign like
suggested in [9].

The rule which is empirically obeyed for a wideriety of
thermally-activated physical processes is abouptkeactor Xin the
eq. 27 and implies ¥ growing exponentially with the activation
energy Ea like in

“Eg
eq.28 X, = XOOe(EMN)

Such feature goes under the name of Meyer-Neld&# RMNR)
from the names of its discoverers [9].

In eqg. 28 X is a constant (non-thermally activated) pre-factor
Eun Is the characteristic energy of the process anthised Meyer-
Neldel Energy (MNE). By substituting the MNR lawg(e28) in the
Arrhenius law (eq. 27), we obtain:

eq.29 X = Xooe[_E“(W}T_ﬁ)]

This implies the existence of a typical temperatliigy=Eun/Ks
(named isokinetic temperature) which makes the process X
independent from Ea and finally from the physicatgmeters which
make Ea change.

In the case o fan OTFT, once naméthe channel’s mobility, for
T = Tun the Activation energy becomes independent fromgiue
voltage. This will be by now the meaning that weilatite to the .
As we told before, MNR (eq. 29) has been obsereed fplethora of
physical processes but the quest for the link betwtbe macroscopic
source of this behavior and the physical meaningf is still matter
of discussion[4] because of its potentiality toébgeneral rule for the
determination of the break-even point in the comtpet of two
opposed activated processes. That's why it haslaen referred as
compensatiomule.
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1.5 Modes for the extraction of the channel
current

In the study of OTFTs, it's necessary to consideg t
contribution to Source and Drain currents due tmom ideal
behavior of the gate dielectric which acts as &yeasulator. This
implies a non-perfect insulation of the gate verheschannel and
then versus S/D contacts which are usually nagad-leakages
The presence of such parasitic currents whicha&fle a non-null
gate currentd #0 and then in a static power dissipation in the gat
makes not straightforward the determination ofdhannel current
(Icr) which otherwise can be confused with the draksdarce
current (bs). This non-ideality makes complicated the dervatbf
the channel current (the one which is usually mtedi by the
physical models i.e. in eq. 18 or in the ubiquitatiszations of the
MOSFET equations). In a deeper detail, from sta@asurements,
we can measure,l Is and & but for physical modeling purposes,
Ich IS the parameter which cannot be directly meashedvhich is
the only one, in a static context, which can beugfm directly
connected to charge transportation in the semiatiodghannel.

Nevertheless, because of the failure of the appration of
lch to Ips, performance parameters for the OTFT, transcoadaet,
field-effect mobility, on/off ratio, threshold velge, on-set voltage
etc. cannot be directly extracted then also modeloan be
sometimes not physically consistent because ofptiesence of
these parasitic currents. Then, also the extractbnworking
parameters under thermally activated conditiongessiffrom an
undesired shift in the electrical behavior from thal phenomenon
and also from theoretical models.

For devices having negligible gate-leakages, iBsyeto
suppose d= Ip = Ips = Isn Otherwise channel current has to be
estimated in an indirect way. Such kind of non-ifgds much
more relevant for long-channel devices becauselaifger leakage
section [10][11]. In fact,ch grows linearly with the W/L ratio as in
the first-order MOSFET model but the gate currgnisirelated to
channel's surface (W) then, in a perspective of first
approximation,
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w
1 T 1

eq. 30 ILGS o ﬁ ==
Thus the effect of the gate leakage on the errtihhenestimation of
the channel current fronpd grows with the square of the drain to
source distance. In literature, it has been sutdbsemployed a
method to extract the channel current in inorgdeeky MISFETS
(Metal-Insulator-Semiconductor Field-Effect Tramsiy which
were affected from non-negligible gate dissipati¢tiz][13]. The
method is based on the observation of the varigtadris with the
bias being ¢ = Is(Ves Vps) and the extraction of thenlis made
possible by making assumptions on the leakage murre
components. In detail, Palestri et. Al. starteddtgipsizing the gate
current infinitesimal contribution along the chahdeection x to
decrease in an uniform way when moving from x ® & £ L then,
for Vps # OV the change in the gate current density shoad b
considered a linear function of x. Under these d@ms an
approximation for ¢, can be calculated algebraically from
measurable quantities with an error which is weaddpendent
from bias voltages and at the first order, accaydimEsseni et. Al.
the channel’s current can be written as:

extim _ Istlp  Igo—Ig

Where ko= Is(Ve9)|vps-=0 is the gate current atp¥= 0V at a given
Vesand k= Ig(Ves)lvos is the gate current forpé>0 at the same
VGS-
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Chapter 2

A survey on the state of the art
Organic Thin-Film Transistors
processing

This chapter is a brief overview of common feasurtechnology
and advances in the OTFT branch of Organic ElesonThis
introduction, without pretending to be neither coetg nor extensive
has the objective to sketch out the framework inctvithe present
thesis goes to insert itself. Some significant fatere results have
been collected about materials, dielectrics, chlanoeganic
semiconductors and the related processing techsitpuenake easier
the tagging of the major on-going activities in ATRAnd in the
interest sectors where investigations and optinorat are still
necessary.

2.1 Performance parameters

Performance of a single organic FET can be evaluaie
considering results already assessed for MOSFETceke\because
they share with them part of the working principlefrst-
approximation models and some circuital topologiesy are
intended to be used for [3][4][5].

In particular for the sake of their technologicahidadesign
relevance a great part of the attention is todalyodéed to:

Charge mobility i)

Gate leakages

Gate breakdown voltages

lor/l off ratio

Threshold and on-set voltages
Sub threshold slope
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e Ageing and stress factors
e Dynamic/AC behaviours

These parameter are known to be relevant in thermdéetation of
the switching speed, static and dynamic power pig®gins, logic
thresholds and noise margins in digital logics dase MISFETs and
finally in the design on complementary-logic citcyi

Keeping in mind these considerations, it's natdoaunderstand
why among the principal efforts of the research nmaterial
development there is the achievement of high chargkility values,
elevated on/off ratios and low working voltages dathreshold
voltages).

For these reasons, for a long time, the atteriiesibeen kept on
the synthesis and development of organic materdigch, when
employed as channel semiconductors, would resiiigh field-effect
mobility and low concentration of trap states.

As technology advances and as research deepda®itdedge of
new material’s physics and chemistry, from the gtoidnew chemical
formulations and novel processing technologies,ftloets is moving
to integration and optimization-related issues cwitg to higher
order perspectives and to system-specific aspietsHe necessity to
have the availability of both n-type and p-type OBBout also to
make predictable controllable and repeatable treskiold voltages.

Furthermore, another fundamental issue is relateddévice
processing, in fact to make effective the employne#©OTFTs, it has
become evident the need for fabrication workflowkich fit the
realization of complementary CMOS-like circuitsofr this point of
view, the evidence that the maximum operating feagies (clock-
frequencies) are connected (from the device’s paiitiew) not only
to channel’s mobility but also to the capacitivadceffect of the gates
on the driver circuits, recalls that aspects ase gaterlaps and
geometric tolerances in layouts and then to desidgs have to be
addressed [27].

Also environmental and stability issues are emergas an
industrial scenario comes to be prospected: theal riee organic
materials and devices which exhibit low sensitivily external
contaminations, humidity, oxygen, light etc. are emv more
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emphasizing the role played by passivation, endapsno and
packaging techniques.

Pushing once more forward the challenges that tabe meet in
this field, it will be soon a must the implementatiof a scalable and
integrable technology consisting of standard lilesarof devices,
layouts etc. to enable the industrial design toettgy new products
based on this class of transistors. But, in orderathieve this
objectives and beyond some material developmemtg;epses and
modeling topics have to be addressed and faced avithystem-
oriented approach.

2.2 Technological overview

As we told before, from the perspective of a sinQIEFT
device, the main performance parameter is the-&éfetct mobility of
carriers in the channel of the transistor whichi,dor purposes is not
the material’s intrinsic property but the on exteat from device’s
characteristicsyger) taking then into account issues related to purity
thin film processing and features, surface traps Bt main role
played in CMOS-based logic gates is related tockuig behaviours,
speed and clock-related dissipated power.

Furthermore, the current scientific/technologichdscape in
material science is well-described by the progeséesuch parameter
versus time.

In the following image (figure 1) we report the awmn of
OTFT performances for p-Type transistors in the tag decades
taken from a sector review [4]:
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figure 1: evolution of p-type organic semiconductes in OTFT devices studied from charge
mobility point of view[4].

If we compare the evolution of p-type materialshvitie n-type
ones in OTFT technology, we can see that perforemmere till to
2001 under the threshold of what was possible tandostrially with
amporphous silicon-based devices commonly employed.CD
driving backplanes [6] making the n-type organiwides still not
competitive for large-area applications.
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figure 2: the evolution of n-type devices and matéails till to 2001 [6]
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Only after those years, a consistent number ofadéiresults
have been obtained in the field of n-type orgaeimisonductors also
thanks to the works of Facchetti, Marks et. al. waddressed
fundamental issues involving the synthesis, thebilgta and
processing of this class of organic semiconducteith a novel
approach [18][26][37].
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2.3 Common architectures for OTFT layouts

Depending on the deposition and patterning prosassed for
manufacturing of TFT, it's possible to distinguisbtween four main
distinct topologies based on the location of thee gdectrode, source
and drain compared to the channel and substrate.

2.3.1 Bottom-gate top-contacts structure (BGTC)

In such architecture, the gate is located diraatlgontact with
the substrate. Therefore the patterning procesisniglified (see figure
3). As an instance, if gate was made of inorganitenmls (metals,
transparent conductive oxides (TCO), etc.), it rigé patterned by
conventional photolithography or other methods mwvgy the use of
acids and solvents which cannot come in contadt @rganics. In this
case, the parameter to consider is, of coursecdhgatibility of the
patterning and the etching processes with the mafeom which the
substrate is made.

Organic Semiconductor

Ins.

Substrate
figure 3: a sketch of the structure of a bottom-gat top-contacts device

It is easy to convince oneself that this kind gfdlmgy, easily
allows to obtain structures with micrometer-sizedegstructures but
this not always results in transistor with microneethannel lengths
because on the other hand, this feature depenaddrata source and
drain electrodes patterning (“S” and “D”) and tHgrmament with the
gate itself.
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In fact, usually the metal contacts are depositeddpor phase
through a shadow mask which makes particularlyiaiff to obtain
structures with low gate-overlaps and, at the séame, to have a
small channel length.

Once considered the above limitations, the BGTQcsire
can be considered particulary useful as a tasttsire for the channel
material thanks the simplicity of the device’s mssing which, in the
most usual case, sets channel width and lengtlar(dL) during the
deposition of patterned source and drain.

2.3.1.1 Alternative means in device's contacts
patterning

Obviously, for metals and other inorganics, subivac
patterning methods already employed in the reatimatof active-
matrix displays exist and now would allow the ci@atof bottom-
contacts or top-gated structures. Among them,emeember the cold-
welding process used by Kim, Forrest and Burrowthiéndefinition of
the geometry of the cathodes in OLED devices [11].

This method is based on a process characterizedhbdy
welding between a metallic flm and a mould coalsdthe same
metal and by the application of a convenient pnessu bring the two
surface in close contact performing the junctiothoit the need of
heating the system (see figure 4). In this casenbuld extraction is
able to perform a micrometric-scale patterning ofmetal film
deposited on organic layers like in an sort of iseéft-off process .
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figure 4: A cold-weldingl/lift-off method for the patterning of metallic flms when deposited on
organic materials. The techniques produces OLED devisehaving performances really closet o the
ones patterend by stencils [11].

2.3.2 Top-gate bottom-contacts (TGBC) structure

In this case, Source and Drain geometries are tiee tbat
benefit of a simpler and more robust processingrtiegie because
they are (similarly to the gate in the case of By @i€posited directly
on the substrate (see figure 5). There’s no neeshyothat substrates

are less critical in the device fabrication thanG3Sand often allow
standard photolithography and other common deposjirocesses.

Ins.

Organic Semiconductor

Substrate

figure 5: top-gate bottom-contacts (TGBC) process.
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Examples of top-gate bottom-contacts architectaresshown
and explained in literature on prototypes havinghhperformances
and also advanced features from the technologieepective. For
instance, in [12], a TGBC OTFT having a channel enbyg pentacene
has been processed by thermal evaporation of hetsémiconductor
and the insulating stack and also the gate. Thosgssing technique
led to the integration of a simple organic pixeh @FET driving an
OLED) sketched in the figure 6 taken from literatuesults[12].

. Cathode (AL)
G (Al

Teflon LiF

Nylon 6 Algs

Pentacene NPB

S(ITO) ‘ ‘ D (ITD) ‘ Ancde (ITO) |

Glass |

figure 6: integration of organic display pixels byan evaporation-based technology [12]

We also have to add that, once the channel's O&Cbleen
deposited photolithographic processes could séllpossible if the
gate insulator is a good encapsulant or if appabprencapsulation
techniques are adopted like in [14]. Infact, ascar state by reading
the referred work [14] and from figure 7, a silicoitride (SiN,) can
have enough barrier properties to make gate pagt@assibile. In the
specific case, a SiNfilm has been deposited by PECVD at low
temperature (75°C)[13] and acted as an encapdalatite subsequent
gate patterning processes.
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figure 7: Top-gated OTFT architectures are fabricatedby photholithography of the gate electrode
on a protective SiN gate dielectric acting as a barrier[14].

2.3.3 Bottom-gate bottom-contacts (BGBC) structure

Organic Semiconductor

Ins.

Substrate

figure 8: bottom-gate bottom-contacts structure (E5BC)

The BCBG topology is the most convenient topologyf the
industrial standpoint because makes it possiblebtain both a better
alignment and sufficiently small structures. Intfdhis is the topology
on which the research it is most concentrated tsecat allows
manufacturing process on flexible substrates armbles device’s
printing workflows.

It's also worth of notice that, except particulaases, Top-
Contacts devices (TC) have been reported to offeawer contact
resistance than their Bottom-Contacts homologou<).(BThis
behavioral asymmetry in contacts is principally bduto the
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deposition process of the OSC. In fact, electriaat structural
properties of the semiconducting film can changdeposited on a
metal surface or not. As an instance, theoretical experimental
studies [8][9] prove that a gold deposition on perhe shows traces
of metal diffusion in the OSC film reducing the ah&cal potential
barrier at the contact-channel interface.

2.4 Organic conductors and channel
semiconductors

At a first glance, a material’s conductivity is postional to
the product between the concentration of free @haggriers and their
mobility in the abovementioned material. The phgbkmarameters that
drive such charge density are summarized as follows

* The thermally-activated intrinsic mobile charge plagpion
in the material (depending on the temperature T thaed
bandgap energygE

* The extrinsic carrier population due to a wantediamed
doping of the material,

* The eventual presence of an optical excitation;

* The Field-Effect;

* The charge injection;

Nevertheless, it's necessary to take into accobmet Itnk
between the charge mobility and the following fasto

» Charge transport phenomenons;
* The presence of charge traps;
* The molecular order of channel semiconductor

Also for these reasons the Organic Electronics dvisrialways
changing in the quest for the optimal combinatioroag the virtually
unlimited mixes between organic conductors and tth@pants which
as an instance can change a low-conductance poly{imecommon
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polymers conductance are typically in the ordes<f0° S/cm) in a
doped conductor (30 S/cm) as many works report.

2.4.1 Patterning and technology-related issues for
channel films in OTFTs

One of the major issues which become relevant when
switching from the study of a single OFET devicelte realization of
a working circuitry for a given application is thmatterning of the
organic materials when employed as gate dieleditprincipally as
channel semiconductors. In fact, elevated On/Qfbsaand reduced
off-currents can be obtained if one is able to brds undesired
conducting paths between semiconductor zones eutsalactive area
in the OTFT.

Such patterning process is delicate for many reasionfact,
because of their nature, organic films propertiesdamaged by the
exposure to standard patterning processes whereadbption of
solvents, wet and dry etchings and the irradiatemminologies in the
regions where active and dielectric areas haveetaddined. That's
why intrinsically-additive technologies, where dsequent patterning
becomes unnecessary, like in the Ink-Jet PrintempqlJP) are even
more studied, appreciated and employed.

