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Polythiophenes



Polythiophene derivative:

role of side chain
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P3HT: regioregularity ﬂ
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Regioregularity yields more ordered parallel n-stacked domains

Sirringhaus Synth.Met. 111-112 2000 129-132



P3HT: casting vs spin coating +L%,
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Drop casting yields higher mobility:
Higher order due to slower growth of the film

Sirringhaus Synth.Met. 111-112 2000 129-132



CgH13

P3HT: solvent effect L%

bp (°C)  mobility (em?/(V s))  L./L
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P3HT: molecular weight and morphology )«@
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CgH13

P3HT: molecular weight and morphology +/_%

10°4 b) A An®
@
4, 4
£ // —% | _)
LT e 1 T P
® Grouy [[{/
e Grou
A Grout / 7 j \/\2
6 8 10 20 ' )
Molecular Weight (kD)

alline more High MW less crystalline but
grain boundaries with bridging molecules
Kline Adv.Mat. 15 2003 1519




P3HT: MW

CgH13
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Mobility (cm?/Vs)
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P3HT: MW and Caths
supramolecular organization f(@
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P3HT: MW and
electrical characteristics

Charge transport modeling

Hopping between localized states (VRH)
DOS —» Energetic

u=k'Q" — U — (VOV@/broadening disorder

a1 —> Wavefunction overlap
(morphology)

______________________________
T - - L]

ay
S

CgH13

n



Mobility (cm?/V
3 3
> %

#=K(Voy @

U /- T
g 8x10° .
< 6x10°h
N 3
c 410°} .
O x0°F "y .
=R
0.8} )

0.0 1 . 1 . 1 . 1 . 1

Q
]
\

MW [kD]

N [(cm/V)Y?

v P3HT: MW and sl
electrical characteristics 5

CgH13

U(E) =1, for E<E,
w(E) =y exp E — [, )| for E > E
7sox0%f T T T ]

5.00x10°}F

2.50x10°L

0.00L

2 4 6 8 10
Energetic disorder (G/KT)

Sampietro et al. J. Appl. Phys., Vol. 104, 084513, 2008



P3HT: MW and processing
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Low MW More affected by processing
-> morphology limited




P3HT: MW and processing
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=+ Modification

GHy, .'“_ ;:““-»J UL =
'., CcH L, | ~OH
KE J 5 e iy %_;EI\_ 5 I::”J_i:
o ,_-,.,, o l::H b & P o oM 7

i L
|
|
|
1 rl'_I:H:l THy
I|
", i
II‘\. X "I r
| . P
xHx q;u,._*?l,::r!, h%"-»r_w - -~
. G M OH  OH i e (::H3 (:;H3
monochlorosilanes ieHic

Silica dichilorosilanes |

| :
] U e CH; —Si —NH —8i —CH, +2SiOH
ow activity v . .

14
! Il"":'l_F?'l“'“El

FARAN- H M DS
/ .

Sef-Azsembly
{Harizontal palymerization) Covalant Attachment

£Hy CHy -
i 1,-" i EHy
Ny p D:SII_D\_} CHS
) { = ) W
A o
4 EI__Q-\:T_,-‘:'-.. _-il-:_m - Mo, MOy o e -1 _HEI_J

. AN EA s %% Fadeev Langmuir 2000, 16, 7268-7274



CgH13

P3HT: surface effect (1) %,
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P3HT: MW & surface treatment
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CgH13

P3HT:surface effect (2) 4%

Insulator Substrate

- o H interaction
-— Repulsion Force

10-2 —(240C 20min) —> 2.8x101 10-2 —240c 20min) —> 0.8x10-1

Unshared N e pairs repulsion VS n-H interaction

Alkane chain interdigitation...
Kim Adv.Funct.Mat. 15 2005 77



CeH13

an
S

n

P3HT: directional epitaxial solidification

STEP1 ™=» STEP2 —> STEP 3 =) STEP 4
Spin-coat Sandwich TCB Directional Remove cover slip
or dip coat powder between crystallization Sublimation of
a P3HT film glass slide and of P3HT on TCB TCB (primary
cover slip crystals VVacuum)

, coverslip _ . Oriented P3HT film

Glass substrate \ Glass substrate ’J Glass substrate ‘ Glass substrate
T>T,, T<T,,
>
TCB powder Temperature gradient

T>T,,: uniform dispersion
of P3HT in liquid TCB

Brinkmann Adv. Funct. Mater. 2007, 17, 101-108
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0.1 -

Mobility (cm? V-1 s°1)

0.01

The face-on paradigm at trial
Face-on P3HT:

Biaxial strain:

unstrained:  0.006 1.4x104
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Gargi et al.10.1021/jp4050644| J. Phys. Chem. C2013, 117, 17421-17428



Environmental stability: doping

TABLE 1. p4 and o under various operating conditions.

