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Why being interested in OFET ?

NOT as a substitute of crystal Si !

TECNOLOGY COMPATIBILE with organic screen pixels
— all plastic screen

DISPENSED at LOW TEMPERATURE and on flexible
substrates wmyp RFID, wearable electronics

Hopefully, low cost and big dimensions
—) e-paper, active message board
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Insert and substitute Si atoms
with dopant atoms (P, B, As, ...)

Semiconductor cristal

* Processing at high temperature

* Cristalline substrate
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CRISTAL GROWTH vs DEPOSITION

Deposition of the semiconductor
(a-Si:H, polysilicon,...) on a different
substrate (glass, plastics,...)

(TFT:Thin Film Transistor)
S D

semiconductor

| |

Substrate (glass, plastics,...)

» Worse electronic performance

* Better freedom in the applications
(trasparent, screens, on top of anything...)

Organic transistors (I) —

From a-Si to organic FET

Silicon thin film transistors (TFT) need MEDIUM temperature for fabrication :

a-Si:H 300°C
Si policr. ~ 500-600°C

i compatible with the glass substrate

| —

semiconductor

of liquid cristal displays

Organic 20-150°C

Substrate

Quartz 1100°C
Corning 1735 650°C

| Plastics (PEN, PET..)  200°C |

Organic semiconductors require LOW temperatures compatible with plastic

substrates (light, unbreakable and flexible).

\__ 4 ___ Marco SAMPIETRO

New applications
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a-Si 1s the benchmark

a:Si oFET
2
cm
HE >05 — OK
Mobility H Vs
Current modulation Ilﬂ >10° OK
off
Voltage of operation V. <20V ~OK
Ambient stability Very good ~OK
Serious industrial interest on oFET
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STRUCTURE of an oFET
BOTTOM CONTACTS
BOTTOM GATE
PET barrier
S D
g : Transparent cathode
insulator ‘
| E—

substrate

G

- Organic deposited at the
end, over everything (ideal
for laboratory test)

smoothin~ layer
- No contact of the organic PEN foil with barrier
with solvents used for

lithography in S&D

Si-wafer (6”)

- Re-use of Si technology

S.Steudel et al., Org.El 13 (2012) 1729
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STRUCTURE of an oFET

BOTTOM CONTACTS TOP CONTACTS TOP GATE TOP GATE
BOTTOM GATE BOTTOM GATE BOTTON CONTACTS TOP CONTACTS
S D G S G D
S D S D

Rt e substrate substrate
substrate
b G .
G - Semiconductor protected - Lithography and
by gate and dielectric depositions should be
o g datih - Small contact resistance - Small contact resistance made on top of tge
- Organic deposited at the : R . organic semiconductor
end,gover evgrything (ideal - Gate dielectric prior to - Semiconductor must
for laboratory test) organic withstand subsequent
processing
- NI(; colntact of th; ?rganic Sz\xxjd(l)r;ch ctal, J.Appl.Phys. 100 (2006) - Photolithography can be
with solvents used for used to patter S/D

lithography in S&D
Increasing fabrication complexity
| >
Increasing circuital possibilities

All layers can be deposited at low temperature from solution and patterned === Jow cost

- Re-use of Si technology
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P CARRIERS INDUCTION — V<0V

Organic semiconductors are intrinsic (substitutional doping is difficult)

Low conductance ‘

Ip

High
conductance

ACCUMULATION REGIME
How charges enter into the (there is little insulation
channel from the electrode ? between channel and substrate)
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Source - Drain contacts for p-MOS

In addition to the sign of the Gate voltage,
the type of carrier in the channel (n-type or p-type MOSFET) is determined by :

- material used for the contact (metal work function)

LUMO

Au

L HOMO —

P @
Hole injection : YES

‘ P-channel MOSFET

They are the vast majority of OFET published.
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CARRIERS INDUCTION — V>0V

— V.. T
DS
s D

[+

1 — @ -

G I I 7\\; T
| [veov] ——
LUMO
Conduction is low due to the lack of
]

electrons in the channel
HOMO

..........