Anyway, because of the feature sizes reached byectional
optical patterning methods applied to inorganicimics efforts in
the direction of applying them also to organic mate have been
encouraged and done. As an instance, we can tallt glentacene
patterning. Pentacene has been for a long timacttte and studied
because of its characteristics of high mobility (as p-type
semiconductor) and environmental stability; for siaereasons it is
worldwide known to be one of the major candidatesltie fabrication
of industrial-scale p-type OTFTs. Then, pentaceafteming has
become also a relevant issue.

In the technique we’re going to cite next, a chenprecursor
of pentacene is solution-processed and depositdgti(s-processing
is one of the most interesting alternatives tovheuum processing of
OSCs because of it is extremely less expensive sgathble than
thermal evaporation and other processing techneddgirhe channel
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region is patterned by the utilization of photocleah reaction by
inducing the polymerization of the zones to perbistmeans of UV
irradiation through a photolithographic mask [18)}. figure 9 the
process steps and details are shown by the refedantors.

Prec llrmr

Source and Um!i.-

H“{Jq__ .—m

L =15 um; W = 1500 um; Ci 6.9 nFicm?

¢$i¢ ¢1¢ Polymereed precuarsor Pentacene
l
= P Syl
e :

figure 9: process flow-chart of the patterning techiques adopted for pentacene OTFTs in [15]

After the removal of non-polymerized film regiong
subsequent thermal annealing changes the precurspentacene
molecules. Electrical performances of obtained O &fle acceptable
for a bottom-contacts OFET (~ 0.02 ¥Nfts) even if they are about
one order of magnitude below the common devicessitga in ultra-
high vacuum by thermal evaporation. On/off ratios I were also
acceptable ghlof > 2*10°).

Channel geometries and other patterns showed ¢ode also
on the micron-scale as the Authors showed in figi@eby making
optical microscopy.
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figure 10: optical imaging of micrometric structures obtained in [15] by local optical
polymerization of pentacene precursor films.

In bottom-contacts structures, it is also possibk definition
of the channel island by means of processes bas&elh-assembled
Monolayers (SAM). Such processes act by preveritiegadhesion of
the channel material to the substrate outside theasurface. In
particular it is interesting to consider the pracesported in [10]
because Authors remarked that it can be useful reakb the
technological limits, mainly in terms of resolutjowhich printing
techniques and conventional equipments introduce QAFT
downscaling. In a referred work [10], a substradeihg S and D pre-
patterned structures has been treated with OTS
(octadecyltrichlorosilane) to create a low-surfasergy monolayer
on the top of the gate dielectric. Then the OTS ohyer in the
device’s channel has been irradiated in the DUd&pdUV) spectrum
to make it removable because of the photochem&attion which
happens in such conditions. By choosing as chama&trial the 2,8-
difluoro-5,11-bis(-triethylsilylethynyl)anthraditbphene, also known
by its acronym, diF-TESADT, the Authors of the diteontribution
have been also able to reduce the contact resestanpre-treating the
source and drain surfaces with a SAM made by
pentafluorobenzenethiol (PFBT) and also obtainirgf-aigned
structures (see figure 11).
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figure 11: Non-Relief-Pattern lithography (NRP) deeloped in [10]

NRP lithography allowed the realization of OTFT-bds
circuitries with fully defined islands and chargeliities comparable
with amorphous silicon (aSi) about 0,1%¢¥s and on/off ratios
higher than 19as one can state from figure 12.
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figure 12 OTFT islands realized by means of photocimeical pattering and lift-off of a self-
assembled monolayer.

2.4.2 Solution processing and structural order

As we already mentioned, one of the other needstwarise
with increasing importance is to adopt materialat tare deposited
from solution phase and then avoiding vacuum déiposprocesses
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and other techniques which are inherently expensiificult to
maintain and scale-up and down. For this reasonarasnstance,
starting from promising molecule pentacene (or o#oene) through a
process of molecular functionalization, Anthony aathers [16],
obtained high hole mobilities in field effect trastsrs thanks to the
high molecular order which the interaction of thumdtional groups
added to pentacene imposed to the molecules oh#terial deposited
(see figure 13).
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figure 13: comparison between OFET devices performams obtained in functionalized pentacene
in relationship to ordering characteristics of modfied molecules deposited films [16].

This depends on the degree of packing and ordethef
molecules and, therefore, on how theorbitals overlap along the
channel direction.

The goal of processes of functionalization of smadllecules
for organic semiconductors is to insert functiogedups and to use
solution processing allowing crystalline structuttes self-assemble
into lattices increasingly extended thus improvthg order and the
mobility and reducing the amount of defects.

An example of this is given by the study of Garroera still
widely used class of oligomers (thiophenes)[17]thawus attempted
the formation of films with high mobility and, trefore, higher order
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factor analysing, in particular, the hexathiophésexithiophenes) by
means of XRD (X-Ray Diffraction) characterizations.

2.4.3 High performance n-type materials in OTFT
processing

Studies on thiophenes (by Garnier et Al.) [17] hbeen also
analyzed and enriched by Facchetti and Marks tirdbe insertion
of additional functional groups in the aim of rethge the energy
levels of HOMO and LUMO (Highest Occupied Molecufarbital /
Lowest Unoccupied Molecular Orbital) of these mialer[18] and
thus to make possible their operation as semicdoduiin n-channel
TFTs (-TFT).

In the referred studies, the best results wereirddaon a
standard topology (SiOdielectric on a silicon gate, gold contacts
underneath the channel) with the DFH-4T depositedan heated
substrate at temperatures T> 60 ° C. Device exddbé mobility of
0.24 cni / (V *s ) and on/off ratios of 10

In further works, other analyses and improvemeatgehbeen
obtained by means of the optimization and charaetiton on the
molecular scale [19][20] by studying the variatioh the electrical
characteristics of films at different depositiommigerature reaching
outstanding results for such devicesito-4r = 0.6 cni/Vs (n-type),
looit > 10, V1= 10V).

Since the characteristics of the interface and deposition
process have to be considered a key factor in dsvimperation, in
other cited studies, the mobility, threshold voéiagnd ratio on / off
are compared versus the type of dielectric, theosiipn conditions
materials, etc. [21] to investigate the link betwekevice processing
and measured performances. Because of the aviylaifila plethora
of OSCs having good holes transport propertiesnymedforts have
been concentrated on the achievement of OSCs hawimggh n-type
conduction capabilities to be employed as chanménals in n-TFTs
in enhancement operation (this operation modeetily possible to
achieve channel charge modulation in TFTs becatgeedack of the
possibility to perform in the inversion mode). A< wiold n-type
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materials in OTFTs are a basic requirement in thaization of
complementary logic-based or transmission-gateebaiseuitries.

Besides Facchetti’'s works, it's necessary to caees first
fundamental contributions on phtalocyanines (whiate p-type
materials). In fact, after chemical molecular mm@ifions by
introduction of metallic substituents, it has beeoved [22] that such
phtalocyanines (since now: PC) are capable of gotge mobilites
as the referred work says. In that case, channderials were
deposited by sublimation in a vacuum chamber likieeo small
molecules. In the same publication [22] it has bemown that
modified PCs, similarly to other small moleculevégerformances
strictly dependent from film morphology which depen from
substrate temperature during the deposition (#u$of is in fact able
to govern the nucleation process at substrate-gtesface in the
vacuum chamber during the evaporation).

As the inset in figure 14 says, thermal heatinghefsubstrate
holder can improve greatly the performances of riéferred n-type
OTFTs.
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figure 14: in the inset, the dependance between degition temperature and phtalocyanine n-type
mobility as reported by Bao et al. in [22]
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In literature results, n-type OSCs-related issuasehbeen
analyzed by studying the electrical characteristisgined in OTFTs
by utilizing different molecule’s modifications [R&nd remarking in
some cases ambipolar operation regimes as in @RBg common
factor to a wide class of n-type OSCs is the pamvirenmental
stability of such materials. In fact, in many reésr works about n-
type OTFTSs, electrical characterizations have luimre in controlled
atmosphere chambers or in vacuum to prevent tleeaiction of such
semiconductors with oxygen which is promoted beeatie low
electron affinity of such materials (the LUMO levisl close to the
vacuum level).

Research studies in this direction have led tostmthesis and
development of special kinds of Perylenes (PDI-EG¥c.) by
Facchetti, Wasielewski et al. in 2004 [26] whiclvéaxhibited good
air-stability performances opening the way to fartistudies in this
sector showing electron mobilities close to the sombtained for
benchmark p-type OSCs (including pentacene). Funthgrovements
had to be expected in terms of on/off ratios (ikisa fundamental
factor in the reduction of static dissipation imio gates and drivers
[27]). figure 15 shows the chemical formula of re¢el perylenes in
literature papers [26] and mobility values obtained

Ci

MN
C o]
O @ PDICN,- R= /7
O = 8]
NG

PDI-FCN, : R = n-CH,C4F;

Compound g [A]T Ay [NPAI]H Epy VP! Egy [V]P W fem?V=1571 | -
PDI-CN;, 530 547 0.07 0.40 0,10 10t
PDI-FCN, 530 545 + 0.04 0.37 0.64 10°
[a] measured in THF (10-%/10-*m). [b] Measured in a solution of 0.1m tetrabutylammonium

hexafluorophosphate (TBAPF,) in THF versus SCE.

figure 15: n-type perylene derivatives in OTFT fabri@ation. Chemical formula and device's
performances as shown in [26]

2.4.4 Channel anisotropy
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As result of structural characterization studies asfjanic
materials with high crystallinity, the transporbperties linked to the
have been related to the molecular order of cHalayers and to
direction and orientation of the current densitgtoe (j = cE = qruE)
when compared to the angle that meets the indiidoéecules of the
semiconductor. From this point of view, highly atrepic features
were found in efficiency of transport as demonsttain his studies
about BHT (Poly (3-hexylthiophene)) by Sirringhaus et 8]
conducted together with R. Friend in 1999 as shiowigure 16.
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figure 16: anisotropy in charge transport shown inP3HT investigated by X-ray Diffraction
experiments in [28].

2.5 Dielectric materials and surface
optimizations
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It is clear that the concentration of mobile changguced in
the channel of a FET by the gate field depends hen type of
dielectric (dielectric constant) and its thickneissparticular, for an
n-FET, in first approximation:

Qn= g*n(X, Ve)*teh = Cins*(Va-V(X))=(e0er/ting) *(V - V(X))

where Q, is the charge induced in the element of the cHaahe
abscissax, n is the carrier concentratioty, is the thickness of the
channel Vg is the gate voltage referred to source ¥r(@) the voltage
at the abscissa x evaluated from the source cotdattie channel
when the gradual channel approximation is suppdsetie endiis is
the thickness of insulator material andts dielectric permittivity.

Then, if we point the attention to such materiaisirequired
that gate insulator material should have in th& firstance:

* High dielectric strength

* High dielectric constant

» Possibility to be processed in thin films and piehivee

e Good morphologies: extremely smooth, without bumps
and undulations

« High adhesion to the underlying layer

Another fundamental aspect is the nature of therfate
between gate insulator and the semiconductor whicbapable of
controlling the morphology, microstructure, and maisthe transport
properties of the active material, by its supeafienergy.

Taking into account the above considerations, [teaps clear
why there has been an intense scientific production abadies of
the role of gate dielectrics and still much worls bhabe done.

An overview of the increased use of insulatorsh@ drganic
FETs is provided in the review published in Advahddaterials by
Facchetti et al. [30] where such materials are deii into four
categories:

* Inorganic Materials
e Polymeric dielectrics
e Layer assembling
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0 Self-assembled monolayers (SAM)
o0 Multilayers (SAMT)
* Hybrid materials

2.5.1 Surface treatments on SiQ@ and other relevant
dielectrics

SiO, is traditionally one of the most widely used gate
insulators in VLSI electronics and it has particiyiamportant in the
category of inorganic dielectrics. It has been aised in the world of
OE (Organic Electronics) for the realization of ttbm-gate
topologies with gate of monocrystalline silicon madly used as
benchmark gate in the study of single channel rizdser

However, this oxide, in particular when grown byertinal
oxidation (high thermal budget) from a slice of stglline silicon,
cannot be a relevant player for the in OE applcetibecause of its
obvious processing limitations. Furthermore, thare many organic
materials that exhibit dielectric constant higheaurt 3.9 § of SiO2)
and lower dielectric losses which encourages thplicgtion of
polymeric materials in the fabrication of gate datfic layers.

Nevertheless, there are contributions in literatamre the
interface between silicon oxide and the channelufin appropriate
surface treatments [32] especially by HMDS (Hexdylelisilazane),
OTS (Octadecyltrichlorosilane) and other Fluorodtiglorosilanes
obtaining an improvement of the transport of charge

This improvement is attributable to the fact thdtede
treatments cause a change in surface energy aftdréace and force
a preferential orientation of the molecules in¢hannel.

As reported by prof. Kobayashi and Coworkers [38]is
possible to increase several orders of magnitude the mobility of
p-type transistors made by pentaceGgHl14) and mobility of n-type
fullerene-based OTFTSC§o) by silicon oxide interfaces treatment.

Those two kinds of semiconductors have been emgloye
because they represented the state of the artrfiorpances and well
reproducible and studied results.
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In figure 17 the improvements introduced by stdtée —art
surface treatments in the case of n-type and p-BfpETs fabricated
on a SiQ gate dielectric.

0.03 0
Pentacene Pentacene o
Vy=-80V V=100V 30V

60V

V2 (A172)

Il )
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figure 17: Self-Assembled Monolayer (SAM) surface reatments on SiQ performed on P5
(pentacene) and & as reported by [33]

In particular, deposition treatments of Self-Assérdb
Monolayers (since now: SAM) made by WHCH; and F are shown in

figure 17.

Not less important is the action of the SAM on theeshold
voltages of the same OTFT as shown by Kobayashamed before.
In the abovementioned works of Veres et al. on amef
treatments[32], it can be noticed a clear relatom between changes
in surface energy of the insulator and the mobibained in P3HT

(see also figure 18).
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figure 18: the correlation between dielectric’s suface energy and mobility is shown in bottom-gate
structures in [32] by Veres et al.

These are just some examples of the capabilitiesidactant
treatments in OTFT processing.

2.5.2 High-k dielectrics

Beyond interface properties, the use of a insulaésing high
dielectric constant, (namely: highk dielectric) is a good method to
obtain operating voltages and logic levels suffite low to be
compatible with the design rules which have to beyed to meet the
basic market requirements in terms of power consiom@and speeds.

As an instance, layers of materials based on rogtdes such
as BaSn.«TiO3 obtained by magnetron sputtering, have showed good
results in terms of mobility, in pentacene that combined with a k
(another symbol used to indicatg of 16, have allowed to obtain
operating voltages around 5V and the thresholcagel below 1V as
reported by Dimitrakopoulos on "Science" (see fgl9).
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figure 19: OFET trans-characteristics having a gatedielectric made by BaSr;«TiO; oxide as
reported in [34]

Recent results (see figure 20), show a cerium ogate been
employed as a dielectric to further increase taklfeffect as reported
in [35]:
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figure 20: Cerium oxide optimization reported in [35]. Gate leakages are reduced by the adoption
of a CeQ-SiO; in dielectric film fabrication. Mobility performan ces are outstanding as well.
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As figure 20 shows, CeQis characterized by high gate
leakage currents as also figure 20 and figure 2ivskthich can be
partly reduced by performing a further passivatipn depositing a
SiO, film on the top of the Cerium Oxide film.

