
Organic semiconductors
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Inorganic vs organic

In inorganic semiconductors as Si or Ge, atoms are bond

together by very strong covalent bonds.

Electrons and holes can freely move within a periodic structure

(meff)
Charge carriers can be considered as delocalized planar waves

very high mobility

• Perfect crystal structure

• continuous bands

• Scattering limited:

Impurities

Phonons

• Mobility decreases with 

Temperature



Organic semiconductors

• Very low molecular crystal degree: polycrystalline or

amorphous films

• Randomly oriented molecules that interacts with very small

forces (Van Der Waals)

• Charge carriers, free mean path could be smaller that

interatomic distance!

• Worse delocalization, charge carriers moves through localized

energetic states →Hopping



In a film we generally have

• Hopping transport when small polarons are present

• Band like transport when large polarons are present

The polaron

Oligomers Polymers



Polycrystalline films with domains

containing randomly oriented

molecules

When the molecule are better

asembled → terraces

Influence of  morphology
Charge transport is strongly influenced by the film

morphological/structural properties



Morphological/structural properties of the

organic semiconductor thin film:

- Low crustallinity

- Hopping transport

- Phonon assisted→ thermal activation

- Transport through three differnt levels

1) Molecular packing (pi-stacking)

2) Domains structure

+

Intrachain    Interchain       Intergrain



Thermal activation

From band-like transport to hopping

Huge dependance of mobility on the applied field

(> 105V/cm)

Gate voltage dependance of mobility in organic transistors



Molecular packaging (pi-stacking)

Rodlike molecules (pentacene, oligomeri del thiophene)

Preferential direction

Higher degree of crystallinity

Less graind boundaries

Higher π orbitals overlapping

Pi-stacking between molecules
OFETs



Molecular packaging(pi-stacking)

OSCs e OLEDs

Conduction must be imprived

vertically!!!

Molecules should be forced to

pack themselves

perpendicularly in order to

maximize charge transport



Organic

semiconductors

• No crystal structure

• Discrite energetic levels

• Phonon assisted transport

• Mobility increases with 

temperature, thermal

activation

Inorganic

semiconductors

• Crystal structure

• Continuous bands

• Scattering limited:

Impurities

Phononi

• Mobility decreases with 

temperature



Doping in conjugated

molecules



Doping in conjugated molecules

Generally the conductivity in this molecules in small, but

can be improved by doping

There are different doping approaches:

• Chemical doping

• Electrochemical doping

• Photo-induced doping

• Charge injection doping

The first two methods are the most employed ones

Both p and n type doping

Oxidation leads to p type doping



Doping in conjugated molecules

The chemical doping in this molecules is completely

different than what happens in inorganic crystal

structures

Reversible oxidation-reduction process



Doping in conjugated molecules

A conjugated polymer is neutral → to promote one

electron from the valence band up to the conduction

band an energy larger than the band gap has to spent



When a polymer gets oxidized, an electron is removed out of the

molecule, as a consequence, a positive charge, hole, is created.

Actually, a couple radical-cation is created

This charge interacts with the the molecule, locally changing its

bond geometry, thus creating the so called POLARON, which

leads to a new energetic level within the band gap

Doping in conjugated molecules

The withdrawing of a π electron from the

valence band creates polaronic states in

the band gap

New energetic states → new

absorption spectrum

• Higher conductivity

• Electrochromic effect



As a consequence, this doping leads to an increase of free charges,

thus increasing the consuctivity

σ = neμ

n numeber of charges, e electron charge, μ mobility

There exist also a different effect, that we will not consider in this

course, if the number of polarons is very high, they can interact

within eachother, leading, above a certain level of doping, to a

decrease of conductivity.

In any case, for the most of conjugated polymer there exsist a

huge window to work in, therefore, we have a big chance to

significantly increase their electrical condictivity by doping

Doping in conjugated molecules



Doping in conjugated molecules
Doping can be performed also chemically. For instance,

it is possible to intentionally include in the molecule

some functional groups which are electro-donors or

electron-acceptors

PEDOT is an organic semiconductor,

PSS allows doping it and

significantly increase its

coductivity



Conductive polymers
PEDOT:PSS is formed by two different molecules, PEDOT and

PSS

PEDOT is polythiophene conjugated polymer

It is a semiconductor, and it is not soluble

PSS is a water soluble electrolite, it oxidized the PEDOT,

removing an electron from is backbone

Therefore, PEDOT is positively

charged, whereas PSS is

negatively charged

Creation of a polar blend

(solution) between the two

molecules

PEDOT+:PSS-



PEDOT:PSS   

• Il PEDOT:PSS soluble, generally in water solution

• Depending on the ration between PEDOT and PSS its 

conductivity can be tuned 

• Highest conductivity 1000 S/cm

• Can be deposited from solution in very thin films:

• Spin coating, inkjet printing, microcontact printing etc…

• Fabrication of  large area devices at low costs

• When deposited in thin films it is transparent



Conductive polymers
In tohe words, PSS acts as a dopant, leading to significantly

increase the number of holes in the PEDOT backbone

However PSS is an insulator!