Ip |

S and D metals CAN NOT provide electrons to the channel
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Source - Drain contacts for n-MOS

LUMO L/‘ LUMO
“Ca Ca
HOMO HOMO
>
Hole injection : NO Electron injection : YES
Vacuum -4~
* Low work function metals are difficult to be used .
. : High qy
(Ca is reactiv)
+ Difficulty in sinthesizing organic molecules Ay__ LUMO
with high electron affinity Pt
HOMO

PMOSFET easier !

n and p trasport has been demostrated to be similar (i.e. OLED)
(provided that the molecule is reversibile to oxidation and reduction)
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TRANSPORT LOCALIZATION

Dinelli et al. , PRL 92, 116802 (2004)

(b)

2 3 45678

olecular layers

Only the first two molecular layers, adjacent to gate dielectric,
contribute to transport !

\__ 12— Marco SAMPIETRO Organic transistors (I) 4



MATERIALS for oFET

SMALL MOLECOLES
Rubrene, pentacene (crystals) ~ 1-20 cm?/Vs

Vacuum deposited from vapor phase; poor solubility unless precursors are
used.

OLIGOMERS ~0.1 cm?/Vs
Soluble; easy to be purified

POLYMERS <0.1 cm?/Vs

High solubility; low price; when properly synthesized (regioregolar) have
better performance

IDEAL material : solution processable - high stability — high mobility ‘
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CHARGE TRANSPORT in OFET
polymeric amorphous film

a- charge transport along the molecule
- relatively easy

b- charge transport among molecules
- difficult

.. distance among molecules has
random distribution

I:> Variable range hopping

|:> Low carrier mobility, dictated by the slowest phenomenon.
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AMORPHOUS film made of polymers )

B 10
G
S I D -
] » o] T Th
PMMA N
PTAA Mg
| — | — = e,
= w8
substrate H " %S
.10
PTAA = Poly-trialy-lamina L RS
deerathe . Egmlmnwlam:j} apo ar
o 5 \ID 1" ?‘ﬂ ;‘x
. (1000/TY" [1000/K]
Very stable thanks to the smoth surface (no pinholes)
Mobility increases as temperature
With TFB (variante di PTAA) high stability has increases (phonon-mediated hopping
been reached to continuous ON/OFF cycles at between localized states)

120C (L.L.Chuaetal., APL,84, 3400 (2004) ) and to light
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MICROCRISTAL polymer film )

self organising semiconductors : P3HT, poly-3-hexyl-thiophene

Sirringhaus et al. , Nature 401 (1999) 685

Ideal ionization energy

LUMO
SeV
; / / / / HOMO
" Au
Alkyl chains PEDOT/PSS
(insulating)

to improve solubility

Crystal size depends on :
-Solvent temperature, type
(chloroform) and concentration
- Molecular weight
- Spin coating speed
- Regioregularity
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MICROCRISTAL polymer film )

L p e

Mobility strongly
depends on the
orientation of the
molecule with respect
to the substrate ...

Hee=53.10"2 cm?/V.s Hep=2.10"* cm?/V.s

Ong Synth.Met. 142 (2004) 49-52 Ong J. AM. CHEM. SOC. 2004, 126, 3378-3379

\‘—\wA - N 374
.. and on the b Pprbe oo {W@q@ﬂﬁw e
molecule side e 4 mkok»kf W I
chains ﬂ',, VAT '_ 1514
e b |t Wﬂﬁ dop| = 1954
d ... (Iesson II) 3x102cm2/ V.s 10'cm?/Vs
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SMALL MOLECULES Film A

Deposited by vapor Solution processable
deposition
CooO0 OO0 Side chain substitution
Pentacene . .
oD -Should not interfere with m-stack
OO

OOO O O Anrhradiil:\)uphene TIPS Restsceng - Obtimized growth to prevent

Anthracene Rubrene

crystallisation in the solution
—_ . t L0
AT T »O0Y Anthracene

Oligothiophenes

~ 2
\ . n=0.1cm?Vs
9.4 ! -3
e, o i Y Functionalized Tetracene® S .
= Q;} etrathiafulvalene
N N i

Tetracyanoquinodomethane  Phthalacyanines.