More generally, it is given in the literature a maromplete
picture of the performance of inorganic dielectused in OTFT (for
convenience we quote the chart in figure 22).
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figure 21: gate leakages plots in [35]. The add ofié¢ SiC, layer reduces static gate leakages by two
orders of magnitude.
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Dielectric |Method| D G k Eg Semicond. i lon/lofr | Year
[a] |[am]|[nF em™ [MV cm™) [em? v s7)

BZT sputt. | 122 17.3 Pentacene 0.32 10° 1999
BST 16 Pentacene 0.4-0.5
SizNs 6.2 Pentacene 0.6
TasOs  |anodiz.| 70 23 4-5 DH-5T -0.03 2000
FPcCu ~0.02
Ta;Os  |e-beam| 100 180 21 >1 P3IHT ~0.2 2002
AlLOs., | sputt. | 270 22 7 ~3 Pentacene 0.14 10 [2003
Al,O; |anodiz.| 120 60 -8 PTAA 3%10° 2003
Ta,05 |anodiz.| 86 248 24 Pentacene 0.24 104 2003
Ta,05 sputt. 66 PcCu 0.01 2003
Si0, |PECVD Pentacene 0.2-0.4 | ~10® (2003
SiN,
TiO, sputt. | 97 | 373 | 41 -3 P3HT 5x107 10* 2004
AlLO, 93 79 8.4 <4 P3HT 6x10° 10?
ALO; |anodiz| ~7 |600-700|9-11 PIHT 1.1-1.4x10° 2004
Pentacene| 0.06-0.1
Ta;Os-air | sputt. 25-1 Rubrene 1.5-20 2004
Gd,0; | IBDA | 90 | 280 |74 Pentacene 0.1 10° 2004
TiO+PaMS|anediz. |8+10 228 Pentacene 0.8 10* 12005

[a] Dielectric deposition method.

figure 22: Comparison of the performance of inorgait dielectrics in OFET structures reported in

[30].
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2.6 Polymeric dielectrics

It is necessary to remember that the insulatingrel have
the great advantage to be deposited from soluthahtlaerefore to be
cheaper than the inorganic competitors. This isafrtbe reasons why
in OE the last purpose is to realize whole orgamicuitry (fully-
organic). In the above-mentioned Facchetti’s reViigd} is reported a
table that summarizes the performance of the OTédlized with
insulating polyme(see figure 23).

Dielectric Method d G k Eg Semicond. u lon/lofe = Year
[a] [nm] | [nFem™) [MVem™) ferr* VT 57
CYPEL Cast 6 18.5 6T 0.034 1990
PVA 10 7.8 0.00021
Pl Print 20 P3HT 0.01-0.03 1997
PVP-CP SC 260 ~12 3.6 2-3 Pentacene 2.9 10° 2002
PVP-CL 380 ~2 4.0 1-2 3.0 10°
GR SC >1000 0.43-4.97 6T ~0.006 ~-10* 2002
DH-5T ~0.04  10°-10°
PcCu ~0.003 ~10?
Pentacene ~0.1 10%-10°
CYPEL SC 1200 8.85 12 P3BT 0.04 2004
PVP 900 5.59 5 0.0002
PVA 500 17.8 10 0.03-0.003
Polynorb. SI-ROMP ~1200 -3 Pentacene  0.1-0.3 ~10* 2004
PVP-CL Cast 600-700 3.5-54 Pentacene ~0.25 ~-10* | 2004
nanoTiO,
BCB SC 50 235 >3 TFB ~0.0003 ~-10* 2004
CPVP-C, SC ~15 ~300 ~6 3-6 Pentacene 0.1 ~10* | 2005
CPS-GC, ~15 ~225 ~3 3-6 0.08 ~10*

[a] Dielectric deposition method.

figure 23: Polymeric Dielectrics and OTFT performance [30]

2.6.1 Composite dielectrics

The improvement of static performance of the OTER be
achieved also by means insulating composite mégetia [31] it is
shown the comparison between a pentacene based @&kde with
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channel and gate in Pedot:PSS with a BGTC strucage figure 24)
with PVP (poly-4-vinylphenol) dielectric and thensa material in
which they are dispersed Ti@anoparticles (as is known, the Fif3
a high-k dielectric, k = 80 [24]).

S 100 ym
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¥ comp,OSite g ] o 0 o 0 0 0 0 o
dielectric layer —> orie o ° L)
PEDOT / ITO
glass substrate

figure 24: The OTFT structure with insulator compositeas shown in the Wilk’s paper [24]

To quantify the difference in the device behaviatris
important consider the output characteristic ofhskind of TFT (see
figure 25).
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figure 25: the increase in the OTFT transconductanceue to the use of nanocomposite dielectric
with high-k materials [24]

A qualitative and quantitative explanation of thygimization
is to be found clearly in the increase of dielectonstant of the film
obtained as shown in figure 26 for different coricaions of
nanoparticles.
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figure 26: C/f measurements on PVP dielectric filmst different TiO ,-NP weight concentrations
(24]

In the use of composite materials is crucial touemghat the
electrical insulation properties of the gate aresprved by the
presence of dispersed particles. This is a negessadition, together
with the reduction of interface traps by surfaceatment, for the
realization of high-performance transistors. Ammple of this kind
of study can be supplied by Wang, Lee et al. [B®]this paper, the
authors, studied the leakage current as a funatiodiO, weight
percentage dispersed in polyimide matrix (see réd@ry).
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figure 27: current through the nanocomposite dielettic gate [29]

Moreover, the devices transcharacteristics are aoegpversus
the concentration of NP showing a threshold inwleesening of the
on-off ratio (figure 28).
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figure 28: Pentacene based OTFT transcharacteristiashanging the titanium oxide nanoparticles in
the dielectric polymeric matrix [29].

2.6.2 Self-assembled dielectrics

Self-assembled (SA) films can be used to realizexdremely
thin (2 to 6nm) and virtually free of defects gatsulator obtaining, at
the same time, dielectric strength of the ordeteols of MV/cm as
shown in the table of figure 29.

Dielectric d Ci[a] Es Semicond. u lon/ loir Year

[nm] [nF cm?) MV em™) fem? V1 57
oTs 2.8 153 9-12 6T 0.00036 -10* 2000
PhO-OTS 25 200 14 DE6T 0.2 2004
Pentacene 1.0 10*
SAMT-I 23 400 [1100] 5-6 DH-6T 0.04 10° 2005
SAMT-II 3.2 710 [2500] 6-7 DH-6T 0.02 10°
SAMT-III 5.5 390 [760) 67 DH-6T 0.06 10°
6T 0.002 -10?
DFHCO-4T 0.02 ~10°
FPcCu 0.003 ~10?
DH-PTTP 0.01 ~10*

figure 29: evolution in the state of the art for tte self assembled dielectrics [30].

Among the characteristics of the SA dielectricgréhis of
course the possibility to obtain high gate capacia but also the
advantage of being able to be realized by mearsolation process,
therefore with low complexity and cost (dippingirsgoating, 1JP,
etc.). For these and other reasons, they havetatthaover the years,
great interest in the scientific community reachqugte encouraging
results. For example, in the case of pentacensistans, at this point
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it is important to remember the Halik and Klauk @apublished in
2005 on Nature [36] in which a SAM dielectric oflprR2.5 nm is

inserted in a benchmark structure, bottom-gatectogacts, made on
silicon wafers.
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figure 30: Performance of an organic transistor maé by the deposition of a SAM dielectric on
which are grown by vapour phase three molecular lagrs of pentacene thin film [36].

The figure 30 shows the structure of the transistade by the
SAM technique to which we are referring. The mapibbtained with
this kind of devices is of the order of 1¥Nfts the on/off ratio about
10° and operating voltages in the active region lkas 8V.

The natural evolution of SAM dielectrics, as foethbove
mentioned high-k insulator, is the multi-layer sture (see figure 31):
we will refer to these systems with a more propergme, Self-
Assembled Multilayer (SAMT) [37]. These dielectriexhibit very
high gate capacitance (up to 2500nF)cand, like the SAM, may be
deposited from solution on flexible substrates rideo to realize both
n-type and p-type transistors [37]. The on/offaas still low (about
10°) as often happens in the case of SAM.
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5 mm
figure 31: OTFT realized by means SAMT dielectric onTO gate and on a Mylar substrate [37]

2.7 Source and Drain electrodes in OTFTs

Strictly thinking to the materials involved in thealization, the
performance of an organic transistor depend, ancbofse, not only
from the properties of the semiconductor channel ahthe gate
insulator, but also from the physical-chemical gnies of the source
and drain contacts that are responsible for thectign of carriers
modulated by the effect of the field within the ohal region. In
particular, it is clear those technologically attree electrodes, in
order to minimize the ohmic losses, have a highdootivity and at
the same time they are characterized by a low conésistance (§
which is often a critical factor in OFET operati(meduces the drain
current).

In addition, the interface between the electroded &he
channel is comparable to a metal/semiconductortipmaand it is
necessary to pay particular attention to the etadtcharacteristics of
the resulting device realized by the junction fts€he contact should
have an ohmic characteristic and this goal is aeldielepends on the
barrier between the energy levels related to thetaots and the
channel.

The reduction of this barrier is obtained, for avegi
semiconductor, by choosing the appropriate matesish which
realize the Source and Drain, as well as by theptaao of process
improvements and interface treatments. Equally mamb, as regards
the feasibility of a particular transistor and igegration in complex
logic, are the possibility to realize a patterngducture of the
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electrodes with high aspect ratio and the possitii implement it on
large areas.

Realization cost and environmental stability corteofae main
technical specifications associated with the etelds in the OTFT
devices.

In the following paragraphs we will analyze diffeteind of
materials that have been already investigatederlitbrature in order
to care about the specifications that have beaussed until now.

2.7.1 Inorganic electrodes

The inorganic conductors are good candidates todeel as
electrodes for OFET transistor, because of the aidElability and
their good environmental stability, and becausey thave been
already well characterized in the past. These naddesire often easy
to find and the purification process is not so idifft, in addition
deposition methods are already studied and egtadlisncluding a
good patterning capability and process reprodutyibiHowever, they
are often poorly suited to be used on flexible salbss and cannot be
sustainably used in optical applications where higimsparency is
essential.

2.7.1.1 Metallic contacts

The metal contacts are the most commonly used ralsténto
benchmark structures realized to study the charatos of a single
transistor placed outside of a complex circuitngd &0 to study the
material properties of the channel or insulatoreasy way. They
usually have the advantage of a high conductivitg dor this
peculiarity they are used as good interconnecigyerl especially for
large area microelectronic applications.

The wide number of metals available in nature dredwide
range of work functions (W which they exhibit, allow us to obtain
quite easily ohmic contacts. In particular, it ispected that the
boundary region between the semiconductor chammeltlze contact,
behaves, as already mentioned, in the form of S3chganction in
which, obviously, the lower is the potential barrfetween the two



Chapter 2 36

materials, the higher is the current passing thnaihg junction itself.
Thus, for p-type transistor, the contact is muctiebeas the W of the
contact approaches the semiconductor HOMO levelwlmch we
would like to inject holes).

Many p-type materials have HOMO levels that requive the
adequate holes injection, high work-function eledés to minimize
the interface barrier. For example, for p-type peahe based
transistors, it will be sufficient to use metalscisuas gold, nickel,
platinum, etc. to realize the appropriate sourak @main contacts (see
table 1).

Metal We(eV)
Au 5.10
Pt 5.65
Ni 5.15
Co 5.00
Cu 4.65

table 1: some metals having high work-function

The issues related to the energy bands alignmeinteba
Source/Drain and semiconductor were extensivelgstigated in the
literature for many materials combinations.

In figure 33, it is shown a diagram about theatittn of the
energy levels that exists between a gold contatitla@ HOMO level
of a pentacene film, as described by Horowitz inrderesting paper

[7].
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figure 32: band diagram for a Au/Pentacene junctior{7]

For instance, the gold Fermi level is approximatéy=5.10
eV and the pentacene HOMO level as estimated inhfg to be
approximately 5.2 eV, the barrier should appeareax¢ly limited (0.1
- 0.2 eV ) and the quality of the contact is théoadly optimal.
However, in practice, the contact resistance is rmhigher than
expected and exhibits a non-ohmic contact behavidhbis is also
confirmed by PES (Photo-Electron Spectroscopy) oreasents [38]
that have shown a shift of more than 1 eV betwbaentwo materials,
actually lowering the metal Fermi level as the actthas been
realized (see figure 33). This was attributed e formation of
interfacial dipoles that modify the energy profdethe border of the
source and drain contacts.

Au Pentacene

A=1.05 eV £

$iE=5.2 eV
e LMo

0.858V) 228V

HOMO

figure 33: the shift in the energy levels betweenofd and the HOMO and LUMO levels of the
pentacene due to the formation of interface dipole$7][38]
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The effect of the barrier height at the contactshenelectrical
potential profile along the pentacene channel fgold top in-contacts
(TC) OTFT has been investigated by Nakamura g#2].in 2005 by
potentiometric measurement carried out in situ gisinAtomic force
microscopy technique (AFMP), see figure 34.

Voltage Follower
in Cantilever Holder

e Sl Low | to A/ID
e Pass —
Filter

Guarded Cable

Au (Source) Au (Drain)

SiO2
n+-Si Substrate (Gate)

QSD Ve Vbs
f g

figure 34: experimental Setup during an AFMP measuements on a TC-OTFT pentacene based
device as reported by Nakamura et al. [42]

In the above mentioned work [42], the surface pidénf the
channel for an TC-OTFT is measured by scanning antAFM tip in
both directions while the transistor is biaseddtive region. Close to
the contacts, the sharp drop in potential V(x) oomd the presence of
a Schottky barrier diode at the interface, and asequent non-
negligible contact resistance, that can be plandtie areas in which
the profile shows the greater slope (see figure, 3B) fact, a
comparison with 2D simulations reported by Nakamar§d3], it is
possible to quantify the contribution of non-ideahaviour due to the
mismatch energy and the lowering of mobility due tteermal
deposition of metal through a shadow mask and ¢octbtnsequent
metal diffusion in the semiconductor layer.
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figure 35: AFMP measure on a TC-OTFT pentacene basedevice [42]; close to the contacts it is
evident the effect of the Schottky barrier and thedamage caused by the deposition of the metal
contacts.

As already mentioned, it 'also important to note tkasons
that cause a drastically different behaviors foe tnetal contacts
depending on whether they are used in BC or TClogjes.

From the physical point of view, an analysis simt@the one
already seen, the KFM (Kelvin Probe Force Microsgpps also
useful in this direction as shown by Puntambekasakento and
Frisbie [44] in a comparison of potential profilexpressed by
structures bottom-contacts and top-contacts-cantaespectively
(figure 36).
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figure 36: potential profile — comparison between dp-contacts and bottom-contacts architectures
(44]

This helps to explain why the bottom-contacts stmes (BC),
if not properly optimized at the interface, typigahave much lower
performance in comparison with TC structure. Thaseds of studies
show, another time, the importance of surface mmeats at
contact/channel interface.
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2.7.1.2 Surface treatments of metal-semiconductor
interfaces

To functionalize the semiconductor/contact intesfdollows
what already seen for surface’s treatments of gaselator. For
example, in [39], the surface of Gold electrodesam OTFT is
functionalized through different treatments: thiepbl, 2-
mercaptoethanesulfonic acid and thioketone (see sthecture in
figure 37). In table 2, these treatments are retewith numbers (1),
(2) and (3).

(a) complementary surface
A » i
& L) X
nn. ‘ﬁ" o 8 D5 a9 8 B &
L] FL L] =0 L) 5
o ho ™™ oa [ ol Gl o | s >
. 51‘ * 0 #s » o
electrode « « - s B2WB s poEE
o ™
= as WO 5.
T [ 5] =y
B® .y
L3 L2
- o &

figure 37: functionalization of Ti/Au electrodes forOTFT as reported in [39]

modification lond bore e (CmiiVs) Ow (NAIV)
none 100 14403 %10 05+0.1
1 50 51409 x 1074 13+03
2 33 T6+1.1 1074 18+02
3 8000 22407 %1072 122414

7 Values are an average of manv devices (> 10) with channel lengths
ranging from 40 to 100 nm.

table 2: comparison of performances for OTFT with treated contacts:

1: thiophenol; 2: 2-mercaptoethanesulfonic acid; 3thioketone [39]
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From table 2, itis easy to observe that a singdecular layer
(from here “monolayer”) of thioketone is the bestqess between the
three ones, improving the pentacene channel mplofitabout two
orders of magnitude, and giving some benefits s, /1 ratio.