Mfet’ o’

Condition (107% ecm?/V s) (1077 S/em)
Vacuum 1.25 0.58
Air 7.16
N, 1.23 0.78
N, (wet) 6.00
O, (after 4 h) 0.94 1.49

“Calculated from the 7,—V, response at ;= —30V.
bCalculated from the 7, values at Ve=—30V.

Moisture and Oxygen related doping!!!

Hoshino J. Appl. Phys., Vol. 95 2004 5088
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Oxygen doping
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CeH13

Oxygen doping 4,
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CeH13

Oxygen doping 4,

TABLE II. The oxygen doping and de-doping rate at different experimental
environments.

Doping condition Rate
Light+Vacuum Moderate (~min)
0,. dark Slow (~h)
0,. Light Fast (~s)
De-doping condition Rate
300 K+ Vacuum+ Dark Very slow (~days to weeks)
370 K+ Vacuum+ Dark Moderate (~min) heat desorption
adsorption %
O
00 -
o N\ P3HT film
double bonding diffusi
iffusion oo
hy, UV

\\n

oxidation

Liao JOURNAL OF APPLIED PHYSICS 103, 104506 2008 0002 @0
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CeH13

Environmental stability: ¢
role of processmg

Chloroform/OTS
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Air stability & capping  “%

/ Al,O4 deposited by means of \

Atomic Layer Deposition (ALD)[@125C, few mbar]
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C H13

Alr stability & capping sy

Need stopping layer . Al(CHy)s
to prevent damage! TMA

Need stopping layer -

. H,O
to prevent doping! ?
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Alr stability & capping ay
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Sampietro Organic Electronics 2007 8 407-414 - Organic electronics in press 10.1016/j.orgel.2009.03.003



New gen. materials

aka the tongue-breaking era
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Polyalkylthiophenes:
scheme of substitution(1)

R R L, Yy
L X 4A
RN/ W "
eV . W, .
; ;
3x102cm?/Vs VO N 0N T T 1B1A
Ong Synth.Met. 142 (2004) 49-52 by
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10-1cm?/Vs ]

Ong J. AM. CHEM. SOC. 2004, 126, 3378-3379



Polyalkylthiophenes:
scheme of substitution(2)
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Fused thiophene based polymer

HOMO lowered by competition between

Delocalization and resonance
without interfering with crystallinity

Table 1 Polymer properties. 714 and 724 correspond to the low- and high-temperature endotherms on heating (at 10 ° G min—") respectively, and 72| and 71
correspond to the high- and low- temperature exotherms on cooling (10 °C min—") respectively. IP was measured by an ambient ultraviolet photoelectron spectroscopy

{UPS) technique.
Sidechain /Ml IP M1 2+ 2] ml Cooling enthalpy [T — [T — ON/OFF
(eV) (°C) (#C) (*C) °C) 2] (g™ g™ (M) (M) ratio

em?V-"s eV s ()

C10 28,500/51,300 171 251 237 142 134 18.5 0.30 0.22 108

c12 29,600/54,000 5.1 143 244 233 115 104 20.5 0.30 0.11 108

C14 33,000/59,600 141 248 233 102 1.3 26.5 (.63 (.39 =107
0.72* 0.20" ~ 108

* Different device geometry (W= 2,000 pm, £ = 5 pm) and dielactric thickness (200 nm.

McCulloch Nat.Mat. 5 2006 328



Fused thiophene based polymer
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McCulloch Nat.Mat. 5 2006 328



Fused thiophene based polymer

HOMO lowered by competition between
Delocalization and resonance
without Int :

at 10 °C min—") respectively, and T2) and T1]
v an ambient ultraviolet photoelectron spectroscopy

N\

Table 1 Polymer properties. T14 and T2+ correspond to the low-
correspond to the high- and low- temperature exotherms on cooling (10 °C min—") respectively. IP
{UPS) technique.

