Structures of Aromatic Compounds
Acta Crystallogr. B 45, 473 (1989).
Herringbone (0-type) : Side dominant 0

7} OO0 CooCo (B O
/ D 00 00

phenanthrenebiphenyl terphenyl
Dimer («-type) : Intermidiate

y-Structure (6-type) :
with large face

perylene pyrene
Stack (p-type) : Face dominant ‘|O O|O
e
) OO0

coronene ovalene

Large molecular plane induces parallel stacking structures. 1
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Photoconductivity ol D,
Time of Flight (TOF) mgs 850 5;3:; fus
- Pure crystals E

F
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B lemivs)

FWR b
= < Lo
7 v e
by i
T e
TOF Mobility (cm?/Vs)
Hole albic Electron al/bic
Naphthlene 0.94/1.48/0.32 0.62/0.64/0.44
Anthracene 1.13/2.07/0.73 1.73/1.05/0.39
Perylene Activated 2.37/5.53/0.78
Terphenyl 0.6/ -/0.80 0.34/1.2/0.25

N. Karl, Landort-Bérnstein Numerical Data and Functional Relationships in Sctenca
and Technology, New Series Group III 17a-1 (1985).

Photoconductivity

Electrophotography C. F. Carison (1938)
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Space-charge-limited current (SCLC)

Carrier injection into an insulator
en J

J = enpE m) a—E————
L ox € e,uE
Integrate mp , _ 2J xl/z

(23
n is accumulated around x = 0.
Eis steep at x = 0.
Integrate for x up to the thickness L -V

L 1/2 9 72
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log J
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PN junction Majority carrier is depleted
around the junction to have — X Z J&
[P [ N ] net positive charge. (Depletion Layer)

i

I

| / Junction polarizes so as t
== - N have opposite charges

to the majority carriers.

i/ T s

Most resistance come
from the depleted

. + o
Potential surface bends E 11 junction.

so as to make £} = const.

P N -
i
S =
Forward bias , \Re:erse bias
T _ _ T+
T =)

+ — attraction leads to current flow No current flows

BFEA electron injection

+ !

\ 4
R—ILEAN Potential is lowered
hole injection to Vp-V.

e
L . 0 kgl

Majority carrier in N N,=N,e °

E Ep+ely vy

Minority carrier in P N/'=Nle 5 m=) N/=Nee "'

72(VD—V)
Under bias 7, this leads to N,)'=N,e *T

Majority carrier transport from N to P (electron diffusion current) ¢ N,
Minority carrier transport from P to N (electron generation current) o< N,

Total current [ oc Ne '_Ne — [0 (eeV/kBV _1)
(The same equation for holes)

I —eV kgl
(Io=N,e """ does not depend on )

&5 )

forward bias Current flows only for forward bias,

(Diode)

, v

reverse bias P N
WNAT 2 —N—

Diodes for specialized uses

Light Emitting Diode Zener Diode

ecombination of injected Standard voltage
carriers at forward bias at the reverse bias.
generates light. I

A\ Zener Breakdown
R—ILEAN
hole injection I, +

EL ® Electroluminescence

hv depends on E,.
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Light Emitting Diode (LED)
Organic EL (Electroluminescence)

>I Hole Electron

transporting transporting

Light Layer Layer
\
. N/

PN Junction

Light Emitting Diode (LED)
Organic EL (Electroluminescence)

Hole Electron
transporting transporting

Layer \ Layer
/ \

1987 Ching W. Tang
(Eastman Kodak)

Electrode
(Ag, Al)

Electrode
(1ITO)

| I Electrode Electrode

(ITO) (Ag, Al)