Another example of surface treatment with monolayer
deposition is shown in [40]: the transistor cordaate first immersed
in a solution of 4-nitrobenzenethiol and then tleengonductor is
deposited over them (see figure 38).

Organic active layer

Single-crystal silicon substrate

figure 38: “bottom contacts” test structure of transistor fabricated in [40]

In [40], two identical substrates with insulatordaBource and
Drain contacts are exposed to OTS (octadecyltriosiane) in
vacuum at 100°C, to improve mobility in saturatregion. Just one of
the two substrates follows the said treatment figeee 39 and figure
40), giving an improvement of performances for peahe transistor
in linear region. In particular, the improvementclsar at low Drain
voltages and for mobility in linear regime (0.55 %wfs). (Note:
considering that transistor mobility is dependennht Gate voltage,
the evaluation of mobility in linear regime ofteivgs lower values
than ones in saturation regime; is generally thagpt, n < PsaT).
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figure 39: output characteristics of transistor in ~ figure 40: output characteristics of transistor in
[40] without contacts treatment [40] whose contacts are treated with 4-

nitrobenzenethiol

2.7.1.3 Patterning methods for metallic contacts

Given the particular topologies of devices, oftergamic
materials (insulators and semiconductors), over ciwvhimetallic
contacts are deposited, could not resist a coromaiti
photolithography process. Because using evaporatiaaow-masks,
without particular approaches, doesn’t permit medtructures, little
enough and aligned with Gate contact, literaturegicgh of many
different methods for depositing and defining nlatalcontacts
applying innovative processes.

In [41], Gold contacts Source and Drain for OTFTe ar
deposited from liquid phase, applying a printing og@ss.
Technologically viewing, this solution is quite eénésting, because it
seems less expensive than vacuum deposition teg®igr than
lamination and, at the same time, more electricalificient than
polymeric conductors deposited from solution, IREDOT:PSS and
doped Polyaniline, which intrinsically show loweosnductivity than
metallic contacts [46][47].

An ink is made of a suspension of Gold nanopasdicle
functionalized with n-Buthanethiol (Auz; dimensions from 1 to 4
nm. The ink is printed on a test structure of %S0 create Source
and Drain contacts for a BC-OTFT (see figure 4lyelative low-
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thermal-budget treatment turns the solution inmmpact solid film
(see figure 42).

R
R | CizHas
8.1 s s y s
H—ss—R eV e Wa
= S.

'Y HosCq2

l Printing
Annealing

Si0,

Schematic depiction of printing gold source and drain elec-
trodes using gold nanoparticle ink for a bottom-contact OTFT device with
PQT-12 semiconductor layer.

figure 41: deposition process for an ink of Gold naoparticles, as reported by Wu et al. [41]; on the
right, an optical image of an OTFT fabricated using his technique.
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a) TEM image of gold nanoparticles before thermal treatm
b) SEM image of a gold nanoparticle film annealed at 200°C for 30 m

figure 42: effect of annealing process on a conduee ink of Au-NP [41].

2.7.2 Polymeric electrodes

A big limit for flexibility and transparency of oagic circuits
is the presence of metallic contacts and inorgamies. Thus,
materials like PEDOT:PSS and doped Polyaniline tagted to
fabricate logic circuits with OTFTs, to obtain des$ with both
organic semiconductor and Source and Drain orgawiyheric
contacts, also because in this way printingnd spin-coating
deposition techniques can be applied. However ethesterials show
high resistivity and contact resistance, and tendreate non-ohmic
contacts.

2.7.2.1 PSS:PEDOT

Poly(3,4-ethylenedioxythiophene):poly(4-styrenesuite)
(PEDOT:PSS), is a material widely employed in Orgdtiectronics,

! Printing techniques:

« Digital
o WP
o Thermal

e Gravure printing (a cylindrical metallic surfaceepents pits which can
contain very small quantities of ink to releaselonsubstrate to print)

e Offset lithography

¢ Flexography
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in particular in OLEDs [50][51][52] as a Hole Injgan Layer (HIL),
thanks its high work-function.

One of its advantages is a rather high conductifatyout 1
S/cm, as shown in [53]) and low sheet resistancmtiAer important
characteristic is that it is water soluble, whiciveg the direct
opportunity to use it as an ink for IJP systemsja@s in [54].

Moreover, recent technological advancements haveesded
in using it for OTFTs with self-aligned contact$[51n this paper,
published inNature on 2007, authors report on an OTFT with
polymeric Gate of PEDOT:PSS, applying a procesed¢&8AP (Self-
Aligned Printing), already shown in [56], obtainirggalable sub-
micron structures. Source and Drain contacts acelymed in the
following way: a first structure (for example, Soey of PEDOT:PSS
is deposited through IJP and then its surface gnengduced using a
suitable process; in this way, a second structDrai) deposited to
partially cover the previous one, doesn’t wet thdae and moves at
the side, forming automatically a gap to createditace channel (see
figure 43).

figure 43: self-aligned structures for OTFTs, with Gae of sub-micron length, are obtained
modifying the wettability of a drop of PEDOT:PSS.
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2.7.2.2 Polyaniline

Among the polymeric materials, Polyaniline (PANIways
had large attention, for the possibility to pattérat photolithography
quality without needing to etch material. In pautar, in Gelink on
APL, completely polymeric OTFTs integrated circuate shown.

The interconnection lines and OTFTs’ Sources andir3r
have been produced through photopatterning of alF#N 200 nm
thick: PANI is exposed to deep UV radiation, tontutrinto the much
less conductive leucoemeraldine (see figure 44).

0.6 -3
Pentacene, Pentacene,
— 05 4L= —_ 254 1=
< L=10 pm z L=1 pm
Z 04 = 2
- L -3
c =
£ 03 g 15
3 3
- -0.2 - -1
g 01 g s
0 0

0 -5 -0 15  -20 0 5 10 15  -20

source-drain voltage (V) source-drain voltage (V)

figure 44: photopatterning of PANI to fabricate a logic of p-type transistors, with nominal feature
size of 1 ym, and OTFTs characteristics.
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One interesting character of PANI is its qualitalyvdifferent
behaviour respect to Gold when employed for costalet fact, as
reported by Blanchet et al. in [49], the outputreleteristics in linear
regime of a BC-OTFT using PANI contacts show ohtrend, while
the corresponding TC-OTFT acts differently (seereg45).

~2.

-3 )

-2| (c) ;s

-1/ 3
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02468140 0 2 4 6/ -8
Vsd (V)

figure 45: left, output characteristics in linear regime of a BC-OTFT with PANI S and D; right, the
corresponding TC-OTFT. Both devices use pentacene seranductor [49]

2.7.3 Composite materials for Source and Drain
electrodes

Composite materials, as Gate insulator and asretld, are
one of the approaches employed to improve the Ogéfformances.
In paragraph 2.7.1.3, we have already seen thatperdion of Gold
nanoparticles can be applied to fabricate patteetettrodes.

Also Carbon nanotubes are quite often applied. éxample,
in [57], a dispersion of Single-Walled NanoTubesW($T) is
deposited using spin-coating technique. To haveacté conductive
enough to be employed in OTFTs, but not increashey SWNT
concentration beyond the percolation limit (and eothmportant
effects), authors apply the self-assembling of &imaf poly(styrene-
block-4vinylpyridine) (PS-b-P4VP) doped with HAu@H,O and
with SWNT dispersed into, to increase electricaldigctivity and not
reduce film transparency.

In figure 46, clear field TEM images are shown dcstabilized
film (a) and at the highest possible concentratibdoping (b). In (c),
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an AFM tapping-mode image is presented at verydoale, to show
the presence and uniformity of SWNT.

- : "‘,
5 Q
&. o

. “."‘ 400 nm

figure 46: film of stabilized PS-b-P4VP (a); the sme material with the highest doping
concentration (b); AFM image (c) [57]

400 nm
—

Observing also the transmittance measurementsréfigir),
these results state this kind of material is vaygdyfor fabrication of
completely transparent OTFTs. Devices have beexugex, with
these contacts and pentacene semiconductor, threpgjcoating
deposition and micro-imprinting patterning.
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figure 47: transmittance measurements of the compids film obtained by Sung in [57]. Sheet
resistance can be varied by doping; the value heapplied is 6000Q/sq [57].

The estimated performances are: mobility of 0.05/¢mand
on/off ratio of 16, as can be seen from figure 48.
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figure 48: electrical characteristics of OTFTs preseted in [57], and patterning of conductive
transparent film obtained using micro-imprinting
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2.8 Conclusions

The development of the organic thin film transistas
evolving quickly and most of the efforts are beifogused on the
overcoming of the technological limits which make temployment
of these devices in integrated circuits complexpanmticular in large
area applications (typical characteristic of flégillisplay).

Further efforts are invested whereas it is possiblglimpse
the possibility of improvement concerning:

Development of n-type channel materials
Issues of structure patterning
Issues of scaling
Research of self-aligned processing (consequent
reduction of gate overlaps)
Static and dynamic electrical modeling
Low-cost and high-productivity deposition methods
o0 Vacuum-free deposition techniques
0 Advanced gravure printing techniques and
innovative roll-to-roll systems
Implementation of high-efficiency complementary
logics
Realization of OTFT based sensors
Research of high environment and thermal stability
materials
o0 Development of passivation and encapsulation
techniques
Development of surface treatments for
0 Reducing S and D contact resistances
o0 Reducing the potential barriers at contact
interfaces
0 Increasing of channel mobility
o Optimizing of the performances in linear region
characteristics
o Passivation of the gate insulators
o Defining of the solution-deposited contacts
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The research on the OE field has to face all tlobsdlenges,
and more other ones, so that this new technologyasaert itself and
become competitive covering the market sectors déft partially
unexplored by the inorganic electronic technology.

Relying on the literature information reported ire tState of
the Art of the present doctoral thesis and on thst jexposed
Conclusions, future technological guidelines havbé defined for the
development of this research activity.

The guidelines are defined setting the target ¢égrating
organic and/or polymeric and inorganic commerciahtenals in
optimized structures in terms of electrical perfances and
fabrication processing.

In particular, the topological factor is a fundanan
component of the future organic transistor develepimas disclosed,
bottom-gate (BG) architectures are particularly isalwle for
optimizing the channel-semiconductor interface. rébwer, at the aim
of obtaining the highest profit from the patternirigchniques
developed in inorganic electronic and from emergingot
conventional methods, structures with source amaindicontacts
placed under the channel will be realized for réncthe issues
related to gate-overlap, loss currents and pacasifects due to the
diffusion of the vapour-phase deposited metals tdgaorganic
polycrystalline or amorphous semiconductor.

In conclusion, the BGBC architecture appears paetity
suitable for the future improvements of the preseéractivity. The
drawback for using of this structure lies in thenfation of interfacial
dipoles between source/drain and channel thusasurg the contact
resistance, producing potential barriers and redudhe device
saturation current. At this aim, new processes bgllexperimented to
optimize the contact-semiconductor interface pgttindown
undesirable phenomena (injection barrier and pasassistances).

As the choice of commercial materials to be employe
OTFT is wide and the electrical performances iticst@and dynamic
regimes are often correlated to technological factssuch as
processing, architectural and interface physicdofac the future
research will consist in using of available matsrend in optimizing
the structure through the study and the modeling.
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Organic semiconductors, such as Pentacepg (g, il P;HT
(Poly (3-Hexylthiophene)) and modified PPV, suchMBMO-PPV
(poly[2-methoxy-5-(3,7-dimethyloctyloxy)]-1,4-pheleyevinylene),
will be inserted in planar OTFT structures. Polyshe (PS),
Polyimide (Pl) and conventional photoresist (PRmé$i will be
deposited by solution with different thicknessesd awill be
characterized as dielectric layers. High-work-fimetmetals, such as
gold, nickel, etc., and also organic conductorsgchsas doped
polyaniline (for optical patterning) and PEDOT:PSBoly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate))ebasaterials, will
be employed for realizing ohmic contacts on p-tgemiconductors.

Since the losses due to the dielectric gate amsidered the
main causes of the damage of the performances 8f fidld-effect
transistors, the static and dynamic characterigataf these structures
will be performed taking into account the above-titered non-
idealities. Analysis on the injection physics ahd tarrier transport of
the materials employed as insulators or semicowodsicvill be
necessary in order to study the specific issueste@lto different
device architectures in quantitative manner. Irtipalar, at the aim
of studying and potentially improve the dielectsghavior inside FET
structure, high- and low-temperature characteonatiwill be carried
out for analyzing the modifications in desired {hontal) and
undesired (vertical) transport physics of electraterge.

The investigation of the mechanisms correlated hese
phenomena will be performed evaluating the chanagier mobility
with relation to the transverse and longitudinaceic field, to the
interface microstructure analyzed by means of elaat scanning
microscopy - SEM - and atomic force microscopy -AFiM the
material crystalline lattice modifications examinedy X-ray
diffraction -XRD, etc.

The modifications of the trap states and the fra@ier density
are the crucial factors which influence the OFETectical
characteristics and they are usually correlatedUw/Visible/IR
radiation effects in reversible or irreversible man As concerning
this point of view, an analysis of the physical graeters linked to
transient or permanent effects induced by the acoten of
semiconductor channel layer with the light radiatiand external
environment as consequence of the same radiatfent €bxidation,
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photolysis). In this perspective the chosen togplolearly has got a
fundamental rule in the treatments of the dieleathannel and
contact-channel interfaces.

Preliminary tests will be aimed to understand thgsgcs and
the properties of the interfaces and of the emplayaterials in order
to optimize the transport characteristics for abtay a carrier
mobility enhancement and channel region decreaswigereas
parasitic effects take place.
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Chapter 3

Gate-leakages In polymeric
dielectrics and layout optimization

The purpose of this chapter is to highlight theamtance of the
analysis of non-idealities in the static electricdlaracteristics of
organic p-type thin film transistors (OTFTs). Sushkudies can
improve the interpretations of the performance paters as carrier
mobility and device threshold voltage. Our investign includes the
characterization of Pentacene-OTFTs fabricated wifferent gate
dielectrics to study the impact of gate leakageesus in the modeling
of static characteristics of the device, and thieot$ of thermal
annealing on such device non-idealities.

3.1 Introduction

Pentacene (GHi4) thin films for organic electronic applications
have been widely exploited for research purposesause of their
good field-effect mobility enhanced by past advanae vacuum-
based deposition techniques[l]. For these reasmgh organic
semiconductor is considered a benchmark materi®@TRrT studies
and surface’s optimization. Therefore, our analysidl take
advantage of the literature knowledge about thistens to
investigate gate-dielectric static dissipations.

