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Consumer Electronics Show (Las Vegas Jan. 2017)

75/65/55
inch

Sony, 4K-OLED TV TBRAVIA A1E]

1

%) =—— XEL-1, 11inch
Dec. 1, 2007, 190,000 yen  Panasonic TX-65EZ1000 LG OLED TV 77W7,
Thickness = 2.57 mm
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Molecular Electronics
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Molecular-based Electronics Molecular -scale Electronics
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OLED on Mobile Phone
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OLED TV

LG 55"

Samsung 55”

hitp://www.engadget.com/2012/01/10/samsung-55-inch-super-oled-tv-eyes-on-video/
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http:/1www.s-graphics.co.jpinanoelectronics/

http://www.youtube.com/watch?v=kJEHp15H000

http://www.s-graphics.co.jp/nanoelectronics/

High-Resolution Inkjet Printing of All-Polymer Transistor Circuits
H. Sirringhaus, T. Kawase, R. H. Friend, T. Shimoda et al.,
@ Cavendish & Epson, Science 290, 2123 (2000).

H(p)=0.02 cm2Vs Stable in Air
Onloff ratio =10°

TBFR—/\—
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AHRTFT(AV o0 Tyh+T4R)Y)
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kindle BF 7 v U %X kobo Touch
Petit, léger, facile a utiliser.
Congu pour la lecture.

» Découvrez-le “
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RFID(Radio Frequency ldentification)

Organic LED Organic Solar Cell  Organic

" Thermopower

9 Flexible Electronic
Device
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Organic MRAM ?
Magnetoresistive Random Access Memory

(MRAN, 1 8
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W %
\ Photovoltaic ~200-800nm | UV & visible light | 58
[ Ther ic | ~800-3000nm IR 42

Energy Density

800
Wavelength (nm)

N\ ‘ /
_/,\_ Wavelength

segregator IR (800-3000 nm)

Fresnel lens

Sunlight collector Heat collector

Reflection lens

UV & visible light Cooling
(200-800 nm)
Thermoelectric generator
Solar cell (T>500°C)
(T<80°C)
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Low power RFID chip 10 uW (http://www.atmel.com)
OP amplifier 17 uW, 1.4-1.6V
Eink Display 5uW/cm?  (http://www.eink.com)
CITIZEN TaF54JH4—%, 2001 MADFERE 60-100W
Bi-Te % RREHE 1.4-1.6 m?
WA TIZ&Y . $30.5 cm2 DI > 0.5 W/10x10 cm?
#2000 EADHRFEEH R g (-
FCDREETHAZW DS 0:1%- H% ERRIFIF
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Thermoelectrics Devices

Hot Side

Diffusion

Cold Side
« Refrigeration

Power Generation i
+ Power Generation:
Figure of Merit: T(hot)=500 C, T (cold)=50 C
Electrical Seebeck

ZT=1, Efficiency =8 %
\G ,{ ZT=3, Efficiency =17 %
77 - oS ZT=5, Efficiency =22 %
/ke +Kp Critical Challenges:
Electron Phonon Red ph heat duction while
Thermal Conductivity . . .
maintaining or enhancing electron transport

Conductivity Coefficient

2
7T=_59 1
KL +KC

So

K tK




Organic Semiconductors for Thermoelectric Applications
M. SCHOLDT et al., Karlsruhe, ~ J.ELECTRONIC MATERIALS, Vol. 39, 1589, 2010

The thermoelectric performance of thin films
fabricated from two commercially available, highly
conductive polymer formulations based on poly
(3,4-ethylendioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) was investigated. In order to
enhance the electrical conductivity, the high-boiling
solvent dimethyl sulfoxide (DMSO) was added. By
changing the content of DMSO the electrical
conductivity was increased by a factor of two
without changing the Seebeck coefficient or the
thermal conductivity. We achieved ZT =9.2 9 103
at room temperature upon the addition of 5 vol.%
DMSO to the PEDOT:PSS formulation.
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Molecular Electronics

Molecular-based Electronics Molecular -scale Electronics

ARILY bAZHVR HFRT—ILILY FEZJIR
Single Molecule Electronics
Organic EL, Organic FET