This means that depending on the way the PSS is finally deposited

on the film dramatically influences the charge transport within the

film

PSS for instance can create insulating islands surrounding the

PEDOT molecules, thus not allowing the created charge carrirs to

move freely→ bad percolation

This issue can be significantly overcome by using post treatment

processes, i.e. using some additives and thermal treatment to re-

create the film morphology



Conductive polymers
Among the many additives:

• methyl sulfoxide (DMSO),

• N,Ndimethyl formamide (DMF)

• Glycerol

• Sorbitol

• Ethylene Glycole



Conductive polymers

Ethylene Glycole

Allows increasing conductivity

Gives the film a better stability in water

Why?

Morphological changes in the film

• Reduction of PSS inslands dimensions, highest

probability for hopping

• Defolding of PEDOT molecules (less pronounced

spaghetti configuration), reduction of selftrapping

within the molecule



Organic Field Effect Transistors



MOSFET
The MOSFET is a FET in which the conductive channel is obtained by the 

inversion region of  a MOS structure

The gate electrode is the the metal film of the MOS structure. It is insulated

with the rest of the device through the gate oxide

In the MOSFET there are two more electrodes, SOURCE e DRAIN, and

sometimes also the body eletrode could be employed



Organic Field Effect Transistor
Low mobility semiconductors

Thin Film Transistors (TFT)

First examples

Substrate highly doped silicon→ Gate

SiO2 → gate oxide

Gold → Source and Drain

Organic semiconductors→ Active layer forming the channel



Organic Thin Film Transistor (OTFT)
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• The channel is already present, but, being the conductivity of

the organic semiconductor very small, a low current flows

• P type semiconductor

• VGS < 0: holes accumulation at the interface with the

dielectric

• VDS < 0: when channe I formed, current flows

The device works in ACCUMULATION

N.B. MOSFET INVERSION



• The channel is formed at the very interface with the insulating

layer, only the first few monolayers are involved in charge

conduction!!



Linear Region

Imagine we have a small element of the channel dx. Its resistance

dR is given by:

( )xQZ

dx
dR


=

Where Q(x) is the superficial charge along the x axes

(1)



Linear Region

In an OFET charge contributions are: the accumulation layer

Qs and the charge in the neutral region (bulk) Q0

The latter has the following expression

sdqnQ 00 =

Where q is the electron charge, ds is the organic semiconductor

layer thickness and n0 is the free charges density

(2)

( ) ( ) ( ) xVxVVVCxQ sfbgis −−−−=

Vs(x) is the ohmic drop in the semiconductor which can be

neglected

V(x) voltage in the channel as function of position x

(3)



Vfb is the flat band voltage

Different work functions between OS and Gate electrode,

charges into the insulating layer

Metal Semiconductor



V(x)

Gradual channel approximation L>>ds

When the transversal field (Ey perpendicular with respect to

current flow) in the channel is much larger than the longitudinal

one (Ex across the channel, parallel to current)

V(x) only depends on drain voltage and linearly increases

from 0 to Vd moving from the source to the drain

( ) 0QxQZ

dxI
dRIdV

s

d
d
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Considering the previous expressions and making the integral

function across the channel, x=0, V=0 at the source, whereas at

the drain x=L, V=Vd we obtain

( ) dVdqnVVVCZdxI
dV

sfbgi
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d  −−=
0

0

0



Solving, considering the mobility constant
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A not negligible current could also flow when Vgs=0 V
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When a gate votage larger that the threshold one is applied, if

the voltage applied between source and drain (VDS) is small

(VG< VDS < (VG-VT)), the induced electrical field is uniformly

distributed in the whole channel where we have an extended

accumulation layer.

( ) 
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



−−=

2

2

d

dtgid

V
VVVC

L

Z
I 

Z channel width, L channel length, Ci insulator capacitance µ is

carrier mobility in the channel



For small VDS, (VDS << VGS –VT) charges are uniformly

distributed into the channel

The channel behaves as a resistor

Linear Region
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When VDS increases (VDS ≤ VGS –VT) charge distribution is no

longer uniform

Current increases as a quadratic function
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Saturation Region
If VDS keeps increasing the channel becomes asymmetric and

thinner in the proximity of the drain

VGD=VGS-VDS, when VDS increases, VGD decreases

The vertical potential drops close to the drain ( VDS>0)

Carrier concentration decreases

when VGD=VT pinch-off (VT limit value below it the channel is

fully depleted!)

36



Saturation Region

Let’s call VDsat the VDS value leading to VGD=VT

VGD=VT → VGS -VDS=VT → VDsat=VGS -VT
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How can we obtain such parameters from the electrical

characteristics?

• Output Characteristics [IdVd]

•Transfer Characteristics

in linear and saturation regions
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Transconductance in saturation region
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Tipycal OFETs electricalparametrs

Mobility

Average values [10-1 – 10-2 cm2/Vs]

Off  current and Ion/Ioff

Off  current is the current obtained when the devices is off   

typical Ion/Ioff values 105 - 106

Threshold voltage

Typical values [+10V ; -10V]

N.B. ideally Vt=0V
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OFETs structures

a) Bottom gate, Bottom Contact

b) Bottom gate, Top Contact

c) Top Gate, Bottom Contact

d) Top Gate, Top Contact



Patterning : Shadow Mask

Gate electrode

Source e drain electrodes

•Low resolution(100 µm)