The gate leakage current is one of the most impbrhon-
idealities in field-effect transistors operatiom iparticular for
applications in digital logic circuits and in pixeétivers of active
matrix organic displays backplanes. The presencsuoh leakage is
evident in b/Vps output characteristics, which fail zero-crossing a
Vps = 0 V in the linear region. Thus, the operationthiis regime
becomes difficult and performances decrease, alserms of on-off
currents ratio [3]. In some works, a thermal aningahas been proved
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to reduce gate currents by de-doping the insulafings from
undesired contaminants such as oxygen and moistordgents
[3][5][6]. The aim of this study is to obtain aneetrical model
describing the effects of the analyzed non-idesliti

3.2 Samples preparation

For the gate contact, we have used commerciak glabstrates
coated with Indium Tin Oxide (ITO) film (thicknes$30 nm)
purchased from Delta Technologies, Ltd and prockaer standard
cleaning procedures. Three kinds of polymeric nigterhave been
used to obtain the gate dielectric layers: Polyanii2556 from HD
Microsystems (Pl), Polystyrene (PS) Poly(1-phemdae-1,2-diyl))
and AZ5214E photoresist (PR) from Clariant. Gateleditrics were
solution-processed by spin-coating technique, ttainobl pm-thick
films for each material. Pl was cured as specifigdhe Manufacturer
[4] and PR was processed and hard-baked for 3@1&tC without
UV-light exposure to obtain a stable film. Pentacevas purchased
by Sigma-Aldrich and processed under class-100 ncleaom
environment and deposited without further purificat

Pentacene thermal evaporation was carried outbaisa pressure
of 2.10" mbar from an alumina-coated crucible. Pentaceyersa
were deposited on the three samples in the samgoetion run,
obtaining 65 nm-thick films at the average growaterof 0.7 A/s. The
deposition process was performed at room temperator obtain
polycrystalline thin film phase according to [9pu@8ce and drain gold
contacts were deposited, after vacuum breaking, tbgrmal
evaporation through a shadow mask, at a base peessd0° mbar.
The 50 nm-thick electrodes, on the top of pentackine were
deposited at the rate of 0.5 A/s to fabricate @obotgate top-contacts
OTFT structure (figure 1). Devices geometries welannel length L
=500 um, channel width W = 1200 pm, Drain (andr8eulength Ip
=Ls=1000 pm.

The Pentacene films were characterized by meahf/efis and
near-infrared (NIR) optical absorbance, using filmeposited on
quartz with a Perkin-Elmer Lambda 900 spectro-pimatier in the
wavelength range of 200 + 800 nm. The crystallim $tructure was
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determined by XRD measurements in Bragg-Brentaf®@0
configuration with an MPD-XPERT (Philips) diffracteter, using a
Cu Ka radiation source. Device’s static electrical chsrazations
were performed by HP 4140B pA meter/DC source airk @onditions
at room temperature in ambient atmosphere.

Ls L Lo

tins Insulator (1pm)

[T (120-130nm 100Q/a)

Glass substrate

I

figure 1: analyzed OTFT structure.

Post-fabrication annealing was performed underarcleoom
environment for 5’ in oven at 115°C (for Pl and B&nples) and at a
lower temperature (90°C) for PS samples, to apailymers glass
transition.

3.3 Reaultsand discussion

3.3.1 UV-visand XRD characterizations

The absorbance spectrum shown in figure 2 is irregent
with [6] for thermally-evaporated polycrystallinemtacene films. The
peaks at 630 nm and 669 nm, due to Davydov-spinte out the
presence of the high mobility phase [8][12]. XR[acddcterizations in
Figure 3 show that the highly ordered single thiim-fphase has been
grown on each kind of insulator, as suggested loyittakopoulos [9].
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figure 2: Optical absorbance spectrum of a 65 nm thick pentacene film deposited on a quartz

substrate.
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figure 3: XRD spectra of the pentacene film grown on the three insulators compared (inset) with

9.

An estimation of the average crystal domain of timee films was
evaluated by applying the Scherrer formula:

<L> = 0.9\/[cos@0)A(29)]

to the (002) Bragg reflection of the films. In twemula,A = 1.54 A is
the wavelength used for the measuremdhyss the Bragg angle, and
A(29) is the FWHM.
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The results are:

<L>=35.4nm Polyimide
<L>=35.1 nm Polystyrene
<L>=37.8 nm Resist

These data do not show relevant differences ifilthe structure.

3.3.2 Electrical characterization and device modeling

figure 6 shows that the output characteristics for the Phpde,
before the annealing process, fail zero-crossingmt= 0 V. This
effect can be attributed to a leaky gate insulfit®t. Moreover, since
the sample revealed a symmetric Drain-Source bebaviwe can
suppose the leakage current to e Ip = Ig/2 at \bs = 0 V, as stated
in [10].

Plotting k(Vps = 0 V) vs. \&s (see figure 4), a quadratic trend can
be noticed. This result is common in many dielecimaterials with
trap-free Space-Charge Limited Current behavio@L(S). Thus the
parasitic currents between the Drain contact ared Glate can be
modeled by ¢~Vgp® obtaining:

eq. 1 ls = _Kl_z(ves -Vi )VDS _VDSZJ_a\/DGZ

wherea can be hamedon-ideality factor.
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figure 4: Log-Log plot of Sourcecurrent at VDS =0V for non annealed Pl sample. Line slope=2.

If we look at figure 5, the elevated currentsarted in figure 4
are not surprising. In fact the planar geometrihef device and the
small thickness of films employed to obtain gatsuiation, make the
structure in figure 1 a topology which it can besigaargued to be
affected from such leakages. In our approach, teacter of gate
current can be extracted from usual output andsicduaracteristics by
considering the zero-polarization plot g{$ee a schematization of the

leakage paths in figure 5).

Wy |

J— PENTACENE

T T — 3

Glass substrate

figure5: Investigating gate leakages in manufactured devices
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It has to be considered that the increase ofgatent is
provoked by a complete overlap between contactgateland a
relatively small gate-source and gate-drain sejuerin the figure 5
it has to be 1.000um (insulator) + 65nm (pentacenkP65 pum)

300p |- [ + 100 e
. 90 e
| | T
s S0= L pamseT
200u | 20 et .
-40 - ’
= -30
~ - -20
o 100u | | - -10 i
0
0.0 sl
10.0p I 1 L I Ty '
20 o 20 40 60 30 -100

figure 6: Output characteristics of PI device before annealing (dotted: experimental; line: model
fitting smulations of eg. 1).

The fitting results (figure 6 and eq. 1 with tr@ranon meaning of
symbols) reveal that the gate leakage currentl&eaa to the gate-
drain voltage, if drain was biased {¥/# 0). After the annealing
process, the output characteristics change (sgeref7), restoring the
zero-crossing at 3 = 0 V. Consequently, we can state that gate
leakage-current reduces and the device approachaaskideal FET
operation (i.e.a = 0).
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1, @)

figure 7: Output characteristics of Pl device after thermal annealing (dotted: experimental; line:
model fitting simulationswith MOSideal model).

For PS and PR samples, the same characterizédios Isefore and
after annealing have been carried-out. For PSfittiveg results have
shown in both conditions (see figure 8 and figur¢h@ presence of a
contact barrier voltage ¢, as also reported in [11]. In this case, the
undesired current affects the characteristicsvatMgs and the fittings
show a dependence from the onlygs\bias, which can be modeled by
le~Ves' (as in eq. 2) due to Trap-Charge-Limited Spacergha
Limited-Current (TCL SCLC). In this case, we deg¢etthe presence
of a Source-Drain contact barrier, modeled in edqhrdugh the ¥
voltage shift of the Ws as suggested by Horowitz [11].

eq. 2 ls = _Kl_Z(VGS ~Vr Vs —Ve )= (Vps - Ve )2]_0’\/864

Here, the baking treatment decreasestmeideality factor a but
keeps the same power law exponent, as appeardiftomgs shown in
figure 9 with the eq. 2 model.
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figure 8: Output characteristics of PS device before thermal annealing (dotted: experimental; line:
fitting simulations of Eq. 2).
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figure 9: Output characteristics of PS device after thermal annealing (dotted: experimental; line:
model fitting simulations of Eq.2).

The sample fabricated with PR, before annealilsg, laas shown a
gate leakage current (see output characteristiigune 10), modeled
by a quadratic SCLC transport, as in eq. 3

€q. 3 ls =_K[2(VGS -V Mos ‘VDSZJ‘O'VSGZ

but, differently from the not-annealed Pl samphe, lieakage current is
related to the Source-Gate voltage.

After the annealing (figure 11), the output chéegstics are null
at Vps = 0 V and the device fits an ideal FET model (ice= 0). The
threshold voltage Ybecomes more positive, enhancing the depletion-
FET behaviour.
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figure 10: Output characteristics of OTFT with Photoresist gate dielectric (dotted: experimental;
line: modél fitting simulations of eg. 3).
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figure 11: Output characteristics of PR device after thermal annealing (dotted: experimental; line:
model fitting simulationswith MOS ideal model

To summarize our experimental results, we prop@asgeneric
electrical model for the OTFTs, shown in figure &Rctric model of
fabricated devices. In this figure the effects bftlae non-idealities
that have been found, and also known results 1(B[2]1 are taken
into account.
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figure 12: electric model of fabricated devices.

The diodes g and D model the dependence of the gate leakage
current components from ¢ and \bg respectively, while the ¥
voltage shift, due to the contact barrier, is diésd through a series
voltage source.

Then, the generic electrical model can be written a

€q. 4 Is = _Kl_z(ves _VT )(VDS _Vc)_ (VDs _Vc)zl_ asvssm —ap (VDG _Vc )m

As explained above, the empirical coefficients related to the
kind of SCLC transport in the gate insulator.
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figure 13: Mobility evaluation in saturation regime by plots of sqrt(ls)/V s without taking into
account non-idealities.

Using the ideal FET model in the saturation openafeq. 5)
2
eg. 5 _ 2L | 0ylpsy
U =
AT VVCins aVGS Vis

NVes—Vr
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The evaluated mobility values extracted froffils)/Vsc plots (see
figure 13) are smaller than the estimated onesade operation fitted
with the unified model (eq. 4 and figure 12).

Fit parameters shown in table(felated to the triode operation)
suggest that for the Pl sample the device benefita better gate
insulation if annealed. Furthermore, we observedach case a slight
decrease of mobility and K and a smalf Mcrease. About the PS
sample, the same trends foirl psat and K are confirmed, while the
threshold voltage (¥ and the contact barriercd\6eem not affected by
the thermal process. For PR sample, it can be wbdea huge
increase in threshold voltage (positive values)rapghing a deep-
depletion-like operation for the OFET. Mobility akdalso increase
their values. From extracted mobility values, itedonot appear a
direct relationship between the average crystadite <L> and OTFT
performances, in according to results reported 1. [

If we suppose for the not-annealed Pl and PR sasrthe SCLC
transport in gate leakage current, according tg, [l can estimate
the insulator mobility from thaon-ideality factor a

3
eq. 6 -8 «a D]_ins
" 9WLge™e,

giving pins(P1) = 1.410" cn?/(Vs) andping(PR) = 4.110°8 cnf/(Vs).

& K Hrri Hsar Vr | Ve Os Op m
(adim. | (AVZ | (cmfVs | (enfiVs | (V | (V | (AV™ | (AV™ | (adim.
) ) ) ) ) ) ) ) )
PI 3451 | 2.6E-9 0.73 0.71 7.6 0 0 5.7E-10 2
PI 2.5E-9 0.69 0.57 10 0 0 0 n.a.
anneale
d
PS 2.5% 1.7E- 0.06 0.064 55| 4.5 5E-16 0 4
10
PS 1.3E- 0.049 0.007 55| 4.5  1E-1f 0 4
anneale 10
d
PR 4,941 8.7E- 0.167 0.144 77 0| 24E-1p 0 2
10
PR 2.7E-9 0.519 n.a. 12 0 0 0 n.a
anneale
d

table 1: OTFT model parameters synthesis
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3.4 Advanced circuital gate leakage models
application in performance analysis of
OTFTs

By advancing the analysis of circuital equivalemdel seen in
previous chapters, taking into account that corpaténtial \& should
not appear at the device’s terminals, in furtherked19], we added
an ideal diode on drain electrode to prevent ge® figure 14).

G
o
Q G * # DDG
S_CLC i SCLC V D
diode diode C c
S 5.1 D
M

| | ']

.|—H O
ideal
diode

figure 14: OTFT electrical model complete of gate leakage and sour ce/drain contact barriersnon-
idealities.

In other words, the total effect of the source andin contact
barriers is described from thecVsource voltage, the diodecD
underlines the asymmetrical behavior of the charatics while the
gate leakage current is related to thg Bnd Dy diodes.

Adopting this circuital model, source current e can be
rewritten in terms of external applied voltages (Eceg. 8 and eqg. 9).

For Polyimide OTFT:

eq. 7 I's =K [20Ves ~Vir Mos ~Vos2 )~ aWVos ~Ves)?
For Polystyrene OTFT:

eq. 8 ls = -K(Z(Ves ~Vr )Vps ~Ve )= (Vos +Vc)2)‘”VGs4
For AZ5214E OTFT:

eq. 9 ls = _K(Z(VGS -V Vps ‘VDsz)‘WGsz
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Then, the general electrical model can be morpeptp expressed
as follows:

eq. 10 ls = _K(Z(VGS =V JVps =Ve) - (Vos = Ve )2)
—asVes" - ap (Vps ~Ves Ve )"

3.5 Gateleakage models in the evaluation of
mor phology-per for mance r elationship

As it will be better explained in chapter 3, arect estimation of
channel current, which is different from drain asusce current
because of gate-leakages, can help from misleadiagpretations of
mobility, threshold voltages and more in general OfTFTs
performances.

On the basis of SEM (Scanning Electron Microscoipgdging
performed on the three (PS, PI, PR) samples, itbeas possible to
estimate pentacene grain dimensions and relatehible mobility in
the channel (see figure 15, figure 16, figure 17).

"

M
A EHT = 500kV Mag= 4013KX WD= 18mm

figure 15: SEM imagerelative to the Pl sample.
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p—tem EHT= 500kV Mag= 4013KX WD= 1.6mm

figure 16: SEM imagerelative to the PR sample. Grain shapesand grain boundaries are evident.

EHT= 500kV Mag= 75.00KX WD= 14mm

figure 17: imagerelative to the PS sample.

Such extracted dependence can be summarized figuie 18
obeying the dependence noticed from Horowitz oiffardnt class of
OTFTs[20].
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figure 18: Experimental dependence of the channel mobility from the pentacene average grain size.
Thelineisonly a guidefor eyes.

3.6 Conclusions

In this chapter, we have analyzed non-idealitiéspentacene
OTFTs. In our samples, we studied the effect ok dabkages and
contact barriers; therefore we have proposed aegnélectrical model
to describe these parasitic effects.

Furthermore, the origin of the gate current lealsagan be
attributed to the simple topology of fabricated QBE having
unpatterned gates and channels. The model descdlssctric
leakages by means of two Source-Gate and Drain-8ate€-diodes.

A voltage source in series with the Drain termiofathe ideal FET
describes the contact barrier.

The proposed model well fits the different behavso of
transistors fabricated with three different polyrmoegate insulators
and the effects of simple thermal annealing pracA$®r this, we
have observed a clear reduction of the gate-lealagesnt and
estimated a slight mobility decrease. All the desibave shown gate
leakage currents. This effect has been electricalbgleled with two
SCLC diodes and in Polystyrene sample thgs ghift has been
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modeled with a constant voltage source. The prapasedel has
allowed to estimate the channel mobility and thikagre threshold.

The mobility values of the devices estimated witle model
agrees with the SEM analysis. Further investigationll show
(chapter 3) that in the case of different topolegadd dielectrics, the
variation of charge mobility with gate field will ke sometimes not-
consistent the fits made with a model having a pdew dependence
of current from voltages as in the examined case.

3.7 Layout design impact of the gate-leakage
analysis

Gate leakages are often hadden problem in many literature
reports. They become relevant when working on veny insulating
films or leaky dielectrics like polymers or solutiprocessed
materials and are responsible of static dissipatirorOFET-based
circuitry.

From observations of this chapter’s data analygisan state that
the Pl offers the best performances once anneatederms of
mobility: 0.72 cmiV's* with a negligible gate leakage |
The drawback of Polyimide utilization are the higerating voltages
(0,-100V), the it should be necessary to fabrithiener dielectrics to
increase the insulator’s capacity

Unfortunately, we were not able to process Pl ayender the
1um thickness without obtaining gate short-circuBsit a way to
reduce active area under contacts had to be fauog@timize devices
not only in terms of mobility but thresholds, géd#aekages, operating
voltages and so on.

Being the overlap between S/D contacts in large r@sponsible
of such non-ideality effects, to improve performaseve had to move
to a process/layout with patterned gates/islandghiks line of work
we can take into account three chances:

* OSC subtraction.