9
Light Emitting Diode (LED)
Organic EL (Electroluminescence)

Hole Electron

transporting transporting
High HOMO Layer Layer
/ \

Electrode

H@O 0 (Ag, Al)
0

@ Absorption  Fluorescence ®

1
Fluorescence quantum yield
Benzene 0.07 Naphtharene0.23 Anthracene 0.36

Tetracene 0.21 Pyrene 0.65 Perylene 0.94
Rubrene ~1.0 Fluorene 0.80

Biphenyl 0.18 Terphenyl 0.93 PPV 0.08
TPD 0.35 Alq, 0.25 Sexithiophene 0.40

Singlet  Intersystem

_*_wn.ng Triplet  Fluorescence

from singlet 25%

Absorption ‘ lFIuo nee Phosphorescence
Phosphrescence from triplet 75%

4o
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Metal-semiconductor junction Metal E; < Ep in N-type semiconduct
Meia Adjust E;
.~ ']
. Depletion layer
N
EF *r—- EF : l
‘ Shottokey Diode
[ ] T
+F |
+ - Forward
- + Reverse

Metal E > Ep in N-type SC : Ohmic contact Shottokey Barrier

Accumulation layer -
in majority carrier

Current flow for

=

Work function of Metals (Position of £y)
cf. lonization potential for semiconductors

—— K2.28eV e e
— Na236eV t=EE 13.1
3v — Ca29eV
— 7Zn3.63eV
== Mg3.66¢V
AVE m409ev
—— Ag4.26¢eV Sa ii e\\; Pb4.25 eV
Ala.28 eV Feds oV Sn4.42 eV
Cu4.65eV W4.6eV
SV Co5.0eV
AusleV  ——Njis15eV
' — —— Pd5.55eV
Pt5.64 eV ¢ 14

Photoeletron
spectroscopy
|
IAB
+*
H
#
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.. e CeRu,Si, i F
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15

Angle-resolved photoelectron spectroscopy

hv . kJ_Z
Ky

Ph Ph

Ph Ph

4 . I 4

a3REBBEgEe

Intensity (arb. units)

6 8 10 12
Ky (nm™)

:

Energy band

Rubrene
Single crystal

15 10 05 00
Binding energy (aV)
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Scanning Lines in a display
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a4
—~_1/1600 x 900

Active matrix
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Momorize the signal
using a transistor

V=
i i 60 F—— 9 80V
Organic transistor s | Linear '
Regio 70V
Z 40
2 a0 sov
o 50V
< o
10 _ 20v
02 40 60 80 ov
b V% L Vv
/ | Output characteristics Saturated
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Drain Source
Organic Semidonductor

Organic transistor
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60
40
20

0
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0
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Transfer
Characteristics

Organic Semigonductor

10 |
H = 5 Vp=-80V J-100
Organic transistor 10"} ° .
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, 1402
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! T 0
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Quantitative transistor characteristics
(Gradual Channel Approximation)

arge on the interface ._L_./W

Q=C( VG — VT) Semiconductor. Source Drain

(== —

i LY Io
oltage V(x) depends on x e / Vg Gate QVD
Q(x) = €V~ Vr— V) T h

) 0 LY
e—~>Q(x) in O =neu 0
lectric field £ =—-dV(x)/dx

VI\ —v
I, = WQ(x)u(=dV (x)/ dx)

Integrate using Q(x)

L v,
[1odx = [WCuv, v, v (xpdv
0 0
I,=constant
/4 1
=Cu 1V =YV —5V3]

21

1
6=V =575) 44 Ve

0

22

Output characteristics

100 V
. : ) 80V
: — == Linear
\"——E'_"d region : 60V
® Ve /%:1740 v
1 e, — 10w
e luisd  Pintch off 40 -60 -80 {00
* VG _VT - VD Vo (V) o
R ° Transfer characteristics
||||—-| Vet Sose i_Vn 10'4 T T T T 2 =
ey = Saturated _ 120x10
i < &
*I%W region < 0 €
=—Cu—WV;-V;)’ N
P T 40 £

cf. Si single-srystal MOSFET

Minority carrier in the inversion layer in MOS
cf. Majority carrier in organics
Inversely biased PN junction at source and drain
(Easily attain off current)
cf. Ohmic at source and drain in organics
(Difficult to attain off current) ”

Organic Transistor Materials
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n
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o W 0 o W Q

(©) F,,CuPc
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Hiatory of organic transistor materials
PE!