Sidechain /Ml A IP M1 2+ 2] ml Cooling enthalpy / [T —— [T — ON/OFF
{(nm) (eV) (°C) (#C) (*C) °C) 2] (g™ AL g (M) (M) ratio
em? V- eV s ()
10 28,500/51,300 1M 251 237 142 134 185 0.30 0.22 108
12 29,600/54,000 S47 54 143 244 233 115 104 205 (.30 0.1 108
14 33,000/58,600 1 248 233 102 11.3 26.5 (.63 (.39 =107
0.72" (.20 ~ 108"
* Different device geometry (W= 2,000 pm, L = 5 pm) and diglectric thickness (200 nm). \/

McCulloch Nat.Mat. 5 2006 328



Closest Packed Density
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Single Crystal FET(1)

(a) Physical Vapor Transport

Vaporized organic carried by gas ——a

Highly purified Source Heawy Crystallization Light Exhaust
inert gas material impurities region impurities to bubbler
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deBoer, Physica Status Solidi (A) 201, 2004 p 1302-1331, Bao Mat.Today 10 2007 20



Single Crystal FET(2)
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Single Crystal FET(3)

Transport anisotropy

Morpurgo Rev. Mod.Phys 78 2006 973

o

o

Channel Conductivity (uS)

o

Effective Mobility (cm’ / V s)

N

N

N

S

o
1 N

1 —o— b direction
1 —=— a direction

80 -60 40 20 0 20

Gate Voltage (V)



Record: 12.3 cm?/Vs

QY OO O ery
O [% (L %g ;‘ g‘ The best one
L0 : as predicted by computation!
oo (R
L A0S

Bao Nature Communications | 2:437 | Dol:10.1038/ncomms1451



N-type semiconductors

Cincion

Gate insulator

/ Gate N\ \

Substrate \

Facchetti JJAm.Chem.Soc. 2004 126(42); 13859-13874




N-type semiconductors "=
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Chlorination:

[ Gate \
Substrate

a Route toward Electron Transport
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Bao J. Am. Chem. Soc., 2009, 131 (10), 3733-3740



N-type: role of dielectrics *

+1/2H,  10°
; H H
d d 0/ ¢ d be O/ 108 3
S & 5\ —> G &S _
\ 60 bO 6080 ] progressively
107 4  Shorter
z | 1 alkyl chain
Interfa(?ial elgctron trapping gl .
at SIOH silanol groups = -
Quenching n-activity for oo -
not enough low lying LUMO 3
(LUMO<-3.85eV) ]
10-10

0 10 20 30 40 50 80 70 In
Vs )
Chua NATURE 434 2005 194



Alr stability T
THEORY PRACIICE

vacuum

-3.74eV H20 oxidation

2H,0 + 2e - = H,+20H"

-4.97eV O2 oxidation
0, + 4H* + 4e- -> 2H,C

Energy Level (eV vs Vacuum)

Compound

Facchetti Vol. 44, No. 7’ 2011’ 501-510"
De Leuuw Synthetic Metals 87 (1997) 53-59 ACCOUNTS OF CHEMICAL RESEARCH




AIr stabllity:barriers

available spacing

4 A

a steric barrier to atmospheric
penetration created by the
densely packed Fluorinated
groups

available spacing

2 A

y Facchetti J. Am. Chem. Soc., 2007, 129 (49), 15259-15278\



OFET Device Structure/Film-Deposition Method for n-Channel Semiconductors

Ntype status

TABLE 1. Summary of the Field-Effect Mobilities (u), Threshold Voltages (Vy), Current I/l ratios, Electrochemical Reduction Potentials (E,eq-), and

semiconductor EreqnlV) w lom? AV 5)f ol Vr i) device structure (deposition technique)” ref

DFHAT -1.53 0.24 (vacuum) mf 20-30 BG-TC (vacum dep.} 27

DFHCO-4T -0.88 0.32-0.6 (vacuum) 107 38 BG-TC (vacum dep.) 33
1.7 (vacuumj 107 24 BG-TC (SI0+/PS dielectric, vacum dep.) 34

DHCO-AT 1.06 0.12 (e~, vacuum) 107 35 BG-TC (vacum dep.} 33
0.01 {h", vacuum) 107 —54
0.67 (e, vacuum) 107 50 BG-TC (Si0,/PS dielectric, vacum dep.) 34
0.002 (h", vacuum) 10° —60to 70

DFHCO-4TCO —0.65 0,08 (vacuum) m: 9 BG-TC [vacum dep.) 33
0.005-0.01 (air) 10°-10° 10-20

FTTTTF -1.51 .43 {vaouum) 108 30-40 BG-TC {vacum dep.) 34

DFO-PTTP NA 0.03-0.07 (vacuum) 10°-107 50-55 BG-TC (vacum dep.) 30

DFCO-4T -1.05 0.45 (vacouurm) 108 30 BG-TC (vacum dep.) 35
0.21 (vacuum) 10° 50-70 BG-TC (solution dep.)