This is usual in inorganic devices where orgamsics
used just to make patterning and removed with siévelhus,
inorganic technology is for its nature orthogor@abphtterning
technology. This method is not actable without prgcaution
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to organic materials which are unstable if in contaith
solvents and water.

OSC passivation in unused zones.

If such passivation (mobility/conductance reductio
specific areas) could be obtained selectively byticap
hopefully lithographic, methods, it would be goodobtain the
precise geometries required from performing OFETs
operation. From this point of view, is known thatvU
irradiation can be active on organic materials pking
molecule’s oxidation/degradation[21].

We have followed this path to clarify if by using
common photolithography equipment we could obtain
pentacene passivation outside the channel regiomdgliating
a Pl OTFT with the UV light coming from a Suss MAtask
aligner equipped with quartz masks (see figure 19).

11 T T T T T T
10- .
09- .
08 .
07 .
06- .
05- .
0,4_- \.\ _

0.3 i

Wy, @ (V,=-60V)

0.2 .
0.1 -
0.0

0.1 , ; . ; . ; .
0 10 20 30 40

Dose (mJ/cm?)
figure 19: the pentacene mobility changes of one order of magnitude by increasing the
UV dose over 25/30 mJ/cm?
As it can be seen in figure 19 and by model irst pne order
of magnitude of response reduction can be obtanyedline
g-line UV optical patterning.
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_D[mJ /em?]

eq11  H(D)=u, +re ¥

* Shadow-masks are the only way to realize easilerlay
patterning for evaporated materials, thus an apf@@pset of
masks has been designed, realized and adopted¢amplish
to this (the change in topology is summarizedguife 20 ).

s o
EE EE EE _ =
Top view /
LU L Layout i}
[ ] | G
Pentacenechannel |
- D — PMMA gate insulator ]
Insulator (1um): PI/PS/PR o S S O
Section view e
Gate (ITO)
Glass subsirate e
| Glasssubstrate |

figure 20: left: unpatterned topology, right layout based on stencils

The adoption of PMMA (Poly(methyl methacrylategs been
done to scale the insulator’s thickness. In furthealyses the new
topology will be adopted for fabricated OTFTs.

A brief summary of performances obtained is regobih table 2.

Old layout and New layout and Effect
PI PMMA (115nm)

tins(HM) 1 0.115

€, 3.4 3.66

Cins(F/cm?2) 0.301 2.843 Operating voltage reduction

W/L 1200/500=2.4 350/70=5 Ip increase

G/S Overlap 600k 511k reduction of Ig

Surface (Um32)

V1(V) +10 -7.1 accumulation operation and
operating voltage reduction

H(cm?2V-ig1) 0.69 0.09 I, decrease

table 2: Pl and PMMA OTFT performances compared

In this reference case, by reducing the insultdtickness by factor
10, we have been able to decrease operating veltage -100V to
about -16V but surface properties of PMMA are nptiraized for
pentacene growth then we have to work on dieleataclification to
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enhance mobility again. Furthermore, some effoitt e done in
reducing threshold voltages. Please see chapter 4.
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Chapter 4

Morphology-mobility relationship in
dielectrics with optimized surface-
energy and its exceptions studied by
means of density of states

Gate-dielectric properties and dielectric-semicandr interface
physics are known to govern growth of pentacenambldilms with a
tremendous impact on the morphology of their polgtalline phase
[1][2][3][9]; in this context, surface wettabilitpan be considered as a
measure of interface energy properties reflectmghe growth of the
first molecular layers of channel semiconductotttmatop of the gate
dielectric layer.

In the scope of the present work there’s the dagreent and
optimization of gate-dielectrics to enhance champneperties and then
device performances.

As a result of the research work, it has been ldpee a device
based on an organic-inorganic hybrid insulator dépd from
solution phase by sol-gel processing. It has bégdiex! by using an
OTFT as a characterization experiment in comparistth known
results. We found such dielectric layer (hamed raite acronym
PFTEOS:TEOS) exhibiting anomalous trends in a asdessed
morphology-mobility relationship.

The nature of this class of OTFTs has been stubdiethermal
activation of charge mobility characterizations evhishowed the
innovative dielectric having a behavior in contragth common
polymeric gate insulator-based transistors. Sungusarity has been
related to density of states in the valence bardi tanmicroscopic
disorder which cannot be evaluated by common mdogical
characterizations (Scanning Electron Microscopg.etc
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3.1 Introduction

It's known that morphology and charge transporatycrystalline
pentacene is strongly related to gate-dielectrperties and, more in
detail, to dielectric-semiconductor interface matyl]. Thus, in
OTFT’s performance optimization, it's fundamental qualify and
guantify the OSCl/insulator interface features awatol them in
device’s processing phase.

Literature studies report that in a pentacene umedhe charge
mobility is limited by grain-boundaries (see [3]B[] and their
references) as in models derived from amorphouspahgtrystalline
silicon. There are, indeed, Research Teams whigh bhtained high
performance pentacene-based OTFTs having very sgralins
(<<1lpm) by surface treatment of a $SiQate dielectric by
octadecyltrichlorosilane (OTS) SAM deposition. Thine effect of
semiconductor grains dimension on OTFT mobility sill
controversial and not fully understood but somel-gefined trends
have been identified. The correlation between @siog parameters
and device’s performances has been proven showaidydrophobic
dielectric surfaces have the ability to enhanceicdéy saturation
current and field-effect mobility @¢) [8] by acting on the molecular
order in the growth of first layers of semiconducto

In a fundamental reference work [9] surface en@&aytrollable
dielectrics have been obtained and studied provingt low-
wettability interfaces can induce a “Stransky-Kaastv growth” of
pentacene films with grains of great dimension ()and evident
dendritic off-film formations.

In the referred work and also in further papef,[a low surface
energy has been suggested to be the most favocaiidition to
promote high charge transfer rates between adjazenes by
increasing the degree of interconnection and amgithie formation of
incomplete molecular layers. For these reasontherpresent work it
have been prepared novel hydrophobic dielectrierayor OTFTs
and interfaces to increase the quality of morphplo§ pentacene
channels and enhance charge transport in suchedevic

Keeping in mind these considerations, after takimg account
standard gate dielectrics, we acted on the natock iaterface of
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insulators to increase the hydrophobicity level ahthin a large-grain
growth of pentacene.

Known techniques to account this are the utilaratof highly
hydrophobic compounds in gate dielectric layer itaiion, the
surface treatment of usual insulating materialschgmical [14][15]
and/or physical [16] processing or by the depasitd buffer layers
[11][12][13], self-assembled monolayers (SAM)[17]r oself-
assembled multilayers (SAMT)[18].

In the preparation of the new dielectric materiabe introduced
an organic-inorganic hybrid material based on Tatraethyl
Orthosilicate / 1H,1H,2H,2H-Perfluorodecyl triethoxysilane
commonly named “PFTEOS:TEOS” solution. The aboveroead
layer is characterized by perfluoroalkyl units whare responsible of
the desired hydrophobic properties. It has beerositgdl by a spin-
coating-based sol-gel technique on the metallie ater.

From the point of view of the physical treatmewts studied the
effect of CR plasma treatments on common PMMA gate dielectrics
it has been already done on PVP/Ge@mbined dielectrics [16].

Furthermore, by following the same optimizationhpa thin film
(<10nm) of Poly(methyl methacrylate), PMMA, has beenployed to
bufferize the PFTEOS:TEOS surface similarly to tite@atment which
has been already demonstrated to be effective Oniierfaces [11]
with OSC in top contacts OTFTs [12][13] by MariuetiAl.

The relationship between maximum field-effect nhigbiand
average pentacene grain dimension in the channdli® been
extracted and analyzed for fabricated OTFTs dematisg that
PFTEOS:TEOS samples have a behavior which doeslmey the
general trend for performances which we also haved for a wide
class of polymeric insulators.

In contrast to single crystal semiconductors, ur alevices,
channels are disordered or partially ordered syst#ran the charge
transport is dominated by localized states whicultedn temperature
and gate voltage dependencies gf p

It has also been reported [19] that for the reférkind of
disordered systems there’s a dependence of theatoti energy of
mobility from the gate voltage bias, a thermal\ation analysis has
been performed showing in Arrhenius plots gk jextracted from
static characteristics the existence of a compemsatile which we
modeled according to Meyer-Neldel[20] relations{MNR).
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Then, we utlized the model parameters extractesfDC
characteristics to investigate the singularities rralated to
PFTEOS:TEOS samples and founding the Meyer-Neldeérdy
(MNE) to be one of the key factors which can explaiobility trend
differences in terms of in-band DOS and microscajsorder.
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3.2 General device structure and processing

OTFTs analyzed in this chapter share the sameorhett
gate/top-contact topology. They have been processdér a class-
100 clean room environment on boron-silicate gla€mntact
structures and semiconducting islands have beenedeby means of
shadow-masks utilized during evaporated films diijoos process.
Different kinds of insulators have been all solntjgrocess-deposited
utilizing a spin-coater. For the sake of simplicite¢ report a cross-
section and a top view schematics layout of a @efgsee figure 1).

@ S,D,G contacts (gold)

B Channel island (pentacene)
[ Gate insulator

O Substrate

S D

G
(A)
-
G
(B)

figure 1: cross-section (A) and top-view (B) schemias of an analyzed OTFT device (image B
reflects real layout)

In the aim to investigate the behaviour of mobihtyd overall
performances in the semiconductor when the gatedtie is varied,
materials and processes employed to process tlsratds, contacts
the organic semiconductor channel and their thiskege have been
kept unvaried. The only variations introduced ire tfabrication
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process are exclusively due to the nature, theknkgs and the
interface of the gate dielectric. Thus, being th&ulator features the
controlled variable; we decided to briefly identdgmples by means
of an acronym which reminds to the particular di&ie involved in
the fabrication.

In figure 1, we report materials, thicknesses atehiifying
acronyms of OTFT varieties in order to make morenediate the
measurement interpretation.

More in detail, three thicknesses of PMMA dielexthave
been deposited by spinning to make explicit theeddpnce of
mobility from gate electric field and the relatibis between insulator
thicknesses and pentacene morphology.

SLENTE Material Thickness Sample id.
Role
Substrate Boron-silicate glass 1mm
Gate adhesion Chromium 10nm
layer
Gate electrode Gold 50nm
PMMA114
PMMA 114nm, 225nm, PMMA225
420nm
PMMA420
Gate insulato CFs-treated PMMA 225nm PMMA/CF
PFTEOS:TEOS 270nm PFTEOS:TEOS
PFTEOS:TEOS having a 10nm- 273nm PFTEOS:TEOS/PMM
thick PMMA layer A
Channel 65nm (avg.
semiconductofr Pentacene (H.2) thickness)
S/D electrodes Gold 50nm

table 1: Fabricated samples materials, thicknessesd acronym ids.

Gate contacts have been deposited in standardtimorsdwith
fixed planetary substrate holder in an evaporatiweimber at the base
pressure of 40'mbar from 99.99% purity metals by means of
thermal evaporation. Chromium has been evaporaigdOm A/s rate
and gold with an average rate of 0.5 A/s.
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Pentacene islands are formed by vacuum evaporaitiGspH 14
from a Kurt J. Lesker AD; source provided with an additional hot-lip
at the base pressure of 1L@'mbar with an average rate of 0.6A/s.

The pentacene material employed as evaporatiorceduws
been purchased from Sigma Aldrich and processdubutitany other
purification. Gate masks, island masks and S/D amininasks are
changed by breaking the vacuum and opening theoeatw chamber.

3.2.1 PMMA gate-insulators processing

PMMA is spin-coated from 4% and 8% (in weight)wmns in
toluene solvent. Thus, three different thicknessds polymeric
dielectric have been obtained by varying the spatiog recipe and
polymer concentration as reported in table 2.

Sample id. | PMMA PMMA speed | Time | Acceleration | Ra Rq
thickness | concentration | (rpm) (s) (rpsgm) (nm) | (nm)
(w/w)
PMMA115 114nm 4% 3500 40 1500 1.2 1.9
PMMA225 225nm 4% 1500 40 1000 1.3 1.6
PMMA420 420nm 8% 3000 40 1500 1.2 14

table 2: PMMA thickness recipe to obtain three diférent film thicknesses.

Soon after deposition, toluene is drift off thémfiby thermal
annealing on an hot-plate at 100°C for 2hr.

3.2.2 PFTEOS:TEQOS gate-insulators processing

The materials used to prepare hydrophobic dietedthns are

here below enumerated:

* Aqueous solution (0.24M) of hydrochloric (HCI) acid

* Poly-(methylmethacrylate) (PMMA) (M= 120,000Da) purchased
from Sigma-Aldrich

» Tetraethyl Orthosilicate (TEOS), purchased fromn&gAldrich
Mw = 208.33Da
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e 1H,1H,2H,2F-Perfluorodecyl trietoxysilane (PFTEOS) (Mw
610.38Di), purchased from Sigr-Aldrich

* Ethano

* Toluene

* Fluorc-propanc

In table 3 is showi the molecular formulas of PMMA
materials, TEOS and PFTEC(

Material Molecular formula
Poly-(methylmethacrylate) (PMM/ [ oH, |
~] ||
N
R
| CHy |
|— n
Tetraethyl Orthosilicate (TEO H.C CH-
\\_(:)“‘.’O_/r
/:jla
~00—
H:C CH;
1H,1H,2H,2F-Perfluorodecyl triethoxysilan HC o o.M
(PFTEOS S
/70O CHoCH,(CF5);CF5
HaC

table 3: Molecular formulas of compounds utilizedas gate dielectrics

Before spil-coating depositiol of dielectric films on TF1
devices with the structure shown figure 1, the same films wel
prepared on glass substrates tccharacterize by means omeasure:
of roughness, contact angle measurements and imaging of
morpholog.
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For the preparation of PFTEOS:TEOS, 1.333g of TED8
0.073g of PFTEOS were diluted in 5ml of ethanolshiyring on hot-
plate for 5 minutes.

A 0.25 ml HCI (0.24M) aqueous solution is dilutedd ml of
ethanol and added drop-by-drop to the PFTEOS: TEM&ien. After
the preparation, the solution is stirred for 16lr grevent the
formation of clusters. Before spin-coating, thuson is diluted with
an equal volume of 3-fluoropropanol to enhanceatibesion of the
solution on glass. After this preparation phase,dblution is filtered
and deposited by spinning on the substrates atrp@0@r 30s with
an acceleration of 800 rpsgm. Soon after spinrimg,film has been
cured on an hot plate under laminar flow in a ctl®33 environment
for 30 minutes to evaporate the solvent and thadwally heated in
an oven from 110°C to 150°C and kept at 150°C féinrlbefore
pentacene deposition. For the preparation of thdlRMilms on
PFTEOS:TEOS, a 4% solution of PMMA in toluene haserb
prepared. A 10nm-thick layer of PMMA has been dépdsby spin-
coating of that solution at 6000rpm for 1 min w&h acceleration of
5000rpsgm on the top of the PFTEOS:TEOS cured filoluene is
removed by keeping the sample on an hot plate @tCL.@or 2 hr to
promote solvent evaporation.

In table 4, films thicknesses and obtained roughnase
reported.

Film Thickness (nm) Roughness (nm)
Glass substrate Ra=2.1
Rg=2.8
PFTEOS/TEOS 273 Ra=2.7
Rg=3.4
(PFTEOS/TEOS)/PMMA 273/10 Ra=2.9
Rg=3.8

table 4: morphological characterization of PFTEOS:TEOSilms.

Surface roughness is a key factor in OTFT perfoceanA
rough dielectric-to-channel interface causes chatrgg@ping and
scattering because of interface traps thus a higlage voltage is
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necessary to modulate the channel current[21]. Ascan state by
observing table 4, film roughness increases of Aawstroms when
film is deposited on the glass substrate. For th&esof our
investigation similar values of mean roughness Hasen obtained,
therefore a comparison can be considered consistentthis point of
view.