:
IO W T Precursor route
O Q QA poly(3

(DT-TTF)

Biphenylbithiphene (BP2T)

p=1cem?Vs
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SMALL MOLECULES Film

Influence of molecular order (from amorphous to crystal)

110
100

@ ©
S 3

~
>

@
=]

X-ray Intensity (arbitrary units)

i

- i

Tdeposition™ 27 "C
s 10 15 20 25
26 (degrees)
Dimitrakopoulos, Brown and Pomp. J. App. Phys., 80, 2501, (1996)
Dimitrakopoulos and Mascaro, 1BM J. Res. Dev. 45, 11-27, (2001)
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Mobility (cm? V' s™)

Mobility (cm?Vs)
>
3

.
=]

@
&

b Simulazioni su rubrene (Troisi)

200

250

300

350

Temperature (K)

Figure 3. (solid line-circles) Temperature-dependent absolute mobility
deriving from the numerical integration of Equation 1 with all parameters
derived by molecular-modeling techniques. (dashed line-squares) Result
obtained by setting the reorganization energy to zero (4M=0)

Organic transistors (I) S
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MATERIALS for nMOSFET

modify the molecules ...

... to increase electron affinity, by adding a strong
electron acceptor group (F, CI ..) to the molecule

“— Perfluorinated Cupper Phtaloctanine: -

F,,CuPc (Bao et al.) . :3 . ~0.03 cm?/Vs

LUMO pes oo

Au TR

TIOFENI modified with fluor (DFHCO-4T)

HOMO (Facchetti et al.; Dodabalapur) ~ 0.6 cm?/V's
With Au electrodes ara Y o s R

\\_”/ £l Y\\_ ‘7' CsF1a
PERILENE derivatives (PTCDI-C8)
(Molenfant et al.) <0.6cm?/Vs
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=== Contact resistance
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~
" =
-0, } Charge 0’ S e |
transfer 10°F TS minin omearar]
SZ —0~ 1250 min in 10 mbar ai
...‘) complex = 10°%
. . . _B4g'
O, — unintentional doping that © i
. 10 N
changes conductance (ON/OFF ratio) . "%% % z&%
10" 1 ! 1 13
S D T e o 10
v,
S.Steudel et al., Org.EL. 13(2012) 1729-1735
5 - 10%
T - 10°
Lt 107 =
=3 -
G V<0V < - 10fs
. . 22 s i s
Traps modify dipoles at Bl 1
. . 1 1 4 | ae10
interface with contacts Electron trapping Vos=-10V =
. - . . - 0 ~ 10"
(different injection barrier) (OH- groups) i N
at dielectric interface Vs V>

~2V V. shift

Bad in «select» transistor
Organic transistors (I) -/




Figure 7. Chemica
nc; P

ORGANIC DIELECTRICS

- Solution processed
- Smooth films

- Deposited on glass or plastic
substrates

F . J R=cHOnON

CYEPL

o - High optical transparency

- Small thermal expansion up to
200°C

- High K (up to 18)

When both are solution processable, mixing is avoided by

i semiconductor
semiconductor - orthogonal solvents
it C0ESLD - cross-linking lower layer (caution with impurities and
trapping sites)
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} ) ) N
LOW VOLTAGE CIRCUITS — high K dielectrics
10° o
Parallel-plate capacitor E
» /Q 107 + - 0.040
S D @100‘; <
© . _ T 100 4 - 0.020 33
S10, €=3.9 :
107 o
—— E
DN j,7 10¢ 0.000
al >>Vr 20 :7 -2I0 -:o 60 -80
Vo)
BZT e=17.3 105
10 e/em? 3V IR /
‘ \ 100 | 0.002
| : —
107 &
=CV z E
Q | GS %10“ E 3
700 nF/cm? e 10018
L Vo=5V . ~
109
o ib L ‘/"l'to.ooo
€l large 321012345
Area-— Ve V)
x |<— small
Dimitrakopoulos et al., Advanced Materials, 11, 1372, (1999)
N\ 24— Marco SAMPIETRO Organic transistors (I) —/

12



USE of a MOSFET

SWITCH

Ips e

circuit

4

circuit
-—

0 Vs

[Vgl >> [Vq] Ins

circuit

- e
circuit

15

I#0

“Short circuit” between the 2 circuits

Apps: integrated microelectronics

CURRENT GENERATOR
20V

W )
l I:%ﬂCDXI(VGS_VTy

“Irrespective” to the voltage across the load,

Load the MOSFET provides the same current
fixed by V).