DFCO-TAOT 0.45 0.02 (air) 10° ~10° 25=30 BG-TC (vacum dep.) a5

NDI-BCN2 +0.08 0.15 {vaouum) 10° —37 BG-TC (vacum dep.) 40
0.11 (air) 10° 55

ADI-BCNZ -0.33 0.03 {vacuum) 10°-107 10 BG-TC (vacum dep.) 41
0.01 {air) 10°-107 15

PDI-BCM2 —-0.06 0.06-0.1 (air) 107 0-10 BG-TC (vacum dep.) 40
0.01-0.06 (air) 10°-107 0-10 BG-TC (solution dep.)

PDI-FCNZ +0.04 0.64 (air) 1 D“_ 20to -30 BG-TC (vacum dep.) 40

NDI-T —0.65 .35 (vaouum) 108 28 BG-TC [vacum dep.) 47
0.10 (ait) 107 50

TPDM —-0.53 0.02 (vacouum) 108 20 BG-TC (vacuum dep.) 52

TIFDMT -0.12 0.16 (air) 1 U:— 108 0-5 BG-TC (solution dep.) 49

TTIFDMTT 0.20 0.001 (e, air) 107 20 BG-TC (solution dep.) 52
107* (h", air) 10° -25

P(ETI) 1.11 0.01 (vacuum) 107 75 BG-TC (solution dep.) 57

P(IFDMT4) —-0.29 210 % (e, ain 10* Sle) BG-TC (solution dep.) 52
2 107 (h™, air) 10* —101(h")

PINDIZODTZ) —-0.49 0.01-0.08 (air) 1 Dﬁ_— 107 =20 BG-TC (solution dep.) 59
0.45-0.85 (air) 10°-10% 0-5 TG-BC (solution dep.) 60

“Vacuum, measured in a vacuum probe station; air, measured in air. "BG-TC, bottom-gate/top-contact; TG-BC, top-gate/bottom-contact; PS, polystyrene,

Facchetti Vol. 44, No. 72011 ' 501-510 "ACCOUNTS OF CHEMICAL RESEARCH



_ Ntype status

\ /]l

X=0 : P(DT) P o
X=2 : P(DTI-T2)

cilJH2I

et

Z-S : P(PDI2DD-DTT)
Z=N-C,,H,; : P(PDI2DD-DTP12)

0 N (o} kI/Cqus
1 PpoL-pDI

C;Hys CHis ! CioHz4

109 102 10- | 100
Electron Mobility [cm?/Vs]

Caironi et al., Adv. Mater. 2013, 25, 4210-4244



Device Issues

* Injection
 Bias stress
 Dielectrics



Contact Resistance

Cicction >

Gate insulator
| Gate \

Substrate

Caironi&Natali, Adv. Mat. 2012 Volume 24, Issue 11, pages 1357-1387



= Effect of contact resistances

Only a fraction of applied voltages drop on the actual channel!

Vs (D i

« Less current flows!
« Downscaling less effective

| — D Voo ° Mobility is apparent
‘\|/ .o and L-dependent

— S




Contact resistance & topology

e Coplanar

Injection into nm-thick channel

Gate contact
a) b) Dielectric
Source/Drain

e CIL
msm Semiconductor

v = ( Staggered
Injection onto the channel

c) d)
= y VDS
T
semiconductor
RS = [\/Ry X Rsh (VGS)] 2 Jye }Ry
|
R, channel sheet resistance= [uC,,(Vgs-V7)]?




Contact resistance & S/D @
material

0.5 —
i T AtV =-50V
:> 0.15} d 4
— 041 § 0.10 \‘\
'.'w ; ° =
“> = 0.05}
cost 3.0
g 9% & 15 20
— Channel Length [um]
.g‘ 0.2+ P3HT/Pt (Saturation)
e} P3HT/Au (Saturation)
§ 0.1 © P3HT/Pt (Linear)
' P3HT/Au (Linear)
0.0 ———ll

0 -10 -20 -30 -40 50 60 70 -80

K.-J. Baeg et al. / Thin Solid Films 518 (2010) 4024-4029



Transfer line method

Ryor A
/‘,—’—\-
TOT //* L |VGS|
————— - rows
E A g
,,,, . )
s - Sy
T
A
) Vo
n P
g o
|_
O V T
a4 Al S
SRR,
j — ,,,
VGS

Highly susceptible to sample-to-sample variation!!!