• not suitable for large area

•Top Contact→ possible defects in the channel



Patterning : Photolitography

•High resolution

•Only Bottom Contact

•No low cost



Patterning : inkjet printing

• Low risoluzione 
(constantly increasing)

• Bottom Contact

• Suitable for larga 

area

• Low cost



Organic Semiconductor and insulator

Solution processable

Spin coating o drop casting

Small molecule not soluble

Vapor phae

Inkjet printing

Spin coating o drop casting



non idealities

• Metal/Semiconductor interface

charge injection→ Series resistance

• insulator/semiconductor interface

charge trapping

Vt shift

hysteresis

gate voltage dependance of  mobility



• Metal/Semiconductor interface

charge injection→ Series Resistance



• Metal/Semiconductor interface

charge injection→ Series Resistance

Causes:

• structural defects due to processing

• energetic levels alignment

500 nm
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Series resistance

All resistive effects that do not scale 

down with channel length are call series

resistance effects

Using such model it is possible to estimate Rs

Rtot from the output characteristics, the second term is known

(18)



Series resistance– Transfer line method

RT=RS+RCh (24)

Rc can be estimated by plotting the inverse conductance as

function of th channel length

Rs→ L=0

R
T

O
T

  
  
  

  
  
  

  
  

  
  
  

Channel Length (µm) Channel Length (µm)

Linear Regime

(Vds=-1V)

Saturation 

Regime

(Vds=-10V)

R
T

O
T

  
  
  

  
  
  

  
  

  
  
  



Let’s giv it a try
We have three different OTFTs with the following channel lengths, and the 

following output curves
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Series resistance
We have three different OTFTs with the following channel lengths, and the 

following output curves

L= 20 um

L=50 um

L=100 um

Rtot?

Vg= -3V Vg= -2V Vg= -1V Vg= 0V

20 um 500 kΩ 700 kΩ 1 MΩ 1,5 MΩ
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100 um 1,5 MΩ 1,8 MΩ 2,7 MΩ 4,2 MΩ
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Fattori di non idealità

• Interfaccia Metallo/Semiconduttore

Iniezione di carica → Resistenza serie

Cause:

Difetti strutturali dovuti al processing

Allineamento dei livelli energetici

55



Rs – Difetti strutturali

Top Contact

I contatti di Source e Drain vengono realizzati su un film di semiconduttore organico 

precedentemente depositato → gli atomi del metallo possono diffondere dentro il film 

organico

Bottom Contact

Il semiconduttore organico viene depositato su un substrato già patternato→

disomogeneità nella crescita all’interfaccia metallo/semiconduttore
56



Introduzione

Soft Lithography:

➢I microtimbri dovranno riprodurre esattamente il disegno che 

si intende trasferire su una data superficie

➢Inchiostro differente a seconda delle applicazioni

microtimbro

Disegno 

stampato

57



Organic Field Effect Transostors (OFETs)

Bottom  Contact Top Contact
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OFETs: T-C vs B-C

Top Contact                       Bottom Contact
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Rs – Difetti strutturali

500 nm 500 nm

Pentacene 

in the channel

Pentacene over the 

electrodes

Pentacene at the 

channel/electrode 

interface
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• Metal/Semiconductor Interface

Charge injection→ Series Resistance

Causes:

structural defects due to processing

Energy levels aligment
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RS – Energy levels alignment
The concentration of intrinsic charge carries in the bulk

is very low, therefore, the most of the charge carries

forming the channel are injected by the source

electrode

The metal/semiconductor interface plays a fundamental

role in determining the final electrical behavior of the

organic electronic devices

Also for organic materils, in principle we can use the

Schottky-Mott theory to give a first idea of what could

happen at the interface, howevr, we will see that such

rule is rarely confirmed
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Vacuum level of metal and semiconductor should align,

as a aresult, the hole and electron injection barriers,

(HIB and EIB respectively) will depend on the HOMO

and LUMO energy with respect to the metal Fermi

level.

In principle, HIB (Hole Injection Barrier) is

defined as the difference between the

semiconductor ionization energy and the metal

Fermi Energy e MFL (Metal Fermi Level).

Viceversa EIB is the difference between MFL and

electron affinity.
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In the most of the cases Schottky – Mott model do not

apply to organic devices

Injection barriers could differ from theoretical ones by

even more than 1 eV!!!

Physical/chemical phenomena taking place at the

interface

Schottky-Mott

model
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When the pressure is not sufficiently low, Ultra High

Vacuum the metal surface is not perfectly clean, but

contaminated by the absorption of water, oxygen and

other organic molecules, therefoer its work function

could be very different!

The work function is given by the work we have to

spend to extract one electron from the metal

Metal work function is generally measured in UHV, 10-9

Torr

66



We should consider that in a metal we have the bulk

potential, but also surface potential due to superficial

electrons spilling out in the vacuum , and letting behind

the a positive charge

• Surface dipole

Work function is given by two contribution:

• Bulk potential

• Surface dipole

(depends on electronic surface

density)
67



The absorption at the interface of whatever kind of

molecule leads to a change in the surface electronic

density→ change in the metal work function

Such adsorbed molecules push the dipoles back towards

the bulk of the metal (Push Back Effect) leading to the

reduction of the metal work function

Surface dipole decreases

Re-organization of surface

electronic density

ID=SD-SDI

68



How the charge injection is affected by this

phenomenon?