(LED) (fixed by Vo)

Vs-10

IDS

Saturation region

Apps: driver for optical display

\_ 25
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I../1,RATIO

\_ 26

Lorr,

(thin insulator and high ¢€)

I Ips eloN,... Vas=Vaiim
ON=T™

——— Marco SAMPIETRO

Ion : “maximum” current drawn by the MOSFET Iopr : undesired current tra S e D when
at Vg equal to the voltage supply. V=0V
1 W 2 4/\
ION = _ucox '_(Vmax_VT) ‘”—" S VDS *'D
- o—
Maximise C ,=¢/X, 1 1

o |
Lopr = DS'q@“p@

Minimise thickness

Minimise intrinsic doping

Organic transistors (I) —/
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Mobility (cm?/Vs)

Feature size

20 pm

Data: T,,=2pA, C’=700nF/cm?, V,-V;=5V "T‘[

W =500 um
Area = 175x175 pm?

Joyoedes

bottom electrode

glass or flexible ryr_vl

W =20 um
Area = 35x35 um?

Size T

5 pm

W =125 um
Area = 45x45 um?

W=5um
Area = 9x9 um?
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Current technology

4, ~0.02 cm®/Vs
Vo =3 V
L=20 um

F

shadow mask

Nature 445 745 (2007)

1000

£
§
2 100
g
£
&
n
53
10
1 2 3 4 5
Supply voltage (V)
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FREQUENCY of OPERATION

Reduction of channel length ...

4, ~0.02 cm®/Vs

f~800Hz zi p

sub-femtoliter inkjet printing

f,~ 80 kHz

Proc. Nat. Acad. Sci. .S A. 105 4976 (2008)

inkjet-printed organic
Ag contacts semiconductor

dislactric
(AID, +SAM)

substrate L

... and higher 1
%
Vs =3V fr~ 400 kHz
L=2 um
fe,  Cyano-Perylene Tetracarboxylic Diimide
g (PTCDI)

he

Drain current (A)

- MV
fr 6r-12

Au source \ / Au drain

Organic semiconductor

Thermally grown S8i0, gate dielectric

Heavily doped silicon wafer

J.Am. Chem. Soc. 130, 4637 (2008)

3

107 =
z

4

100 H
3

£

J 8
10 £
10 =
g

10 2
g

102 ]

5 0 ] i 15
Gate-source voltage (V)

Organic transistors (I) —
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oFET on FLEXIBLE SUBSTRATES

From Hagen Klauk — MPI, Stuttgart, Germany

polyethylene polyethylene polyetherether

aper
naphthalate (PEN) terephthalate (PET) ketone (PEEK) B
L I EETIIEITE] o :
“104; _ 04 = 5
= £ EY E
<50 g E £
" e | S S o e I Vom0
0t 05 | K | 5
=30 -20 -10 o -30 -20 -10 [} -30 -20 -10 0
Vos M Drain-source voltage (V) Drain-source voltage (V) Drain-source voltage (V)
infineon
S.Steudel et al., Org.EL 13 (2012) 1729 Appl. Phys. Lett 84 2673 (2004) Q—/
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UNIPOLAR INVERTERS (I)
pMOSFET Output stay high because : - V= 0
- z; high
Vss
— io0v
Vin | | TD 8
Vout S 6 A w
Ve - = — | > —
HIGH <, L), (LJg
. s}
impedance > (dual V not
T 2 possible)
—_— 0
Vb
Vin V] Voltage partition
btwn T, and T},
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Output voltage (V)

Gain

\_ 32

et

UNIPOLAR INVERTERS (II)

pMOSFET
Z; too low
Vs L
[ W= T

V,

out

YN LOW
I‘__> impedance
T (/g

Vout[V]