« Current equation: Iy =

o Definition:

Differential method

philosophy: decrease the problem complexity

kVD (\/G _Vth )7+1
1+KRps (Vg — Vi)™
|2

K 2
Z = D — z=—V- (V- =\ )"
dig /dVe 7 +1 o6 —Vr)

» Z does not depend on RDS

e Definition:

I zdVg j zdVg

1
Wt :(jFB(VG@

» Linear in V5 and dependent only on yand V!

| [nA]

w [V]

o e 0 O

20

Rc= 34.9KQ

p=0.78x10-2 (|Vgl-5.47)" 057

0 5 10 15 20 25 30
V. V] Vol [V]

M. Sampietro et al, J. Appl. Phys., Vol. 101, 2007



Other methods

Signhal Access Module Lock in
+ — +
Signal Amplifier (+/- 50 V) Feedback

Kelvin?probe

Puntambekar APPL.PHY.LETT. 83 2003 5539

(a) Source
Sense Probe V4

Sense Probe "~.-"2

Drain

(b)

4-point-probe

Chesterfield J.APPL.PHYS. 95 2004 6396



=== Contact resistance & downscaling:

current status

= p-type * , p-type electrolytic gate, n-type Re

10000 ]  14gs0cm

1000y e . 4 ca0om
S 100 77 14E300m
= 200
_E - {100cM

L o
001p ,
X |
2
u[em/Vs]

Ly IS the channel length experiencing an halving in the current
due to contact resistances for a given technology (u, Rc)

Caironi&Natali, Adv. Mat. 2012 Volume 24, Issue 11, pages 1357-1387



Drain Source -
Gate insulator
[ Gate \
Substrate

250 Hap.
E 200+ N
c
£ 150 \ N
Q
= 3
2 100+
= r h‘*‘.—-.
© .I:;::"E-:
a 50 | Total time W\
T27h
oL = R

-40 30 -20 -10 0 10 20
Gate voltage (V)

—— I D
S 20Hb) o
- |
z ] SN :
£ V- shift!
S | o | T .
m ]
o h |
[3

s | - Charge trapping
e L i
g2 °
frul L el
=

DJ'l ﬂ.!:!....I Ll Ll ol

10 100 1000 10000 100000

Time (s)

de Leeuw Adv. Mater. 2008, 20, 975-979



Bias stress

Relaxation time 1 (s)

—
o
W

s T

—_—
o
T T T

-
o
L
—T

_ B
———————— 3 AV(t) = (VG — Vino)(1 — exp[—(#/1)"]),
- Semiconductor 7o [S] €a[eV] T (T=25°0C) [s]
P3HT 3x107° 0.6+0.1 4% 10’
| €, | PTAA 8x 107" 0.6+0.1 1% 107
1 T = Tpexp — | p1v 2% 107  0.62 6 x 10*
f kpT ) 3Buts 3x107 0.6=0.1 3% 10°
] Pentacene 2%x10°% 0.67 4% 10°
(Single crystal)
F8T2 3x 1077 0.52 1.5 x 10*
]
Pentacene FB8T2 _
m ]
u 4
o R : AH" 4+ 0y +4e~ =2H,0 E=057V
49 50 51 52 53 54 55 4087 +4e” = 408 E = Eos
HOMO Energy (eV) 2H,0 + 40S™ = 408 + O, + 4H" . 3)
0,]'/? 4.97eV
T X —[ 2 exp|— (oMo — 4.97¢V) exp 4
[H,0] 2kgT ksT )

De Leeuw APPLIED PHYSICS LETTERS 99, 103302 (2011)



Bias stress

Relaxation time 1 (s)
o

—_—
o
o

-
o
L

T T T T T T T ﬂvth(F) — (LIIG - L’;ﬂ]_[])(l - elp[_(r/f)ﬁ]):
Semiconductor 7o [S] €a[eV] T (T=25°0C) [s]
P3HT 3x107°  0.6*0.1 4% 107
( €, ) PTAA 8x107* 0.6 %0.1 1 x 107
le=wesp(p )y,  2wp e oo
W\
HOMO energy well below 5 eV needed, but this implies |
environmental instability.
No HOMO tailoring, but water elimination is needed!!
J
U o9.T 9Z 53 94 9o = o
HOMO Energy (eV) _{OSJFOZ T 3)
[Og]]'fz (EH{}MQ — 4.976V) €4
T X exp | — ex .
H,0] " 2kpT P\ksT

De Leeuw APPLIED PHYSICS LETTERS 99, 103302 (2011)



Role of dielectrics

dielectric




109,

—
[=]
FS

Field-effect mobility yt (cm?/ Vs)

106

Roughness

Dielectric

105}

O e et
4 H
3 i + i e
E !L i l‘ 3
.. ] !‘ i l‘-
o .‘\‘ .‘\
T $ T
M K
b b
] ]
0.0 0.3 0.5 0.0 0.5 1.0 0.0 1.0 2.0
Roughness G,q,y, (M) Roughness Ggg,, (NM)  ROUGNNESS Gggonm (NM)