HIB increases

EIB decreases

ΔSD value depends on the metal, on the adsorbed

molecule and also of the type of interaction, physical,

chemical, charge transfer etc.
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Consider that simply by moving from 10-9 Torr to 10-6

Torr a significant ΔSD is induced(Au: from 5.1-5.4 eV

to 4.5-4.9 eV)

Moreoevr, there exist some moelcules with an intrinsic

dipole moment inducing a further shift of the work

function that couls be estimated by:

q electron charge, N surface dipole

density, p dipole moemntum

perpendicular to the surface, ε0

Such shift can be tuned depending on the employed

molecules

r

pNq







=

0

Helmholtz Equation
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Strong electron acceptor

→ electron transfer from the metal to the molecule

→ Surface dipole with the negative side towards the

molecule

→ Opposite Shift and increase of the metal work

function

→ Decrease of HIB

The shift can be tuned using different molecules or

controlling the density of the molecules on the

metal surface 71



Tuning of the work function by means of

molecular layers:

✓Small molecules

✓Self Assembled

Monolayers (SAM)

HIBmax
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Conductive polymer/organic semiconductor interface

In a conductive polymer the

contribution of surface dipoles

to the work funtion is poor, due

to disorder

Push back effect not significant,

typically Schottky-Mott is valid

(S=1)

PEDOT:PSS vs AU

Similar WF but different HIB
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Employment of small molecules to intentionally change

the metal work funtion

Example PEIE
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•Comparison betwee two diodes ITO/4TPA/ITO with

and without F4-TCNQ

• In the second case a dramatic increase of the current,

due to better charge injection, can be observed
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L’argento non viene generalmente considerato come

metallo per la fabbricazione di elettrodi source e drain,

perché ha una funzione lavoro di circa 4.7 eV

Non si interfaccia bene con la maggior parte dei

semiconduttori di tipo p, e neanche con quelli di tipo n

È facile però fare degli inchiostri conduttivi con

nanoparticelle d’argento

È possibile modificare la sua funzione lavoro?

Uso di Self Assembled Monolayers (SAMs)
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Il gruppo SH del tiolo fa si che si leghi covalentemente al

metallo

L’anello aromatico ne modifica la funzione lavoro!
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TP

Rs elevata

PFTP

Iniezione 

migliore

4-FTP

Iniezione 

migliore
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Non idealities

•Insulator/semiconductor interface

charge trapping

bias stress → Vt shift

hysteresis
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Charge conduction takes place in the first monolayer,

therefore the interface with the gate dielectric plays a

crucial role in device performances:

• physical:

Structural defects→ charge carriers scattering

semiconductor morphology→ mobility and charge

trapping

• Chemicals:

Charge trapping

Threshold voltage Shift (surface potential induced by

chemical groups at the interface)
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In bottom gate structures the insulator is also the

substrate where the organic film is grown →

determines the properties of the channel

➢Surface energy

➢Idrophobic – Idrofilic

➢Surface roughness

RMSR=0.2 nm RMSR=0.2 nm RMSR=2 nm
83



Surface modifications

84

• Argon ion treated

increase of mobility and also of

Ion/Ioff

• O2 plasma treatment

increase of mobility

degradation of Ion/Ioff → Ioff

increases due to dangling bonds



Charge trapping in the bulk

Charge Trapped Limited Current

Traps need to be filled in order to have free carriers

tot

f

n

n
=

Mobility is given by the ratio between free charges nf

and the total concentration of charges carries ntot
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 = 0FET

Considering the intrinsic mobility of  the semiconductor 

µ0 the effective mobility in a FET is given by: 



Insulator/semiconductor interface

Interfacial states can create charge trapping

They could be given by:

•Organic semiconductor growth

•Chemical interactions

The number of interfacial traps can be estimated using

the following expression, considering bulk traps

independent on the interfacial ones:
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Subthreshold slope
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Fattori di non idealità

Insulator/semiconductor interface

•Chimicals:

Charge trapping

Threshold voltage Shift
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OH functional groups

OH groups attract elecrons and trap them → Vtn

increases, therefore n-type conduction is inhibited

Non polar insulators have no OH groups → n-type

conduction
89



OH functional groups

Solutions:

• Non polar solvents

• Insulator passivation:

✓ SAMs (HDMS) deposition

✓ Thin molecular layers deposition, for instance a p-

type material
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At first, all-organic top-contact OFETs were fabricated by employing a single

C60 layer as semiconductor. However, no n-type behavior was obtained in

such configuration.

Explanations :

• Rather large electron injection barrier at the PEDOT:PSS/C60 interface,

which was estimated to be ca. 1.5 eV under ultrahigh-vacuum conditions

• Poor structural and morphological quality of the C60 layer on bare

Mylar®

A) C60 20 nm

C60 Single Layer

F. J. Zhang, A. Vollmer, J. Zhang, Z. Xu, J. P. Rabe, N. Koch, Org. Electron. 8 (2007) 606 91



Pentacene/C60 double layer: n-type
B) C60 20nm on 3 nm pentacene

buffer layer
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Using a pentacene buffer layer of

3 nm nominal thickness, despite the

possibly high electron injection

barrier (estimated to be ca. 1.9 eV ),

we found evidence for a n-type

conduction, and the electron

mobility was ca. 4x10-5 cm2/Vs.