1um 100 nm 10 nm

Carbon-nanotube
OLED-TV Flexible Display or Molecular LOGIC GATE

commercialized — exploratory

Architectures for molecular electronic computers:

1. Logic structures and an adder designed from
molecular electronic diodesd. C. Ellenbogen and J. C.
LoveProceedings of the IEEE 88(3), 386-426 (2000).
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Insulating cover
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~= 12T-Si-Dod H 4 H bl =1~144
= 15T-Si-Dod -
Dod Dod | p|
== 18T-Si-Dod
—  21T-S-Dd B=d=d
- .
= 24T-S-Dod I: 1nm 166 nm
mmeces 36T-Si-Dod MW : 900 129,276
e 48T-Si-Dodl Yy e
F A7 = T DA D A RE
72T-Si-Dod sl n A
BREEERIZ & Y 1EE
96T-Si-Dod
144T-Si-Dod
192T-Si-Dod
288T-Si-Dod
432T-Si-Dod
10nm
— " pres .
— R Tour 737 (16 ow) Dr. Shoji TANAKA @ IMS Dr. Shoji TANAKA @ IMS
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STM (Scanning Tunneling Microscopy)

Q @ o013/013

WBARBRS
DNFCHIB
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Measurement of Single-Molecule Resistance by

Science Repeated Formation of Molecular Junctions

Binggian Xu, et al.

Science 301, 1221 (2003);
AYAAAS DOI: 10.1126/science. 1087481

002
G (262h)

Ao THIE !

w7 h—

Yy

.SCN
0 0002 0.004 0.006 0.008 amm

Conductance / G, e

A

IRERFCAE UTBIERY (CN)

E ¥ al))

F— LDRAY(ERL D LT AR N

Resistance / GQ

o—o—9@

5 10 15
Length / nm

11



170803 _Tada

HF 1;% ST B~ NS FOERIEEE
R h ST B
Al ol-gothpme 1 2
e £ 8 H
- FEBEBICZIL LT "
Carotenoid \.\ W3, £ ¢ VL
8 H
A \\ 5 § -
c NI 5 1000 (
s - CERAROH T N
R —ER_ERDDFELDD
Length/, » 4 -9
alkanc S~~~ LS W{K F: D3z 573\9\7&‘ "
o NH,
oligopeptide S N"T(\/s“ w L s i Break junction i% c )‘X%" .
noid > BRZELCRIED T B L
carotener " § Conductance / Gy
W B B %&g@ %
oligothiophene = W; v
Chen and Tao, Acc. Chem. Res. 42, 429, 2009. € _'_4/*:)&,]';
——————
@ 1000 '
Results : Scaling Law 125K
JONREES Sam—
Exponential decay = Tunneling Linear change = Hopping ° ! T (K)
S 350K 600400 300 200 100
107 6 3 -2
./ 5T
5 .
° 100 a (© e g o w000
N o 4 2 1 400 K g
8 o g . (_g, =3
g s / . g 147
S 3 5 @ 1% 3
2 108 « / ® 1 = +—o—l-
S 1 . H 450K 5 -
I 8
10¢ 0 . .
S8 11 14 17 20 23 26 o 5 10 15 20 25 (& 100
Number of Thiophenes The number of thiophene units v 2 4 6 8 10 12
- - - H 1 | 470k 1000/ (K)
Scaling law was found to change from exponential (tunneling) to 3
linear (hOppmg) at around 14-mer (5-6 nm) T o 100 o See Kei Lee; Ryo Yamada; Shoji Tanaka;
R. Yamada, H. Kumazawa, S. Tanaka, and H. Tada, Conductance / G, Gap Soo Chang; Yoshihiro Asai; Hirokazu Tada;
Appl. Phys. Express. 2 2009, 025002 ACS Nano (2012)
Summary (Smgle molecule eIeCtromcs) Question : Carrier is Electron or Hole ??
1. Conduction mechanism for 5T-di-SCN is tunneling whereas 17T-di- . -
) X X L I. Transport Mechanisms Il. Electronic _structures and
SCN is by hopping with an activation energy, E, of 0.3 eV. - .
. - scaling law and temperature Carriers
2. Crossover of the charge transport mechanism due to temperature dependence - e e e
was observed in a single oligothiophene molecule (14T-di-SCN) for
the first time 10
- confirmed by universal temperature scaling function derived HEERY : Cold ti
o £ 4T
© "2 - -