Sirringhaus, Adv.Mat. 2005, 17, 2411-2425
see also Appl. Phys. Lett. 101, 093308 (2012)



Gate insulator

High k: PTAA 0

[ Gate \

Substrate

107*
. m PTAA1 top gate B -
g PTAA1 bottom gate E
e PTAA2 top gate
5 & PTAA2 bottom gate T
A — >
EE N(E) Broadening of
oy v G
ue to
- B / dipolar disorder
P L3 carrier at interface
~ B population
Al
= * organic
O : T
— semiconductor
= 10* A
0 / insulator -1 @ @ @ ﬁy
B
Organic s.c.
5
T . thinner low K dielectric
8 . - . .
thicker high K dielectric
Veres Adv.Funct.Mat 13, 2003 199 ’ ;

'  Gate '



Dipole induced DOS broadening

(b)

Sirringhaus, THE JOURNAL OF CHEMICAL PHYSICS 128, 234905 200¢

p=2D
Increasing x \ B
05 0 0.5
Energy / eV




= Dipole induced DOS broadening

» (d)
c\% 10%F 178
3] 2
S L TS
E TSoPvRf
"\r\ -
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3 N
310 - [ ;
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Interface Electnc Field / kV/cm Interface Electric Field / kV/cm Interface Electrlc Field / kV/cm

Sirringhaus, THE JOURNAL OF CHEMICAL PHYSICS 128, 234905 2008



—=1 Solution: SAM interlayer

 functionalization of the Al,O4 surface by means of
different SAMs

P3HT

é\ubstrate
Self Assembly
Monolayer (SAM)
OPA A OTS
Mobility increases with Al,O4
functionalization
O =R —OH Cl—si—Cl
OH /V \ cl

2.1nm 2.5nm



Gate insulator

Gate

Substrate

a) I

Unconventional dielectrics

W I 0 S ¢

@

o Fo To Yo ¢
SANDs Metal oxide + low k SAM  Sodium beta-alumina lon gels
;)H 9" /OH
/
y b) \O/Zr\o’;':\o’,z'.\O‘
>{slfo os?( B B S°d-" HO, OH
o]
\LNI Zr0, \~S " A S \Ln‘r
. . QG Qq U
g H|ghilgrt()-)|aye| . : : : ?ﬂ E ngh(-;:e-)layer ?: ‘_C\X N.% N:N Nay
n t H ~ ~ =
rS o V2 Vg4 \ + 4 \ 44 Z
Si0, Ny, 0, PR Q e & Q
; | Sio, é Cﬁer
\ ooty s, W PSR gt
SANDTYpell | jh. ob b o ZeSAND  [d'h db o o p["om
\ \ \ Stb /Zr\o/zi\o,lr.\o/lf.\ PAE

Hf-SAND

J. Am. Chem. Soc.2013, 135, 8926-893



Solution-Deposited Organic-Inorganic
Hybrid Multilayer NanoDielectrics

o 0
& Zv/ :Z (/
'0

7/ =Silicon ¥ =210, i = PAE

<Gl polarizable, phosphonic acid-
Zr-SAND-4 Film functionalized organic precursors
E A8 combined with ultrathin layers of
Si | high-k inorganic oxide materials.

5-12 nm thick, leakage 107 A/lcm?@2MV/cm,
C=750nF/cm?



Ultrathin dielectric:

Self Assembled Mono-Layers

a b | 2.2nm SIO,
' Cox—l S5uF/cm?

1075 1

Phosphonic
acid-based
SAM

Current density (A cm~2)
o

10791

P A
Y ~OH ~
S oSG ©! 10-M

C,,=0.8uF/cm?
tox=2.1nm

0 1
Voltage (V)

Halik Nature 445 745 2007



Klauk Langmuir 2008, 24, 1665-1669

SAM gate: processes

-
stamp SAM <
onto Al substrate
Y — SAM
\ substrate
wet etch Al e SAM
[with SAM as I
etch mask) substrate |
o=F—0H —
Yon A
« remove SAM (O plasma)
= create new SAM (dip)
« improve SAM coverage by
dipping the substrate in a
solution with molecules option C
| —
| substrate |
option B
) | substrate I | substrate |
m;ri I 1 I 1l [ 1l
or F,CuPe substrate substrate substrate
evaporate Au —‘; ; ;Iﬁ; ;l_d;_
substrate substrate substrate