Z; too high

VDD

lower Gain,

lower Noise margin

Organic transistors (I) S
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DIGITAL inverters : UNIPOLAR vs COMPLEMENTARY
voo NEgative
complementary Voo
p-channel TFT p-channel TFT
L=30pum W=100um L=30um W=100pm
output output
input
o—{[C p-channel TFT n-channel TFT
input L=30pm W=100pm L=30pm W=1000um
2 3.0 101
101 Voo =3.0V s
10 25 | =25V 10°
100 5 1 109
107 _ < 20 P =20V h 104
10 < g I Wl 105 <
= E 15V = F F
104 § S 15 | 104 §
105 £ H Al Tw 107 3
o 210 ©
10 E 1its N/\ ) W
107 F. Y (
N— C
10¢ 08 0 N “F
1o 0.0 101 é
10 -
25V | Vpp=3.0V
- 100 20V oo
?é 8 5l 18V i
-3 -2 -1 0 0o 08 10 18 20 Nature 445 745 (2007)
Input voltage (V) Input voltage (V) Langmuir 24 1665 (2008)

——— Marco SAMPIETRO
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LESSONS related to oFET

- Charge transport (Dario Natali)

- Organic MOSFETs II (Dario Natali)

- High frequency printed polimer transistors -

(Mario Caironi)

- Organic displays and driving circuits -
(Marco Sampietro)

- Organic semiconductor based devices
for wearable electronics (Annalisa Bonfiglio)
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Similarities with a-Si:H

Grain boundary carrier transport

Contact effect

Deep levels due to

| unsaturated bonds

(traps) within a
molecule

Intra-grain carrier transport

QGrain dimensions =< 4nm

No precise gap
High density of localised states

Higher disorder produces:
higher distances among molecoles,
higher variety of their interactions,

larger distribution of energetic levels,
m=m)  larger gaussians.

Conduction is mainly hopping
between localized states

\__ 35 —_ Marco SAMPIETRO Organic transistors (I) S

MOBILITY vs Vg

MOBILITY IS NOT CONSTANT with Vi = p, (Vg =V )*

Increasing |V,

Qs {uC cm?) .
0.0 05 1.0 1.5 20 25
- 1 1 1 | ] | 1
Carrier concentration increases e
4 6 8
. T — T T
- E; varies 04| e ® 4
—_ *
. % ®
-Lower traps are getting filled g %% B
& °
) 8 02 |- |
-Lower LUMO levels (little = ®
delocalized) are getting filled o1f @ .
. oolo, 1 . 1t o3 oo
- Carriers occupy more and 0 20 40 60 80 100
more upper delocalized levels Vs V)

where they can move better Dimitrakopulos et al. Science, 283,822
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e

%

%) LOW VOLTAGE CIRCUITS — SAM monolayer dielectric
10
.E 08
L H 700 nF/cm
. Aliphatic unit i lm'
(18 C atoms) i *
2.1nm 5 04
F —&— 0.28 cm?
-3 —o— 0.50 cm’® Tieak
. Phosphonic acid Goz{ |—B-o7ecm 3uA/cm@3V
bkﬂn —— 1.13 cm
anchor group
¢ n1|" 10! 0 10 104
Frequency (Hz)
N MOSFET FE F s WMOSFET
F ’ Gate-source
Ea E - F 12
£ i T 3
g, N—Cu— 09
3 ; -
£ £
S5 = . g
Gate-source 03
voltage = 3.0V
4 ] F
3 2 1 0 0.0
Drain-source veltage (V) Drain-source voltage (V)
1, =0.6 cm® | Vs ON/OFF =10’ 1, =0.02 cm® | Vs ON/OFF =~10°
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LAYERS INTERCONNECTS

VIA-HOLE

L=5pm W=1mm
e 3 Ethanol drops

(~10pL)

G ou

PEDOT-PSS
filling
A PEDOT-PSS
Ves g
In Out PVP insulator 5
o F8T2 semic. E
R —\
" PEDOT-PSS
oo k,
T.Kawase et al. ,Adv. Mater. 2001, 13, No. 21, November 2 Bulk resistance of
PEDOT lines
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