3.2.3 Sol-gel PFTEOS:TEOS processing

When PFTEOS and TEOS are put in solution, thecisili
derivatives hydrolyze giving Si-OH groups which atde to undergo
to condensation. Such condensation process happéesn the
material is in its thin-film phase (after spin-dog) by means of
thermal curing at 150°C. During this process thetemi@ forms
networks of chemical bindings between functioredisSi-O-Si and
perfluoroalkyl groups which tend to migrate to fh surface giving
rise to enhanced hydrophobic interface propertiq@e figure 2).

r T
_:|: —0—!10 Ozi—o—i—u—i—ﬂ—jlﬂ
| | I I I I
////////g./{///////

figure 2: schematization of perfluoroalkyl groups bcalization on PFTEOS:TEOS film surface

The described sol-gel process is summarized urdi@
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| H* |
—Si—-OR + H,O . —Sli—OH + ROH
|
| | A |
—Si-OR + —Si—-OH ——  » —Si-0-Si— + ROH
| | |
l | A 1
—Si—-OH ——» —Si-0-Si— +H),0

—SI"OH + —s |

figure 3: PFTEOS:TEOS sol-gel process schematization

hydrolysis

condensation

condensation
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3.2 Materials and interface characterizatior

3.3.1 Contact angle measurements on PFTEOS:TEO-
based thin films

To measure surface wettability of prepared filimsitaot angle
measurements have been performed by dispensingizieib (DI)
wateron deposited test substrates either on glass ssgrthan Cr/Al
gate structures to establish the effect of the fitin processing ol
each portion of the ge-level substrate

(@) a(Glass) = 48 (b): a(Cr/Au) = 87.2

figure 4: Initial condition: contact angle measurement proess of DI water on (a): glass substrat
(b): Cr/Au gate

After PFTEOS:TEOS deposition and curing, contaglenmns
verified repeating measurements that show diffexerietweenilims
coated on the glass portion of the substrate seiréaxd the metalli
area (seefigure5).
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P-N i
(g

I ———————
(2):(PFTEOS:TEOS on Glas (b): a(PFTEOS:TEOS on Glas
=111.F° =111.F°

figure 5: contact angle measurements onFTEOS:TEOS deposited(a): on Glass,(b): on Cr/Au
surface

As a reference, e contact angle « DI water on a simpl
PMMA (thickness 200nm) surface deposited on glasgeported t
validate the 10nm buffer layer processing (figure 6). Taking into
account this information about a plain PMMA surfas®& measure
wettability on PMMA buffer layers (10nm) on PFTEOQ&EOS
showing a contact angle of 70° which is really néd@® one we
obtaind for the initial case of PMMA figure 6) proving the
effectiveness of the buffer layer deposit

Vo

————————————————
figure 6: Contact angle on a 200nr-thick cured film surface of PMMA (67.2°.

3.3.2 Scanning Electron Microscopy (SEM)imaging of
channel morphology

The knowledge of surface morphology of the chargesport
medium is fundamental because it is one of the waypredict
device’sperformances without making a complete deviche use o
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a scanning electron microscope (SEM) allows foid-aurveying of
in-plane geometric features of grown semiconduitmis on different
dielectrics once the sample is conveniently prepare

To make imaging possible, a 10nm-thick gold layas lbeen
sputtered on the top of pentacene films. Imaging leen performed
by using a Leo 1530 Scanning electron microscomsealing
fundamental difference between PFTEOS:TEOS and
PFTEOS:TEOS/PMMA samples (see figure 7).

P TS S (VY S IR SOOI S BT A A R P P g N s B

(a): pentacene grown on (b): pentacene grown on
PFTEOS:TEQOS surface PFTEOS:TEOS/PMMA surface

figure 7: SEM imaging of pentacene channels grown atop of (a): PFTEOS:TEOS surface, (b):
PFTEOS:TEOS/PMMA surface. Images are taken at the sam#0.13X magnification

Surprisingly, differently from we expected for poleric
dielectrics, an higher contact angle does not tesula greater
pentacene average grain size. The explanationisfetifiect is still
unclear and in contrast with other literature ressul In table 5 a
summary of grain dimensions we found for differ@¥FT insulator
surfaces has been reported.

Sample Grain width (pm) Std. Deviation @m)
PMMA115 0.346 0.087
PMMA225 0.344 0.094
PMMA420 0.258 0.072

PFTEOS:TEOS 0.191 0.048
PFTEOS:TEOS/PMMA 1.26 0.478

table 5: statistics on pentacene grain dimensionsacuate by SEM surface imaging.
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3.4 Device’s characterization

3.4.1 Experimental

Electrical characterizations and have been peddrby means of
a Cascade SUMMIT 11000M probe station equipped vaithiN\,
atmosphere chamber (micro-chamber) and a thermakotonnected
to an ESPEC ETC 200L EMO thermo-chuck controllene Tprobe
station is set-up with three DC probes kept inogién flow.

To measure static output and trans-characteristesadopted a
Keithley SCS4200 semiconductor parameter analya@nh two pre-
amplified SMU and one ground unit. The apparatwsbise to measure
simultaneously the drain current and the gate lgakaaking possible
to evaluate static dielectric non-idealities incéleal and thermal
analyses.

The knowledge of the gate leakage currentlig(Ves, Vbs) is
useful to heal from misleading interpretations deg from the
confusion of the drain currenp I(measured by the characterization
apparatus) and the channel currept nodeled by triode and
saturation equations in standard FETS.

Such gate-dielectric leakages have already bgmortel (and in
some cases modeled) by literature works at diftesggrees of
approximation by circuital models, distributed paeder analyses and
MIM (Metal Insulator Metal) or MIS (Metal Insulat@emiconductor)
structures characterizations [24][25][26][27].

Threshold voltages of OTFTs are estimated frdgy/Vgs plots
by means of the intercept method, mobilities hasenbextracted from
the slope of the same curve in saturation regiméhatsame Ys
polarization. In considered cases, the trans-chexiatics plot at ¥s
=-16V with a varying \s, represents the saturation condition for all
the examined OFETs. This has been verified by coisga with
output characteristics at the same drain voltagehése hypotheses,
once known the drain current in saturation regiresys gate-voltage
IpssafVes characteristic, the mobility has been estimatednfthe
ideal MOSFET model (see eq. 1).
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2L <a\/1DSsat>2

WCins a Vs

eq.1 tp (Vss) =

Where Gs is the insulator surface-specific capacitance as
calculated from the knowledge of the dielectrickimess (ts and the
relative permittivity) in eq. 2.

Eor

eq. 2 Cins =~ —

tins

Channel microstructure-related properties (sed¢2d] and their
references) involve charge transport and trappmgur case by using
the previous relationship and the subtended madethé case of
amorphous or polycrystalline semiconductors, weeekpa gate-
voltage dependence of the mobilityrér=p (Vss)). The behavior of
urer versus the gate electrical field, has the abitidyreveal the
electrical, thermodynamic and material-related uUezd of
OSCldielectric interface in the channel area. Then,correct
estimation of channel mobility can be performedyoiil we have
knowledge of dielectric constants of adopted insuta For these
reasons, an HP4192A impedance analyzer has bedoyadpo make
capacitance voltage measurements (C/V) to extraet dielectric
permittivity at low frequencies (20°Hz). If this step could be
overcome for commercial insulators like Polyimides., particular
attention should be kept for in house made materibke
PFTEOS:TEOS which, as far as we know, has stillb@oinvestigated
as a dielectric for OTFTs. As a result of our measients, we found
PFTEOS:TEOS showing an elevated value if compardth w
polymeric low-k dielectrics (see table 6).

PMMA £=3.6
PFTEOS:TEOS &=5.1

table 6: measured dielectrics relative permittivites at f=100Hz

3.4.2 Morphology-mobility relationship

Starting from SEM imaging results on the pentadagers grown
on the top of selected dielectrics it has been iplesso relate the
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mobility with the dimension of grains and thus o&ig boundaries as
Horowitz et Al. [3] have shown for thiophenes arsloain previous
works. The analysis of mobility curves versus dats @ate voltage-
dependent mobili)y has been performed for PMMA samples and
extended for a 225nm PMMA insulator treated in, @lasma and
subsequently in PFTEOS:TEOS and a bufferized
PFTEOS:TEOS/PMMA sample.

In the case of PMMA/CF treated sample the gate voltage
dependent g has showed a typical behavior of dielectrics when
surface treatments are performed. A maximum inggheand a value
higher than the equivalent untreated sample cavbberved in figure
8.

0.20 — . ; . ; . ;
* PMMA 225nm
A PMMA 225nm - CF4

0.15 . A N -
A

a4y
0.10 aha s N
ahh

) . )
A A
RN
R
0.05 . N i
A -
R .
L A a 4

] \ a4 aa
A A
0.00 o S—

-0.05 1 , ; . . . . . . .

H (cmst)

Ve(V)

figure 8: the effect of CF4 plasma surface treatmdron PMMA dielectric. The mobility exhibits a
maximum point and values greater than a plain PMMAOTFT. (PMMA thickness: 225nm)

As it can be seen in figure 8, the untreated PMBMiAlectric
exhibits a behavior almost linear for higher gagddf, obeying to the
Necliudov’s empirical model[28] reported in eq.véhich was already
known for amorphous silicon (a-Si)[30] and its sedpgent
developments for PMMA-based OTFTs[29].

VGS_VT)V
Vaa

eq. 3 u=uo(



124 Exceptions in morphology-mobility relationsh

However, in the lower neighbors of -10V gate voéis, at Ws= -
16V drain bias, a sign of superlinear behavior e existence of a
local maximum value which overlaps the linear betwav This can
be attributed to the nature of the PMMA surface alhfor these
insulator thicknesses can make behave the TFTwa similar to
treated ones.

If compared with a “plain” fon-treatedl one, the PMMA/CEF
sample exhibits a drastic reduction of turn-on agét of the OTFT

(which shifts from -6.17V to -1.9V as it can be ebsd in figure 9
and figure 10).
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figure 9: threshold voltage extraction for PMMA sanples at ambient temperature from trans-

characteristics with the intercept method.
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figure 10: threshold voltage extraction for the PMMA/CF, sample at ambient temperature
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As it can be observed in figure 10, we must say @R—treated
OTFTs have shown very high gate-leakages when c@dpéo
untreated ones failing zero-crossing in output abt@ristics and trans-
characteristics making them not suitable in ancéffe utilization for
driving or switching circuitry for display or OLARpplications.

For these reasons we have decided to performcguofatimization
by switching to PFTEOS:TEOS PMMA-buffering and JCsamples
will not be taken into account. It's therefore eand that, in the case of
CF4, the nature of the treatment and its magnitudedfwhas already
been reduced to the minimum necessary for our g@p@ process
optimization steps) damages from the electricahpaif view the
insulating film provoking the formation of prefeted current
shortcuts and low-resistivity paths which are resiae of the high
gate-leakages obtained.

In a similar way to what we've done with PMMA225d
PMMA225/CF, samples, we compare the PFTEOS:TEOS sample
with its bufferized version (PFTEOS:TEOS/PMMAL10) terms of
gate voltage-dependent mobility (see figure 11).

—
PFTEOS:TEOS/PMMA 273nm
0.15 <« PFTEOS.TEOS 273nm ]
<
<
_. 0.0 -
(2
NZ “
S/ 44‘«‘««
< 005 “ i
4~‘<4‘
‘«“1
«4‘«
e
«44
0.00 ey <t
— —
-20 -15 -10 5 0 5
Ve(V)

figure 11: the effect of the PMMA (10nm) buffer layer interface on PFTEOS:TEOS transistors.
The gate voltage dependent mobilities are extracteftom saturation trans-characteristics and
compared with a reference sample.
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Also in this case the enhanced structural orderthef first
pentacene monolayers in comparison to the plairpkasvidences a
general increase of the charge transport and mphiid a peak value
at Vgs=-11V as it has already been shown for, @ figure 8 and
references [31].

Finally, if we compare mobility results obtainear ftreated and
untreated dielectrics as in figure 12, and extigwetin dimensions
statistics from channel’'s SEM images, a relationshietween
maximum mobility and channel morphology can be GQiegdly shown
taking also into account values extracted in pneviworks [24][23] in
figure 13.

0.2 ; . ; . ; . |

PMMA 115nm
PMMA 225nm
4 PMMA 420nm
PMMA 225nm - CF4
PFTEOS:TEOS/PMMA
< PFTEOS:TEOS

0.1 41 .

U (cm’/Vs)

0.0

VeV)

figure 12: gate voltage dependent mobility comparian for PMMA, PMMA/CF 4, PFTEOS:TEOS
and PFTEOS:TEOS/PMMA devices

If we observe the figure 13 (black square symbdtfs)possible to
notice a generally increasing trend of charge nitgbilversus
pentacene lateral grain dimension. This behavi@oimmon in large
grains semiconductors[3] and the limiting facter not the grain
mobility but, according to the back-to-back Schyptdchematization
of the grain-to-grain interface, the current flogiithrough a grain
boundary at room temperature is limited by thernt@mission. (eq.
4).
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eq. 4

Wherev represents the electron mean veloditthe grain length and
Ep, the activation energy.
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figure 13: pentacene grain dimension-mobility graphfor pentacene OTFTs having the same
channel thickness (65nm).

If we look at red square symbols (tagged as: “RESHEOS”
and “PFTEOS:TEOS/PMMA” names) in figure 13, it caraut that
PFTEOS:TEOS and PFTEOS:TEOS/PMMA samples do ndadwol
the same trend we noticed for polymeric dielectrics

In more detail, the extremely hydrophobic surfacd
PFTEOS:TEOS film, interestingly, does not result great grain
dimensions (Wg < 0.2um); as a second considerat@®nan state that
the application of the buffer layer, similarly toT®BTs known from
previously published papers [31] should benefithafh mobilities
deriving from very large pentacene grains.

For the PFTEOS:TEOS/PMMA sample even if we obtine
grains of average dimension 1udn (with peak dimensions of 2um),
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we did not observed a mobility increase it shoydgraach the unit as
required by our extrapolation for polymeric matkxia

To better understand this anomaly, we utilizederrial
measurements to stimulate the release of trappedersa in
semiconductor film and then studying this anomabyt the point of
view of interface charge traps.
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3.4.3 Thermal characterizations

In thermal measurements, the disorder level ofediec/OSC
interface is probed by an indirect method to tate account the level
of interconnection between pentacene grains anadmgttheir lateral
dimension. In fact, the inter-grain material pansds characterized by
an amorphous phase which is strongly subjecteleiortal activation,
then, by acting on the temperature parameter, wéogavestigate
such material’s regions.

In order to perform the analysis of the thermdivation process
of charge transport at interface, we repeated 4thasacteristics
measurements and output characteristics measuremaint the
following temperatures: 270K, 280K, 290K, 300K, &10320K,
330K, 340K.

By considering the trans-characteristic in theisdion regime, we
extracted the mobility/¥s curve for each temperature by using the
derivative method as we already seen (eq. 1) thenplotted the
logarithm of a normalized value ofgias a function of the reciprocal
of temperature: 1000/T obtaining the so-calkethenius plot

The curve family generated by the thermal scanOdiFT’s
mobility (as an example, see figure 14) has beasidered for all the
PMMA and PFTEOS:TEOS samples and has evidencegdrdsence
of an isokinetic temperature ) [20][19] in each case and a Meyer-
Neldel behavior.
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figure 14: Arrhenius plots of mobility of PMMA 225nm device at different Vs voltages and their

Meyer-Neldel fit necessary to extract the activatin energy and the mobility prefactor.
Furthermore, from the slope of the fitting linesArrhenius plots,

it has been possible to extract tiaivation energyE;) of the carrier

trapping/release process, Eagy, which has been compared in figure

15.
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figure 15: Activation Energy (Ea(Vss)) graph for charge mobility in considered sampleversus \ss
gate bias.

As it can be seen in figure 15, in every sampd#iyation energy
decreases with gate bias but the relationship kmFtwsample’s
physical features and activation energy appearsean@and all the
curves tend to collapse, at high gate fields toommon value of
0.12eV of activation energy and a precise trendTf is not
identified.