Nevertheless, despite the presence

of the 3 nm pentacene layer, no p-

type conduction was observed.

Island growth on rough substrates

such as Mylar® → no closed layer

over the entire gate dielectric

surface to be formed at this low

nominal thickness.
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Ambipolar top contact: p-type
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Increasing the pentacene buffer layer

thickness to 10nm we obtained ambipolar

behaviour.

The pentacene layer is thick enough to form

a complete monolayer at the interface with

the gate dielectric and also p-type

conduction can be measured.
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XRD Analysis
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XRD: 60 nm thick film of C60 deposited directly on Mylar® does not show

any Bragg peaks, in contrast to the film of equal nominal thickness

deposited on a 10 nm thick pentacene pre-coating. We find a peak at

qz=0.7720 Å-1 (lattice spacing d=0.814nm) that can be assigned to the (111)

reflection of cubic C60 polymorphs as well as to the (002) reflection of

hexagonally grown C60.
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Morphological characterization

Pent. on bare 

Mylar®

C60 on bare Mylar®

C60 on 10 nm pent. buffer layer 

on Mylar®

AFM: The C60 morphology on bare Mylar® is characterized by a granular

structure with grain diameters < 30nm. We can clearly notice that the

nucleation of C60 grains on top of the underlying pentacene islands leads to

significant increase in the average grain size. Together with our finding of

crystalline C60 growth from XRD, this explains the increase of the electron

mobility we observed in the OFETs characteristics.

P. Cosseddu, A. Bonfiglio, I. Salzmann, J. P. Rabe and N. Koch, Org. Electron. in press 95



Dipoles at the insulator/semiconductor interface
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Dipoles at the insulator/semiconductor interface

If the SAM layer is uniform and well ordered, the

functional groups can induce a surface potential

Helmholtz

98

0

cos





SAM

z
SAM

N
V 



Dipoles at the insulator/semiconductor interface
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Dipoles at the insulator/semiconductor interface
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Dipoles at the insulator/semiconductor interface

If a vertical field is applied, Vgs, the charges

concentration Qeff accumulated in the semiconductor is

proportional to the applied voltage and to the dielectric

capacitance Ctot:

101
totGSeff CVQ =



Dipoles at the insulator/semiconductor interface

The sign of ΔVt depends on the dipole moment

induced by the (negative, electronegative elements, larger

hole accumulation, shift of Vt towards more positive

values and viceversa) 102
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Dipoles at the insulator/semiconductor interface
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Dipoles at the insulator/semiconductor interface
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Dipoles at the insulator/semiconductor interface

Pernstich et al. J. Appl. Phys. 96, 11, 2004

Jang et al. Appl. Phys. Lett.  90, 132104, 2007

Electronegative functional groups lead to a VT

variation towards more positive values
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Bias stress
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Bias Stress
Se il dipositivo viene sottoposto ad una polarizzazione

continua le sue caratteristiche elettriche possono variare

nel tempo

Diminuzione della corrente di uscita, indotta da uno

shift della tensione di soglia

L’elevata concentrazione di stati trappola fa si che i

portatori di carica vengano via via intrappolati e sottratti

alla conduzione!

Vt tende a traslare verso valori più elevati in modulo
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Bias Stress

Il fenomeno dipende prevalentemente dalla Vgs

Il fenomeno tende a saturare
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Bias Stress
La variazione di Vt dovuta alla polarizzazione continua

è dovuta all’intrappolamento di lacune

Considerando p la concentrazione di lacune iniziale e pt

quella di lacune intrappolate

Affinchè avvenga intrappolamento deve esserci una

lacuna libera, ma anche una trappola vuota, da cui il rate

di intrappolamento diventa:

ins

t
th

C

qp
V =

))(( ttt
t pNppk

dt

dp
−−=














−









−





t

th etV 1)(

109



Bias Stress
Se nel frattempo non subentrano altri fenomeni

parassiti (es.: modifica permanente dello strato attivo →

ossidazione del semiconduttore), il fenomeno è

reversibile!

a) Rimuovere la polarizzazione e aspettare che gli stati

trappola si svuotino

b) Applicare una polarizzazione opposta
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Bias Stress – caso 1
Vt=-8.87V

Vd=-20

Vg=-10

60 min
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Bias Stress – caso 1
Vt=-8.87V
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Bias Stress – caso 2
Vt=-9.7V

Vd=-5

Vg=-40

60 min

La corrente 

decresce

Vt shift
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Bias Stress
Vt=-17.8V
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Se applico una polarizzazione positiva al gate (Vgs=+40V

per 60 secondi) → detrappolamento! Vt ritorna al valore

iniziale

114



Bias Stress

Il fenomeno di bias stress può essere fortemente ridotto

applicando una polarizzazione impulsata al gate e

settando opportunamente il duty cycle
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Degradazione dello strato attivo
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Degradazione dello strato attivo: H2O

L’acqua (H2O) penetra all’interno dello strato attivo del

semiconduttore organico raggiungendo l’interfaccia

isolante-semiconduttore, modificando la morfologia del

film stesso

Incremento della  densità di trappole ai bordi di grano117



Degradazione dello strato attivo:H2O

Quando il dispositivo si trova nello stato di “on”

La maggiore concentrazione di stati trappola vicino al

canale porta ad una marcata riduzione della mobilità, e,

di conseguenza, della corrente di uscita

Quando il dispositivo si trova nello stato di “off ”

(il che significa tensione di gate è inferiore alla tensione

di soglia), la presenza di un sottile film polare

incrementa la conduttività tra source e drain, questo

comporta un aumento della corrente di off e un

decremento del rapporto |Ion|/|Ioff| 118



Degradazione dello strato attivo: O2

A causa della sua elettronegatività l’ossigeno attrae

elettroni dalle molecole del semiconduttore →

accumulo di lacune nel canale!