17T

Hot substrate

Tunneling Hopping
5T 14T 17T

Question : Carrier is Electron or Hole ??
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Relationship between Seebeck coefficient (S) and
transmission function (z) for atomic/molecular junction:

(E)

E

s :_nzkéT 1 at(E)
junction 3e ‘L’(E) 9E -
E=E¢
Seebeck coefficient depends on the % 500 = 7.7 WK {\
slope of transmission at E a
-204
S positive: Ex nearer to HOMO energy level -40]
S negative: Eg nearer to LUMO energy level ;:'; wonlo Lm;o

12 -11 -0 9 -8
Energy, E (eV)

P. Reddy et al, Science, 315, (2007) 1568.
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Materials and Method

HS_QSH

Benzenedithiol (BDT) Ceo

a3 D%
>80 <
o e
Oligothiophene molecules Gd@Cg;,

P. Reddy et al, Science, 315 (2007) 1568,

Testing of the Experimental Setup

Voo
;u T = e
. L T = 4]
Tk AT = 15K
0 R 0 0 ) » @ ® © W
mis Voltage /4 mowe Votage /v

100

= Au-Au
4  Au-BDT-Au
50 A
Z
3 A Suvsoras =~ +7.44£0 5uVIK
g / Results ~ agree  with
S S }
T previous reported results
0 by Reddy and co-workers.
o 5 10 15
T LK

BDT Molecule Junctions with Au and Ni Electrodes

» Au/BDT/Au junctions: Positive S
» Ni/BDT/Ni junctions: Negative S
» Charge carrier is through HOMO
level for Au/BDT/Au but LUMO
level for Ni/BDT/Ni ?

Sausorau =" +7.44 £ 0.5 pV/K

ST=i5K

250 200 150 100 50 ) 50

moio | AT/K

Oligothiophene Molecular Junctions with Au Electrodes

5T-di-SCN 8T-di-SCN
=
A
A
I Y
3 AT=7K
[ N

Voltage / 3V

17T-di-SCN

Positive S indicate that charge
carrier is through HOMO level for
oligothiophene molecules

Count

= o, Noltage / V.

Ni(111)-BDT-Ni(111)

SMEAGOL module (NEGF-DFT), LDA functional

LUMO

Ee

Spin-up  |Spin—down
HOMO HOMO

Transmission Coefficient

Total antiparallel —

2 1 0 1 2 3 4
E-Ef (eV)

» HOMO is found to split into double peak, I and I1.
» Transmission around Er shows a positive slope S<0

13



Summary 2 (Seebeck Coefficient)

» Charge carrier for oligothiophene molecules are holes.
» Spin splitting of HOMO level in Ni-BDT-Ni junction was observed.

5T-di-SCN
Sausoray =~ +7.44 £0.5 WV/K

Sygorn= ~ -12.1+ 1.3 pv/K i

Non-linear Current-Voltage Characteristics in Single Molecule Junctions

Threshold Diode Hysteresis NDR

AND gate

J. C. Ellenbogen and J. C. Love,

Shimozawa et al., J. Comp Physiol A, 168, 553 (1994).
Proc. IEEE 88, 386 (2000)

Rectification based on g,
4T,
v (I, + TR)2 + 4(e — &y)?