Our hypothesis is that a thermally-activated raeality
phenomenon is hiding the real thermal behavior lerge mobility
from our analysis. Between the main causes ofceéés/drift from the
nominal behavior there are the gate leakages asarein chapter 3.

Nevertheless it cannot easily be eliminated by neeaf the
circuital equivalent we proposed in previous wojk4] because the
wide variation of mobility with gate field cannoe addressed in the
model without losing the physical meaning of thetracted
parameters. This is due to the introduction of daliteonal variable in
the fitting of output curves in the triode region.

Thus, it appears clear that we have to extractti@nel current
lch from the measured drain currerd Bnd gate leakageg |by
following an alternative path. For these reasongle@ded to change
the approach and to apply the Esseni’s [26] mettmoatlear the
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measured drain current from the gate leakage twoiion and then
performing thermal analyses for our OTFTs.

3.4.4 Gate leakage-free results and thermal analysis

As an example, if we consider the output chareties of a
PMMA 114nm gate insulator OTFT, by applying the dss
method[26][27] at the first order (eq. 5) an estiora of the channel
current can be extracted by algebraic means onesured directlyd
and b,

est _ Istlp  Igo—lg
eq. 5 Ich =S T

Where the meaning of symbols has already beeneclea chapter
1. This approximation is physically consistent witie expected
behavior because has the ability to restore in riexygatal curves the
zero-crossing as required from the gate leakagedomdition. Thus,
the fitting of output characteristics with the (lddOSFET model
becomes easier and simulated curves are very thosstimated (,
ones (compare the square symbols, the blue starseahcontinuos
line in figure 16 for \6=-16V).

By applying the extraction method to all the tr@haracteristics
of considered transistors, we can repeat the niplahalysis which
for the sake of simplicity we reported in figure. 17
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figure 16: comparison between output characteristis measured for a PMMA114 OTFT (square
symbols), the Esseni’s estimation of channel currerlines) and the ideal model of MOSFET
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figure 17: comparison between pe/Vgs channel current curves at T, after the gate leakage
extraction.

It's interesting to notice in figure 17 that farrface-optimized
samples the non-monotonic  behaviours are  preserved
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(PFTEOS:TEOS/PMMA and PMMA-CF and also the trend of
growth of e as the thickness approaches to its lower limistiks
obeyed (black squares, red circles and blue tieang curves for
PMMA plain samples).

The evident thing is, perhaps, that the mobiligkness
relationship in samples having the same dieleataterials has
become more linear with th@stas it can be easily observed in the
comparison of figure 18.
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0,00
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figure 18: u/V s characteristics are compared for PMMA before (symbls) and after
(lines) Ig extraction.

On this basis, it is possible to reconstruct Qg in figure 13
by using the mobility values computed on the Essagate leakage-
free channel current at the first order and comsidethe highest g
reported in the plot in figure 19 for each sampfeet
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After Esseni's I extraction
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figure 19: extrapolation of a linear trend from the field-effect mobilities versus mean pentacene
grain dimensions for polymeric dielectrics-based OTFs (black symbols). Red squares are
PFTEOS:TEOS samples mobilities.

As we can observe in figure 19, the mobility trendsamples
having polymeric dielectric is strongly dependerdni channel’s
morphology but also the anomaly of PFTEOS:TEOS $asnis still
evident if we remind figure 13.

By interpolating all the symbols but the red ofie first on
the left and the last on the right in the plot), ei#ained an estimation
line for transistor’s performances as the chaniel fmorphology
changes.

The major differences introduced ky éstimation are, instead,
evident in thermal analyses that allow now to dgish some
important features of PFTEOS:TEOS samples in coisgarwith
PMMA samples.

Looking at figure 20, we see that the activagoergy curves
are now more separated and denote the dependeribe ¢fiermal
activation from thickness and nature of gate dielein OTFTs. They
still keep the usual decreasing behavior with tate dield intensity
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but now it appears evident that samples having RFS:EEOS as a
dielectric have higher activation energies resgecthe polymeric
ones.
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figure 20: after I, extraction, activation energies of the charge trasport in PMMA and
PFTEOS:TEOS samples are compared in the same plot.

Meyer-Neldel temperature (;k) analysis is another task that
benefits of channel current extraction.

As we know, this factor is bound to the variance tioé
Gaussian DOS at OSCl/dielectric interface [32][38{ dhen to the
structural disorder in the microstructure of thedacting media. The
benefit of Esseni’s elaboration is clear if we camgpthe n/tins plots
for PMMA samples (figure 21) where it appears tfat a given
dielectric the Meyer-Neldel energy decreases asliitcomes thicker.

In other words, the MNE seems to be for PMMA areaof
the degree of control on charge channel modulatiat the gate
electrode effectively has.
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figure 21: dependence of fiy and Euny from pentacene grain dimension in PMMA dielectrics

From Tun observation we can deduce that there’s a sharp
separation from the behavior of PMMA samples, hgwinlinearly
increasing trend of mobility with Meyer-Neldel egenEun=Ks*T un)
and the PFTEOS:TEOS ones which exhibit the opposted (figure
22) but also lower energetic disorder and, consatye higher
absolute values of charge mobility (figure 19).

In fact, as reported by Ullah, Fishchuk et Al. [3&] the case
of disordered organic semiconductors, the chargesport can be
described in terms of incoherent charge hoppings Hnocess is
thermally activated giving rise to a MNR-like degence of charge
mobility from temperature.

In the cited paper, the Density Of States in theMdDlevel
band is modeled by Gaussian disorder having andglisuwhich, at
elevated temperatures can be estimated approxyrfedeh eq. 6 once
Twn is extracted and known.
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figure 22: trend inversion in mobility/EMN dependance shown by the comparison between PMMA
(black squares) and PFTEOS:TEOS samples.

Then, if we refer to estimated y§ for PMMA and
PFTEOS:TEOS samples extracted after Esseni’s mmapefi Ich, we
can summarize this results in the table 7.

Sample Tun(K) c
PMMA 115nm 2264 0.49
PMMA 225nm 1685 0.36
PMMA 420nm 649 0.14
PFTEOS:TEOS 270nm 574 0.12
PFTEOS:TEOS/PMMA 270nm 526 0.11

table 7: Gaussian DOS variance estimation by meamd MNR application in PMMA and
PFTEOS:TEOS samples
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Such results, supply an indirect estimation of #mergy
disorder in the electronic states induced by didkecinterface
properties by means of DC measurements at difféeemperatures.

We can conclude that samples having a PFTEOS:TEOS
dielectric have a lower spread of states density ten a lower
interface disorder and a higher charge mobilitycdimpared with
PMMA OTFTs.

For PMMA samples the viv-Hre trend seems to be inverted
denoting that the thermally activated process @irgé trapping and
release, bound to the pre-factor of MN rule (eq.o¥ercompensates
the effect of the increase of activation energy #ah the behavior is
dominated by grains more than by island-intercotioes.

_Ea(Vgs)
eq. 7 p,=e *s7

3.5 Conclusions

In the present chapter we studied the OTFT peidoces when
varying the dielectric material. In an optimizati@pproach, we
utilized the surface wettability as a key factor lde decreased to
obtain performing channels.

By following this path, a sol-gel processed ofiganorganic
hybrid dielectric (PFTEOS:TEOS) has been develogedl compared
with plain polymeric dielectrics. A surface treatmheand a
bufferization process have been studied and ardilyzel results
utilized to relate pentacene grain dimension tagddransport. This
relationship has been analyzed showing the anomailge behavior
of PFTEOS:TEOS innovative insulators if compared teide class of
polymeric dielectrics.

Thermal analyses of charge transport activatioriffe considered
samples have been performed showing a generaityabidthe MNR
also for hybrid dielectrics but the extraction okegetic parameters in
Arrhenius plots applied to static electrical chéeaeations, has
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revealed differences of maximum mobility trendssusr iy between
polymer dielectric-based OTFTs and PFTEOS: TEOS&ase-Ts.

The differences in dielectric/OSC interface haveven to be
correlated to the isokinetic temperature and atitimaenergy and then
to the disorder parameterof the DOS in the HOMO band tail. Thus,
instead of considering the contribution of bandsitgnof states, the
amplitude of the distribution of energetic states been exploited in
the investigation of surface properties and dielecpecific features
remarked.

The activation energy analysis shows a trend siwerin the
Twmn/mobility  relationship between PMMA  samples and
PFTEOS:TEOS samples revealing an effect inducedthiey very
nature of insulator rather than the OSC/dielectnterface on
thermally activated processes. The dielectric enthesponsible of a
wide range of thermal behaviours in the thermalpoese of
disordered OSC used in OTFTs.

Given the original use of PFTEOS:TEOS in orgarecteonics
applications and more in detail in OTFTs, once wesidered the
anomalies that it has shown respect polymer drtelotsed
transistors in terms of energetic order/disordécés on pentacene
channels, further investigations have to be donethos class of
materials in OE together with non-conventional gatannel interface
materials.

In this line of work, thermal analyses have proverbe a key
discriminant factor to address non-conventionaledteics surface-
features characterizations in electronic devices.
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Conclusions

In this PhD dissertation the role played by the gate dielectric in the
electrical performances of organic transistorsis presented.

The key aspects which have been investigated about dielectrics are
the gate leakages and the models to extract the channel current, the
relationship between wettability of dielectric surfaces and the growth
of pentacene and then, the channel morphology and charge transport.

Another important factor is the optimization of the device when
keeping in mind that optimum performances are reached not just with
an OTFT having high values of charge mobility but also low threshold
voltages, low operation voltages, high saturation currents and low gate
dissipations. In order to obtain an optimized device, a process layout
and flowchart has been designed and stencils utilized to make
pattering of evaporated contacts and OSC islands.

This manufacturing method has been chosen because other
potentially more precise techniques have been evaluated and not taken
into account because they did not guarantee a working device and
good performances.

One of the caveats of analyzed OTFTs was the gate-leakage. This
non-ideal component has been studied by means of a specific circuital
model which has been developed from experimental data to explicit
the dependence between gate-to-contact currents from polarization
voltagesin the OTFT.

Annealing effects have been analyzed by means of the developed
circuital model on fabricated devices in the aim to reduce, in some
cases, gate dissipations. As a result of this anaysis, we found
Polyimide to be from the point of view of mobility an optimum gate
dielectric after a simple low-temperature rapid annealing. But
considering this device performances, thinking about applications
such device has to carry on, it was mandatory to obtain lower working
voltages by reducing the insulator thickness. But we found Polyimides
to be not easy to dilute and spin in continuous defect-free film
thicknesses under 1 microns. Thus, polyimide had to be abandoned in
favor of more processable materials like PMMA. In order to reduce
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gate leakages in case of thin dielectrics, the security mechanism had to
be hardwired into the process flowchart without relying on the effects
of annealing.

For these reasons, the optimized layout designed and adopted to
build OTFTs had patterned gates and reduced the overlap area
between contacts and OSC.

The utilization of gate leakage model also enabled us to estimate
mobility-pentacene grain size trend relationship. In the case of PMMA
devices and other thin dielectrics, the dependence of field-effect
mobility from gate field made the performance analysis not affordable
if faced with a simple circuital model. In these cases a model used in
inorganic electronics for leaky dielectrics has been adopted after
Palestri, Esseni et Al. Such distributed-parameter model proved to be
effective also with OTFTs and was employed to investigate grain size-
mobility trend for an extended class of devices.

The utilization of PMMA as thin gate dielectric evidenced a low
mobility value, thus we worked on this parameter by changing the
nature and surface state of the insulator. From this point of view, we
developed a novel gate insulator material PFTEOS. TEOS which is
and organic-inorganic material processable by sol-gel technique from
a solution. Devices based on this kind of material exhibited improved
performances respect to the plain dielectrics but break the relationship
between grain dimensions and mobility.

Anomalies which have been noticed for PFTEOS:TEOS and its
optimized version PFTEOS:TEOS/PMMA obtained from buffer layer
deposition have been investigated and compared to other polymeric
dielectrics with their varying nature and thickness. In order to do this,
thermal analyses have been performed. A Meyer-Neldel rule general
observation was found to be obeyed in every analyzed case, thus
activation energy and Meyer Neldel temperature were exploited to
characterize energetic disorder at OSC/insulator interface by Gaussian
disorder model for Density of Band states.

In conclusion the behavior of a novel sol-gel gate insulator has
been characterized and analyzed comparing it to plain cases and
finding an origina behavior of Eyn/mobility/Activation energy which
exhibits an inverse (decreasing) trend between energetic disorder and
charge transport. This has been completely opposite to trends found
for PMMA devices encouraging studying, exploiting and
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characterizing more in depth this material for Organic Electronics
purposes.

The development of the organic thin film transistors is
evolving quickly and most of the efforts are being focused on the
overcoming of the technological limits which make the employment
of these devices in integrated circuits complex, in particular in large
area applications (typical characteristic of flexible display).

Further efforts are to be invested whereas it is possible to
glimpse the possibility of improvement concerning the development
of n-type channel materias, the addressing of the structures patterning
issues, problems related to surface upscaling and device downscaling.
Also further researches have to be done in self-aligned processing
(consequent reduction of gate overlaps). Low-cost and high-
productivity deposition methods should be developed by vacuum-free
deposition techniques and finally the implementation of high-
efficiency complementary logics should be reached.

The research on the OE field has to face all these challenges
and even more, other ones, so that this new technology can assert
itself and become competitive covering the market sectors left till
partially unexplored by the inorganic electronic technology.




148 Conclusions




Table of acronyms and symbols

Symbol Description units
AC Alternate Current
a-Si Amorphous silicon
BGBC Bottom-Gate/ Bottom-Contacts
BGTC Bottom-Gate/Top-Contacts
CIV Capacitance/Voltage

measurements

Cins Gate Specific Capacitance Ffcm
Da, u Mass Atomic Unit
DC Direct Current
DI Delonized (water)
DUV Deep-UV radiation

o Electric field (its components haye V/cm
- the subscript —i.e&,)
E. Ea Activation Energy eV
Ec Semiconductor’'s Bandgap {y) eV
FET Field-Effect Transistor
GCA Gradual Channel Approximation
HMDS Hexamethyldisilazane
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HOMO Highest  Occupied  Molecular
Orbital

hr Hour

IJP Ink-Jet Printing

LUMO Lowest Unoccupied Molecular
Orbital

MNE Meyer-Neldel Energy eV

MNR Meyer-Neldel Rule

MISFET | Metal-Insulator Semiconductor
Field-Effect Transistor

MOSFET | Metal-Oxide Semiconductor Field-
Effect Transistor

NP NanoParticles

OFET Organic Field-Effect Transistor

OLAE Organic Large-Area Electronics

OLED Organic Light-Emitting Diode

OSsC Organic SemiConductor

OTFT Organic Thin-Film Transistor

OTS Octadecyltrichlorosilane (chemigal
compound)

P5 Pentacene, ;@114

PANI Polyaniline

PC PhtaloCyanine

PECVD | Plasma-Enhanced Chemical

Vapour Deposition
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PFTEOS | 1H,1H,2H,2H-Perfluorodecyl
triethoxysilane
PMMA Poly(methyl methacrylate)
PVP Polyvinyl phenol
Ra Mean Roughness nm
Rq Root Mean Square Roughness nm
RPM Revolutions per minute
RPSQM | Revolutions per squared minute
SAM Self-Assembled Monolayer
SAMT Self-Assembled MulTilayer
SCS Semiconductor  Characterization
System
SEM Scanning Electron Microscope
SiNy Silicon Nitride
TEOS Tetraethyl Orthosilicate
TGBC Top-Gate/Bottom-Contacts
TGTC Top-Gate/Top-Contacts
Tun Meyer-Neldel Temperature K
uv Ultra-Violet (radiation)
VLSI Very Large Scale Integration
We Workfunction eV
T Field-effect mobility cmvis?!

pc-Si

Micro-crystalline silicon