•Aumento corrente di off

•Shift della tensione di soglia

Processo reversibile

Inoltre, può portare ad un processo di ossidazione della

molecola

incrementando l’altezza di barriera nel processo di

hopping

•Diminuzione della mobilità

Processo irreversibile 119



Incapsulamento
•La barriera deve essere sufficientemente robusta da

permettere di maneggiare l’OTFT senza provocare

danni, nonché proteggerlo da possibili urti, vibrazioni,

etc.

• Il processo di deposizione deve essere compatibile con

i materiali utilizzati per la realizzazione del dispositivo

e in particolare non deve danneggiare lo strato attivo;

•La barriera deve essere flessibile

• Il rate di permeazione dell’acqua (Water Vapor

Transmission Rate, WVTR) inferiore a 10-6g/m2 day

• Il rate di permeazione dell’ossigeno (Oxygen

Transmission Rate, OTR) tra 10-5 e 10-3cm3/m2 day

per essere considerato un buon package

•La barriera deve essere stabile nel tempo.
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6T OFETs on Mylar
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DH6T OFETs on Mylar
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6T-DH6T OFETs on Silicon
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6T vs. DH6T: results

Despite their very similar chemical structure, 6T and

DH6T semiconductors lead to a very different

electrical behaviour.

- Negative threshold voltages for 6T (accumulation

device)

- High positive threshold voltages for DH6T (depletion

device)

- DH6T devices: higher channel mobility

The presence of the alkyl chain as terminal substituents
is the only difference between the two materials and
has to be responsible for this behaviour.
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Alkyl chain substituents effects

The 0.15 eV lower IE of DH6T results in a lower hole

injection barrier at the DH6T/electrode interface

compared to the 6T/electrode interface.

Consequently, hole injection into the DH6T film is more

efficient than for 6T films, enabling a higher hole

concentration in the DH6T channel at a certain gate

voltage.

In addition, the lower IE of DH6T implies that p-type

doping by oxygen is more efficient than for 6T.
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Oxygen doping process
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Oxygen doping process
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Oxygen doping process
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Effects on threshold voltage and mobility
The indirect doping effect is clearly confirmed the experiments

reported in the previous slides.

A huge Threshold Voltage shift is visible upon sample annealing

in inert gas for both DH6T; moreover, mobility is not

significantly affected (within the error bar) and Ioff decreases of

more of one order of magnitude, again confirming that dedoping

is taking place.

Such a Threshold voltage shift was recorded both for 6T and

DH6T samples, however, for the latter the voltage shift (as well as

the Ioff decrease) is much more pronounced and faster, as could

be predictable from the lower Ionization Energy of this material.
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Effects on threshold voltage and mobility
The indirect doping effect is clearly confirmed the experiments

reported in the previous slides.

A huge Threshold Voltage shift is visible upon sample annealing

in inert gas for both DH6T; moreover, mobility is not

significantly affected (within the error bar) and Ioff decreases of

more of one order of magnitude, again confirming that dedoping

is taking place.

Such a Threshold voltage shift was recorded both for 6T and

DH6T samples, however, for the latter the voltage shift (as well as

the Ioff decrease) is much more pronounced and faster, as could

be predictable from the lower Ionization Energy of this material.

What if  we co-deposit the two 
materials?
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Tuning  threshold voltage

VT varies linearly as function of  6T content

within the mixed film
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Degradazione dello strato attivo

In entrambi i casi il processo di diffusione dei

contaminanti dipende fortemente dalle caratteristiche

morfologiche del film

Le molecole devono poter diffondere attraversi i bordi

di grano e raggiungere il canale

Ottimizzazione della morfologia la fine di avere il minor

numero possibile di bordi di grano

Alternativa→ incapsulamento
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Low Voltage OFETs



Towards low voltage OTFTs

Is it possible to scale down the 

operational voltages in OTFTs?

Increasing gate capacitance is the key

factor for realizing low-voltage OFETs
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State of  the art – SAMs and Polymers

Halik et al., Nature,  2004, 431

H. Klauk, et al.  Nature 445, 745 2007

(2007)Zschieschang et al., Adv. Mater. 2010 , 

22

Myung-Han Yoon, H. Yan, A. Facchetti, and T. 