Klauk Langmuir 2008, 24, 1665-1669

AM gate: sim

loglion A
- Voo = 30V
‘Vm =25V
|v[‘ =20V
‘1.5 Vv in
I‘t\‘:‘ =l | - —
~ 1 N N.\'.
= ~§J"A: ‘ \ N\
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.\
25V =30V
20V
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0.0 0.5 1.0 1.5
Input voltage (V)
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1.5V m
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p-channel TFT
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o
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-
wn
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n
w

N
o

ple circuits

Voo =30V
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Input voltage (V)
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10°%
10
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10"

Current (A)

oscilloscope

n=channel TFT




Electrochemically gatetd TFT

Switching time

potentially below us

currently <1lms

a)

| (2
= &)
[ S Vv I
| I 1 D D
) ( Gate W -
( ' Electrolyte dielectric “‘|
S o
— | Substrate |

Impermeay \ermeable
b)

Gate Gate
985083088 © © §00B0A8S
g°°5 2 < elec:tron h:le SQQB 2 <&

Charge neutral bulk Charge neutral bulk
Q c o
T 2 aeYs . Sl

L )

Impermeable semiconductor Permeable semiconductor

C>1uF/cm?

Frishie et al. Adv. Mater. 2013, 25, 1822-1846



Electrochemically gated TFT

Frishie et al. Adv. Mater. 2013, 25, 1822-1846



w \armeabh
b)

Polyanionic electrolite| s} =

(4 0 .
Shene neutral bk Charge neutral bulk
g ?°°’°°° ? .:oog.‘o
. - ceccococo
I e e Ct r I CS W M

P(VPA-AA)

+H+ +

4—*——% B
@—/\Q\ :
N e Au Au Electrostatic-
Source Drain potential
j) 2.0 T T T T T T 7 T j T
b) -1.5 . . . . V= r 2 -
AoV ] y |
“1.0r . switch-on =
z < ™0 1 2
3 2 10t - P(VPA-AA) ~0.2 mm
~A 08V o 2 switch-off
0.5 P3HT
0.51 ) 1 SilSIO,
0.0 : : Vp=-1V 0"500 501 502
00 -02 04 06 -0.8 N
V. o) 0.0
o 0 200 400 600 800 1000

Time (ms) Herlogsson, Adv. Mater. 2007, 19, 97-101



Gate insulator

Gate

Substrate

Polyelectroylte dielectric

At
075 OH 07 ~OH

.

H
P(VPA-AA)

P{T,TTT )

p-channel

Titanium gate
———Polyelactrolyte ——
Semiconductor
Gold source-drain
Glass substrate

n-channel

Ciollzi P(NDI20OD-T2)

L R
[+ _ {’N"F:"D O.;:-‘_D,-a.\___,.r:l_,_,_.-
& I -

“-»._/O:’S:O
o o
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CraHzy
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Q. .N_.0O

e Q§ ©
2.9 %
Charge neutral bulk
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e ? °e°°
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28008000
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\ermeable
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= e85
Charge neutral bulk
= Ol

Permeable semiconductor

Berggren Adv. Mater. 2011, 23, 4684—-4689



SAM-FET

Thick: 21 A
(rough 7.0 A rms) <

Thick: 15 A J

(rough 3.8 A rms) u=102cm2/\/s

I (W)

o
—Si—

Si02 gate dielectric

De Leeuw Nature 455 2008 956



Thick: 21 A
(rough 7.0 A rms) <

Thick: 15 A
(rough 3.8 A rms)

-

—Si—

SAM-FET

Si02 gate dielectric

De Leeuw Nature 455 2008 956

-5 -10 -15 =20
Vin (V)

Code: 110 01 0 0

10b A

|
10
Time (ms)



Ambipolar operation

Source Drain

Source Drain

Vap << Vg

Unipolar electron transport Ambipolar transport

Sirringhaus, Chem. Rev. 2007, 107, 1296, Adv. Mater. 2007, 19, 1791-1799



1]

drain current| _[pA]

(=)
M

drain current|  [A]

Ambipolar operation

g Seuree (Au) Drain (Au)
—/ —
4] FGuPe
BP2ZT a)
21 | Insulator S0, Cy3Hy 3He7
Gate Sijn=+} aT5
i
T T T T ] go:
-60 =40 =20 V] 20 40 60

W

0.004 b) “hole cur. _' "] electron cur.,50M- 10°
3.5+ / ambipol. cur. . 5
-50v/ .7~ ) ambipol. cur.// 10V
— 30 = Yl A L
-0.003 o - C S AN
< 'g. 2.5-_10\1-747»- \' (' o ; (‘:9. /
" logoz TR - 204
“1"_._' 3 1.5
o
=2 @D
0.001 ] 1.0
0.5
0.000 1)) [ S . P

gate voltage V. [V]