10°

——4&- Acene derivatives

Thiophene oligomers - X
—A- Phthalocyanines x ,‘ U ,:{

A

|
0 1990 2000 2010
Year

Kudo

. Titech—>Chiba

Rubrene crystal pn

I |_»40 cm?/Vs Ph Ph

1 ~16 cm?/Vs

s

T Phinalocyanin ’ S g ST
A 0 | —® Polymer a-Si1 - | . |
> 10" [=x="Rubrene vv :-'!:‘i\ BTBT film |
NE | —w- Pentacen/e"l" 'f"'{:‘ N

< 2 & TTFs 5 a7 5 cm?/Vs

2 107 72 eneaceger OO

= 10 —< thienéacege’ " OOOOO

3 B /. ‘ \GathEngm - Pentacene film_" .
= 10-4 | o« . Source| Drai emmnc{ N 06 cm2ivs Takimiya

~-Si02
— M Gate n+-Si ] PBTTT gr

Metal work function ¢, - Schottky barrier ¢,

Bottom contact Au
001 |~
Apparentp Cu
i 2
A oc exp(——
JAg 4 e exp( kBT)
0.001 L 1 1 1 ]
42 44 46 48 50 _ 52
/ Py \
= ’ o LUMO LUMO LUMO
?94 Ag b
g o L3 o
25 108 NN ~
Wb A THOMO HOMO HOMO I
6 Hole injection
Ag D Cu D Au D

26

Donor : D*
a E b . B
@ vae ) I A Lower the energy
on| | [LUMO| o
P LUMO , Increase barrier
D P
b S A-
i._._HOMO D, Acceptor : A
HOMO Increase the energy
Interfacial ¥
Au D Au charge Increase barrier
(c) Organic (d) (Bardeen) Exception Au/A
Dy §$=0 (Auis a good
s=05 electrode for
- E
N)
b
A - A
Metal r
Eg S=1 _
%] (Schottky)” P6=Pm—Ps
Cut off P 27

Contact resistance measurements

(D Four-probe method
= !

=1

Ve

@ Trnafer line method
I

Pentacence —|
ﬁﬂ!{&ﬁi 0 T R B
0 50 100 150 200 250
L (um)

® Scanning Probe Potentiomery

Local Potential (V)

Local Potential (V)

Local Potential (V)

-1 0 1 3 4 5 & 7
Distance from Source (gm)

F-oRON AR UOCRAOFHMELISALT (2088)

2024/11/14



Theoretical calculation of mobility n (DD* on neutral D
@O0ptimized D*
Marcus theory (3D on cationic D*
a
od @Optimized D
H Kgr

kBT @ D+
ker = 7 : eXP[—L] ©
n 4nik,T 4k, T ¥ N @ ®) A=A0+2@
b

Reorganization energy

A= g F Do

A

p*-D G* D-D*
D*-D — D-D*
Chrge-transfer potential has rabi 1 BiLYP/6-21G= Estimates of the Relazation Energies

- ‘Obtained fre 1 and 42 for the Thiophene Olizomers T
Parabolic energy (o he Nuar of Taiophens Rings) | "

— Activation energy G* =A| __ moiecue i) (mev) 2 (meV)
mn 200 204
2 187 237
bl 162 an
A 0.1~0.3 eV T 153 192
b 152 1m
Bredas, Chem. Rev. 104, 4971 (2004); o 13 '
107, 926 (2007). s 110 137

Single-crystal organic transistor

Rubrene

Single crystal
1 cm?/Vs

8 cm?/Vs

20 cm?/Vs
(aiy-gap stamj

of gate

= V0 pm

. BB

Effective Mability (cm2/V s)
2 N @ w &

Singl

Sunder, Science, 303, 1644
(2004

15 20 25
€

Dielectric constant

Stassen,
APL, 85,3899 (2004).

e-crystal

anisotropy

30

Organic solar cell Reverse operation
Electricity — Light

Hole Electron
transporting transporting

Light Layer \ Layer
/ \

e

Glass .si'lbstrat

Electrode Electrode
(ITO) (Ag, Al)