J. Marks, JACS, 2005, 127, 10388

Young-geun Ha, et al.  JACS, 2010, 132, 17426



Low voltage OTFTs

- Gate: Aluminum

- Gate Dielectric:

AlOx [UV-Ozone treatment at room

temperature]

Parylene C [deposited by CVD]

[air-stable, robust, biocompatible and
resistant to solvents; can be deposited in
very thin films]

Bottom gate, bottom contact structure on flexible PET

substrate

P. Cosseddu, et al. Appl. Phys. Lett. 100, 093305 (2012)



AlOx/Parylene C Double-Layer
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AlOx/Parylene C Double-Layer
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High Capacitance issues

• High gate dielectric capacitance means high parasitc
capacitancies

• Overlapping between Source, Drain and Gate

• How to deal with this?



Self-alignment process

S. Lai, P. Cosseddu, G.C. Gazzadi, M. Barbaro e A. Bonfiglio, Org. Electr. 14, 754-761 (2013)
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Self-alignment process
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Low Voltage OFETs: Solution-Processable OSC

Al2O3

N1400 on Parylene C (25 nm)/AlOx

0.0 -0.5 -1.0
0

-50n

-100n

-150n

-200n
I D

(A
)

V
D
(V)

 Vg=0.5V

 Vg=0.25V

 Vg=0V

 Vg=-0.25V

 Vg=-0.5V

 Vg=-0.75V

 Vg=-1V

-1.0 -0.5 0.0 0.5 1.0
1E-10

1E-9

1E-8

1E-7
V

th
=-0.2V

=0.1cm
2
/Vs

S=144mV/dec

V
G
(V)

A
B

S
[I

D
(A

)]

0 1 2

0

100n

200n

300n

I D
(A

)

V
D
(V)

 Vg=-0.5V

 Vg=0V

 Vg=0.5V

 Vg=1V

 Vg=1.5V

 Vg=2V

-1.0 -0.5 0.0 0.5 1.0
10

-9

10
-8

10
-7

10
-6

V
th
=-0.1V

=1.7x10
-3
cm

2
/Vs

S=363mV/dec

V
G
(V)

A
B

S
[I

D
(A

)]

TIPS Pentacene on Parylene C (25 nm)/AlOx



Low Voltage Complementary inverters
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Electrolyte Gated Organic Field 

Effect Transistor

EGOFET



EGOFET: introduction

Electrolyte-Gated Organic Field-Effect Transistors

SUBSTRATE

ORGANIC SEMICONDUCTORdrain source

Electrolitic solution

gate

147



An electrolitic solution is a system composed by:

- a solvent in the liquid phase(generally water);

- a solute it ca be disassociated in an ionic state

Strong Electrolites: the fully disassociate

Weak Electrolites: only partial desasspciation (reaction at the

equilibrium)
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Electrolite

• Electrolitic solutions

• Ionic liquids

• Ion gels

• Polyelettroliti

• Polymer electrolites



Electrolyte

Electrolytic solutions

Salt solved in a liquid, generally a polar solvent

Acetonitrile, much more stable it does not give rise to 

chemical reactions

Also water is an electrolyte, H+ e OH- ions, very

weak electrolite



Electrolyte

Ionic liquids

It is a slt in the liquid phase

Melting T below100°C

Can give rise to very high conductivity

Among the most employed electrolites



Electrolyte

Ion gels

The latter examples are not very suitable for the

realization of solid state devices, per cui vengono

generalmente trattati in modo da essere immobilizzati,

per esempio co-polymers to form gels

Lower concentration of ions, lower conductivity



Electrolyte

Polyelectrolytes

Polymers containing an alectrolitic group in their

chain

Such groups can disassociate in solution

The polymer gets ionized and there will be the

counterions in solution



Electrolyte

Polymer electrolytes

It is a solid electrolyte!

Salt distributed in a polymeric matrix

PEO polyethileneoxide, the most employed

Very low conductivity, but can be employed for the 

fabrication of  solid state devices

Es. flexible batteries



Polar molecules: have a permanent dipole moment

due to the different electronegativity of the atoms.

Example: water molecule (Pauling scale)

χ(O) = 3.44

Χ(H) = 2.20

O
H H

δ
+

δ
+

δ-
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Solvation: interaction between the ions egenrated

by dissociation and the solvent molecules. Each

ion get surrounded by the solvent molecules

O
HH

Na
+

O
H H

Cl-

O
H H

O
HH
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Electrolyte

Electrolytes are ion conductors and electron insulators

Upon contact with a charged ionblocking electrode, the

electric potential difference between the electrode and

the electrolyte gives rise to the formation of a region

consisting of two parallel layers of positive and

negative charges called the electric double layer

(EDL)

The Helmholtz layer comprises adsorbed dipole

oriented solvent molecules and solvated ions, which

are assumed to approach the electrode at a distance

limited to the radius of the ion itself and a single shell of

solvated ions around each ion



Electrolytic Capacitance

Gate Electrode

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

- - -
(1)

(1) Helmholtz layer

(2) External Helmholtz layer

(3) «bulk» 

+ + + + + + + ++(2)

+
-

(3)

λD

λD → Debye length (~  Å)
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Electrolyte

Thus, the Helmholtz layer and the electrode are

analogous to a parallel plate capacitor separated by a

distance of few Ångströms

The capacitance of the entire double layer is

typically in the order of tens of μF cm–2

Very high capacitances lead to low operating 

voltages



Electrolytic Capacitance

Poisson equation

Double layer charge

Double layer capacitance

EGOFET capacitance is order of magnitude higher than normal

OFETs ones (10 – 100 μF · cm-2 vs 10 nF · cm-2).
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Electrolytic Capacitance

(1)

(2)

(3)

metallo

ϕ(V)

0 x (Å)
λD
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EGOFET: working principle

Elettrodo di gate

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

- -
+ + + + + + + + + + + + + + + + + + + + +

semiconduttore organico

- - - - - - - - - - - - - - - - - - - - -

+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + 

Holes concentration increase at the

electrolite/semiconductor interface.
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EGOFET



EGOFET

In a normal dielectric layer the electric field varied

lienearly within the film.