80 40 20 0 20 40 60
gate voltage V, [V]

p & n bilayer p & n blend

Sirringhaus, Chem. Rev. 2007, 107, 1296, Adv. Mater. 2007, 19, 1791-1799

[A]

drain current |,



Ambipolar operation

0.4

Narrow gap

0.25
single component
§ 03 _ vacuum level i ! i .
5 - B i svmmetric contacts
5 ov LUMO ™~ ov “ U15 o7
% 0.2} Ay Ay 06
?; _+ HOMO r 4010 05
g g 20V z
8 -0.4}-20V £ os
- 4005 3 o3l
10V 10V ° 02|
0.0 ! : - - : : - 0.00
-30 25 20 15 -10 -5 0 5 10 15 20 25 30 0.1
source-drain voltage (V) source-drain voltage (V) 00 460 sflm &.)0 10I00 12.00 14.00 161)0 1 000
wavelength (nm)
a) 0.15 4 b) |
1074 "u’d =60V
3
< 0.10. 3y .
- = Single component
o = .
= =
3 005 3 10° Asymmetric contacts
8
0.00 ] 10
0 20 | 40 60 0 20 40 60
Source-Drain Voltage (V) Gate Voltage (V)

See for recent review : Loi et al.10.1002/adma.201304280



Light emitting transistor

ﬁ%ﬁ

Vg Or Vs

\*J
v

Recombination

"')-/‘-};C CPP____

e Bt s 1 Mg e el St e

Current (pA)

ot 0.0
7100 -80 80 40 -20 0 20 40 60 80 100
Source-Drain Voltage (V)

P
—

Recombination occurs at pinch-off, charge concentration is low,
Hence low losses due to exciton-polaron quenching
EQE=10%!!!

Sirringhaus Nat.Mat 2006 5 69



Complementary circuits

Source (S,) Orain (0,) Vip

n-channel PCBM

a)

0.4
b
VD 'g 02 Vour
] ?
G SﬁI 0.0 L
p 500 1000 1500 2000 .
p-channel / Wavelength (nm) Cconversion
D, Aoyama Adv. Mater. 2010, 22, 1722-1726
Vin ]_‘ Vour
D, , : ¢
n'Chal"Il" LUMO, -3.4 oV \ 470V IAE':.”
5 e % R
3! ) .
Vs VOUT

N

Additive dep.
(eg. inkjet)

’

.. Unipolarization

Caironi ACS Applied Materials & Interfaces 2011, 3, 3205.

Subtractive dep.

plasma using metal gate as mask



In the end of the day, it's the money

Vol. 23 « No. § « February 1 « 20m D10488

" ADVANCED
MATERIALS

Klauk Advanced Materials Volume 23, Issue 5, pages 654-658, 6 DEC 2010 DOI: 10.1002/adma.201003374


http://onlinelibrary.wiley.com/doi/10.1002/adma.201003374/full#fig1

Vout, Vin [V]

Vout, Vin [V]

8-Bit, 40-instr/s

uprocessor on Plastic

0 10 15 20
Vin, Vout [V]
20 T T
15 B
10F e
5 —~ -
0 | L
0 10 15 20
Vin, Vout [V]

VDD

ouT

VDD

IN_ci |D_VBG,D

ouT

GND

Back gate

Dielectric
[ Gate

Plastic substrate: 25um

Plastic Intel 4004
microprocessor

Transistor- 3381 2300
count
Area 1.96 x 1.72 cm? 3 X 4 mm?
Pin-count 30 16
Power supply 10V L5V
voltage
Power 92 pW 1w
consumption
Operation 40 92000
speed operations/second operations/second
Semiconductor Pentacene Silicon
P-type mobility ~0.15 cm?/Vs ~450 cm?/Vs
Logic family P-type P-type
Operation accumulation inversion
Technology 5 um 10 pm
Bus width 8 bit 4 bit
Production year 2011 1971
Wafer scale (55 27
Substrate flexible rigid
g B2

Heremans et al IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 47, NO. 1, JANUARY 2012
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Best reported mobility (cm?/Vs)

The End

2
101 solution-processed b 10 cm®/Vs
small-molecule 4 cm?2/\s
10° (p-channel) 1
vacuum-processed :
10! { small-molecule I
(p-channel) solution-
102 processed | |
small- 1
molecule I
107 ; (n-channel)| 1
104 - polymer (n-channel) :
vacuum-processed I
10 4 polymer small-molecule |
104 (p-channel) (n-channel) |
1985 1990 1995 2000 2005 20102013

Year
Klauk, Chem.Soc.Rev. 2010, 39, 2643-2666