Symmetric Junctions -> Symmetric IV

~— —
i ol 0o

Asymmetric Junctions -> Asymmetric Energy Shift

T

X
w Mo [

P. E. Kornilovitch et al.,Phys. Rev. B 66, 165436 (2000).
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Rectifying Current-voltage Characteristics
of Single-molecule Junctions

K. Albrecht, K. Yamamoto, Tokyo Institute of Technology

4.0
3.0
2.0

| Au » Au /
1.0

-1.0
-1.5 0.0 15
Voltage / V

/nA

Curre
o

carbazole

K. Minode, M. Yamaguchi, S. Nobusue, T. Ohto, R. Yamada, H. Tada, Osaka Univ.

Charge carrier transport mechanism in single-molecule junctions

T(e) = 41T,
£ e
Resonant tunneling transport (Fl + rz)2 + 4’(5 - 50)2
I+r,
Erumo 202 (Ertev/2
E 1) =—~- de T(¢)
) — g Ep—ev/2

Enomo

T (&)

T(e) : Transmission

Coupling strength :
Molecular energy level : gy

Rectification based on Voltage Dependent I

Proposal)

G < ILIRg
ILRr

l
ILr(V)

Diez-Pérez, Nongjian Tao et al. Nat. Chem. 1, 635 (2009)

J. Nanosci. Nanotechnol.

J. Phys. Chem. C 115, 19931 (2011) 9, 774-778, 2009
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Electric field effect in a nano-gap

Oligothiophene
0..0
o
HOMO
1V/nm

W B¢y

High
©  arbital T obitals 0.0V A
5o i
@ 0@
c#@@c c EAR Y a e
1.6 VA
Electrical Field
Low Dieton. Dipole = 36.9¢A
Electrical Field
Tntensity

Markus Karahka and Hans Jurgen Kreuzer,
Polymers 3, 51 (2011).

http://photonicswiki.org/index.php?title=Polarization_and_Polarizability&redirect=no

Method: Mechanically Controllable Break Junction

Molecular
Junction

N O (;8{§U\;
™ - |

Atomic chain

1Go=2¢e?/h~ 77.4uS

Conductance

(] plateau

Distance between electrodes

* 77K~80K
* N, atmosphere

Single Step Resolution

008 Step size is 0.0386 A @4K
| e o
oow\
sm‘ LS
AN
§oors
3 \
S 001 N
o
0003 \
e
LI S S
urber cks ams
Low bias approximation: G _ é —(T,lzm(p)
conductance - €
)
A : constant Ss: gap distance
¢ : work function of gold h : Planck’s constant
m : electron mass
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Q: Is rectification based on I possible?

This Study: Carbazole oligomer

5—

HOMO distribution

v
)

o v
(7] ¢

Low Temperature MCBJ

= Cryostat Linch
\\\
Insert rod \
\
\
\|
1
ushing ro Phosphor bronze ’
- ’/_ magnet (oo seppigrmton 30w I
T~15K L1 \ Stroke : “mm !
B // 1T \\ Resolution : nr;[
N\,
B L6T | O e
’l
\%‘-’
MCBJ machine
Stretching Curve & I-V curves
o0 1629 30
o 01 / 8 o1
o i iy
> oof O ‘*“%k L8 o.01
8 g z 6, 103
g 10 r 4 fids: E=
S 1o a8
% 10 ® iy <
§ 105f. L } Ny 2 2 P
o ¢ to 0 100 200 :m:'rb
Distance bewctrodes count
10

Asymmetric ratio
[ (I-Ratio @+1.3V)

w
S

<
N /® o=*/1]
- £ ;
S 0
g — e
o

-5

-10

-151-1.0 -05 0 05 1.0 |15

4 Voltage / V 13
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IV curve of the 3-mer molecule Current-voltage Characteristics for 1-mer, 2-mer and 3 mer
4s
40
L 30 g
<
;EJ 20 Measurements
510
0.0 \
10 \
15/ 10 05 00 05 10\ 15
Negative bias Voltage / V \ Positive bias
N

Calculate with NEGF-GFT, GGAPBE(SMEAGOL

Voltage Dependence of Energy Levels and [ Summar
by the first principles calculations —Y

* Carbazole oligomer molecules show rectification based

25 0.00025 on voltage dependent orbital deformations.
HOMO distributi )
15 =
ov g 40
s ! 3
L 05 a 3.0
w a0
v U a0 £
I I 05 TR g‘ i Au - Au
1 _/_f—'*‘ru z
+1V s 0 g
7151050051 15 -15-1-05 0 0.5 1 1.5 3
Bias (V) Bias (V) -1.0

-1.5 0.0 1.5
14 4F1 FZ Voltage / V
(T, + Tr)% + 4(s — )2
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