In al electrolitic layer the field is much more intense at

the interfaces and almost negligible in the bulk



L’EGOFET



WGOFET

We do not necessarily need a strong

electrolyte, also water can play the game

Water auto-protolysis: 

A T = 300 K
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WGOFET

Water – Gated Organic Field-Effect Transistor

SUBSTRATO

SEMICONDUTTORE ORGANICOdrain source

acqua distillata

gate
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Gate electrode

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

- - -

Organic Semiconductor

+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + 

WGOFET

H3O
+ H3O

+ H3O
+ H3O

+ H3O
+ H3O

+ H3O
+

OH- OH- OH- OH- OH- OH- OH-

Similarly to normal EGOFET the ions present in water can lead to the

formation of the double layer and allow to gate the transistor
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Organic Electro-Chemical 

Transistors (OECTs)



OECT: Introduction

We can intentionally modifiy the conductivity of some

polymers by electrochemical doping

If a reversible redox process can be established, the

polymer cna pass from a low conductance state to a

high conductance one

This process can be employed for the fabrication of

low voltage organic transistors:

Organic Electro-Chemical Transistors



OECT: Introduction 

• Possono essere fabbricati su larga area

• Da fase liquida

• Tecniche a basso costo→ Printing

• Materiali a basso costo→ all plastic

• Basse tensioni di pilotaggio

• Basse Temperature di processing→ substrati plastici

• Effetto elettrocromico → Display

• Se opportunamente modificati→ sensing



OECT: Introduction

L’OECT work using organic polymers where charge

transport is driven by electrones and also ions

Among them → PEDOT:PSS

Reversible redox process

This redox process is actually a doping and dedoping

process of the polymer molecule that leads to an

increase or decrease of carrier concentration →

modulation of the conductivity



OECT: Introduction



OECT: Introduction 

We already talked about doping before:

• Chemical doping

• Electrochemical doping

• Photo-induced doping

• Charge injection doping



Doping in conjugated molecules
Doping can be performed also chemically. For instance,

it is possible to intentionally include in the molecule

some functional groups which are electro-donors or

electron-acceptors

PEDOT is an organic semiconductor,

PSS allows doping it and

significantly increase its

coductivity



Conductive polymers
PEDOT:PSS is formed by two different molecules, PEDOT and

PSS

PEDOT is polythiophene conjugated polymer

It is a semiconductor, and it is not soluble

PSS is a water soluble electrolite, it oxidized the PEDOT,

removing an electron from is backbone

Therefore, PEDOT is positively

charged, whereas PSS is

negatively charged

Creation of a polar blend

(solution) between the two

molecules

PEDOT+:PSS-



Conductive polymers
In tohe words, PSS acts as a dopant, leading to significantly

increase the number of holes in the PEDOT backbone

However PSS is an insulator!

This means that depending on the way the PSS is finally deposited

on the film dramatically influences the charge transport within the

film

PSS for instance can create insulating islands surrounding the

PEDOT molecules, thus not allowing the created charge carrirs to

move freely → bad percolation

This issue can be significantly overcome by using post treatment

processes, i.e. using some additives and thermal treatment to re-

create the film morphology



L’electrolytes

Different electrolytes can be used both in the solid or

liquid phase

• Nafion

• Polys(tyrene sulfonic)acid (PSSH)

• Poly(etylene oxide) (PEO)

• Poly(vinyl alcohol) (PVA)



Elctrochemical transistor

Il PEDOT:PSS is p-type doped (mobile holes, fixed ions). Let’s

ground the source electrodes and apply a certain voltage to the

drain (Vd).

If no gate voltage is applied I’ll measure PEDOT:PSS

conductivity

By applying a certain gate voltage I can electrochemically

dope/dedope the PEDOT:PSS and modulate its conductivity.



OECT
When a positive Vgs is applied, the M+ cations of the

electrolyte are pushed into the semiconductor

Such ions will induce a de-doping (riduction) therefore →

decrease of the output current

• Field effect induced by 

conductivity modulation of  

the channel

• OECT work in the depletion 

regime!

• Low working voltages



OECT
when Vd <0 a portion of the channel can be entirely dedoped,

this happen when the concentration of injected cations is equal

to the concentration of initial dopants

Therefore, if I keep on increasing drain voltage, current will

tend to saturate and the channel pinch off can be reached

If gate electrode is ground connected or negatively biased

PEDOT:PSS channel can be doped again and current will

increase again



OECT
OCET on yarns



Electrochromic effect

• Doping a polymer means

induce polarons into the

molecule

• Localized states into the band

gap changing the

absorbance/emission

spectrum of the molecule

• Lower energy absorption can

be obtained

• Absorption peak towards

higher wavelengths

• The film becomes almost

transparent

• Color change!