Scramble — Bulk heterojunction
Yield ~10% 31

Photocatalyst

Reduction

Conduction
Band

Conduction

L HT °
_H,
€
Light Light — I-
(Uv) (Visible) (
- I,
(S O2 Oy OH
Valence (\(HO Valence 1@5
Band 2 Band | Uil
Oxidation %“
Tio, Tio, Dye

Dye sensitized solar cell

® Electrode

|

Effeiciency 10%+a
32
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Dye sensitized solar cell

_

Electrochemical p-type
N oxidation . @\ polypyrrole
N
N/

s L

N
H
Electrochemical 7\
[ ] 3 oxidation @\ polythiophene

n

. —/ \|
poly(parapenylene) poly(phenylenevinylene) cd r,  MEH-PPV
PPV ? Soluble

poly(dioctylfluorene)
Soluble

- Conduction
Efficiency Band g
Si film 15% ° [ J (
Si crystal 25% °
Compound semiconductor . 2
>30% lgn | - |d
Organic film 10% (Visible) ( .- i
Dye sensitized 10%+a oo
Perovskite 20% Valence 0 ‘ j: ) T
Band "°)\©\F:m
TiO, Dye
Effeiciency 10%+a
33
CHy(CHg)sCHa p-type
i Regioregular
s poly(3-hexylthiophene)
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=
R
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NN TR
. 2 M= MgBr Tamao coupling
B LDA/ THE 4, M = ZnC
N7 Tx -78C.1-3h
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X ¥ s
/ o 6
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7 35

Rieke Zinc: ZnCl, + K —Zn + 2KCl

R

20 I THF f ¢ ByPpn),
— Trac T |BznNgAmBr - an
A 9
— - -
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Br "L‘S A Br ) .
NKOpE%IC =2
8 R A HERLE
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Lamella structure
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PEDOT/PSS
Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)
' 4 3 £
s ; S Bayer
R s < FedSOd; _
c{_é) Na $,0,
/' Polystyrene-

sulfonic acid

Transparent and flexible conducting film
from aquous solutions

ﬁ Electrochemical oxidation of EDOT

Irreversible oxidation of the monomer (polymerization)
~1.4 eV (5.8 eV)

Revyersible oxidation of the polymer
~0V (4.4 eV)
'

Im nA

1
PEDOT/PSSOGH
14 =09 04 701 06 1.1 16 ' N Eﬂ:>%>#ﬁﬁ
E [vs. Ag/AgClI/V v HE?“*EEQE‘F

Z. BT

3. FERIEEH

4. BIELOK—ILiEANE
5. RERARERERE
6. IL7+0O7DXZL
7. B LS P22EE
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Donor-Acceptor-Type Polymers
CgH Acceptor
Kf o LUMO
~ CroHzt 1 =0.85 cm?/Vs
O,.N_O
Im)
A% {s}_}
S L 4§ ln CioHa
/ HOMO cHe =144
03& 0 Donor ° N/ ! Q
CroHa1 S,/
CH Naphthalene diimide (NDI) \J ¢ Q .
BT Facchetti, Nature 2009, 457, 679. N SH
! Calt]
Diketopyrrolopyrrole (DPP) CiHn  Thieno isoindigo
CiHs, _Cihin o ‘(
JL Py @LSJ Il JACS 2014, 136, 9477.
g 50
eyl
s A
0 Bae
o by =17.8
c«:":-\AC-_‘*n Ha ’

Rl Chem. Mater. 2015,27, 1732 .

Heeger, Nano Lett. 2014, 14, 273‘66"

38
szHﬁTCme
]
p,=6.3
Cwi ooy DPP Mo M
X=CN,Y=H;orX=H,Y=CN ¥
‘ HEIK Adv. Mater. 2014, 26, 7300, e
CiHas Waterloo Adv. Mater. 2014, 26, 2636.
CioHz1
CizHas U =8.5
NDI
=1
n
CoH 4’2: Y=H, PNBS
_ a0 24 Y=F, PNBSF
Gt M. = 6.88 12Has

CigHgs

BE W) Chem. Mater. 2016, 28, 2287. b5t Adv. Mater. 2017, 29, 16024‘118.
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