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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).

µ(p)=0.02 cm2/Vs
On/off ratio =105

Stable in Air



  

• Electrical Properties of Organic Semiconductors

 Gas Adsorption and Chemical Carrier Doping
• Organic Field Effect Transistors (OFETs)

 FET Based on Organic Thin Films

 FET Based on Organic Single Crystals
• Molecular-scale Devices


 Preparation of Nano-gap Electrodes


 Preparation of Molecule/Electrode Interfaces
• Electronic Structure of Molecule/Electrode Interfaces
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conductivity of MPc at the presence of gas molecules

NH3 and H2 

decrease of conductivity

p-type 
semiconductorsdecrease of hole density

NH3 : electron donor

e-

NO2 and O2

increase of conductivity

NO2 : electron acceptor

e-

increase of hole density



Nanotube Molecular Wires as Chemical Sensors
J. Kong,  ,  , & H. Dai @ Stanford
Science 287, 622 (2000).



  

Summary 1

1. Electrical properties of organic semiconductors are 
affected strongly by the gas molecules adsorbed.
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p-type circuit n-type circuit

µn = 9.0 X10-6 cm2/Vs
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µn = 2.0 X10-6 cm2/Vsµp = 2.7 X10-6 cm2/Vs

p-type circuit n-type circuit

Both p and n type behaviors appeared simultaneously.
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Summary 2

1. Electrical properties of organic semiconductors are affected strongly by the 
gas molecules adsorbed.

2. Organic FET Characteristics are also affected by gas 
adsorption. Ambipolar operation is observed in OFETs 
through careful control of impurities.



  

Ambipolar pentacene field-effect transistors 
with calcium source-drain electrodes
T. Yasuda, T. Tsutsui et al.,@ Kyushu-U




















APL 85, 2098 (2004) 



  

General observation of n-type field-effect behavior in 
organic semiconductors

L. Chua, R. Friend et al.,@ Cambridge, Nature 434, 194(2005) 
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Chem. Lett. 34, 494 (2005).
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Emission properties
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Light-emitting Organic FET

Hepp et al.,
  Phys. Rev. Lett., 91, 157406 (2003).

Misewich et al.,
  Science, 300, 783 (2003).

Single-walled carbon nanotube

Sakanoue et al. 
Appl. Phys. Lett., 84, 3037 (2004)

MEH-PPV



  

Low-threshold Photopumped Distributed Feedback Plastic Laser 
Made by Replic Molding
M. Ichikawa @ Shinshu-U, JJAP 42, 5590 (2003).



  

Summary 3
1. Electrical properties of organic semiconductors are affected strongly by the 

gas molecules adsorbed.
2. Organic FET Characteristics are also affected by gas adsorption. 

Ambipolar operation is observed in OFETs through careful control of 
impurities.

3. Work function of the source and drain electrodes is a 
key factor to determine OFET charatceristics. 
Ambipolar operation is achieved by choosing 
appropiate materials for electrodes.

4. Light-emitting OFETs are prepared with asymmetric 
electrodes in which both electrons and holes are 
injected into organic films. 



  

material condition Mobility 
(cm2/Vs)

reference

CuPc Vacuum (100 °C) 1.8 x 10-6 (p) K. Kudo et al., Jpn. J. Appl. Phys. 36, 6994 
(1997).H2Pc Vacuum (100 °C) 2.6 x 10-6 (p)

F16CuPc
Vacuum / Air 5.0 x 10-3 (n) Z. Bao et al.,

J. Am. Chem. Soc. 120, 207 (1998).F16ZnPc 1.7 x 10-5 (n)
pentacen Air 0.7 (p) Y. Lin et al., IEEE Trans. On Electron Devices 4, 1325 (1997).

a-6T Air 0.01 (p) F. Garnier et al., J. Am. Chem. Soc. 115, 8716 (1993).

 

 

pentacen
e

FET at R. T. 3.1 (p), 1.9 (n) J. H. Schön et al., Synthetic Metals 122, 
195 (2001).C60 FET at R. T. 2.1 (p), 1.8 (n)

 
H2Pc Time of Flight 1.1 (p) ,1.2 (n) Cox, J. Phys. C7, 146 (1974).

antracene Time of 
Flight

a-axis 1.13 (p), 1.73 (n)
Holstein, Ann. Phys. 8, 325 (1959) .b-axis 2.07 (p), 1.05 (n)

c’-axis 0.73 (p), 0.39 (n)

Field Effect Carrier Mobility of Organic Films

Carrier Mobility of Organic Single Crystals



  

APL 83, 4345 (2003)µ=0.4 cm2/Vs



  



  

JACS 126, 984 (2004)

µ=1.4 cm2/Vs
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Summary 4
1. Electrical properties of organic semiconductors are affected strongly by the gas 

molecules adsorbed.
2. Organic FET Characteristics are also affected by gas adsorption. Ambipolar 

operation is observed in OFETs through careful control of impurities.
3. Work function of the source and drain electrodes is a key factor to determine 

OFET charatceristics. Ambipolar operation is achieved by choosing appropiate 
materials for electrodes.

4. Light-emitting OFETs are prepared with asymmetric electrodes in which both 
electrons and holes are injected into organic films.

5. Low carrier mobilities in thin film OFETs are caused by the 
existence of grain boundaries.

6. OFETs based on sigle crystals exhibit high carrier 
mobilities. 
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 Nanogap Electrodes for Molecular-scale Electronics

Methods

Electron Beam Lithography : (a few) - 30 - 100 nm
Focused Ion Beam              : 5 nm
Shadow (Mask) Deposition  : 10-20 nm    
Electromigration                   : 1 - 10 nm
Electroplating                       : a few - 10 nm
(SAM) template                    : molecular scale - 100 nm



  

Multi-curve Fitting Analysis of Temperature-Dependent I-V Curves of 
Poly-hexathienylphenanthroline-Bridged Nanogap Electrodes
K. Araki, H. Endo, H. Tanaka and T. Ogawa, JJAP 43, L634 (2004).

EB lithography

Gap = 15 nm
Thickness = Ti(2.6 nm)+Au(11 nm)



  

Fabrication of nano-gap electrodes for measuring electrical properties of 
organic molecules using focused ion beam
T. Nagase et al., @ KARC-CRL, Thin Solid Films 438/439, 374 (2004).

FIB

Gap= 5 nm
Thickness = Pt (12nm)+Au(70nm)



  

A Reliable Method for fabricating sub-10 nm Gap Junctions Without Using 
Electron Beam Lithography
Y. Naitoh, K. Tsukagoshi,K. Murata and W. Mizutani @ AIST, 
E-Journal of Sur. Sci. & Nanotech. 1, 41 (2003).

Shadow deposition

Gap= 10-20 nm



  

electromigration

Si

SiO2

Metal wire (w=50nm, t=15-30nm)

Droplet including molecules

A

A

Molecule(s) in the Gap (1-10 nm)
L. H. Yu and D. Natelson @ Rice Univ., 
Nanotechonology 15, S517 (2004).
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Difficulties in The Au-S System

How can we put the molecule to the specific site ?

Ambiguous contact gives unreliable results 

SS

SS AND gate



  

Visualization and Spectroscopy of a Metal-Molecule-Metal Bridge
G. V. Nazin, X. H. Qiu, W. Ho @ UC Irvine, Science302, 77 (2003).



  

Difficulties in The Au-S System

How can we put the molecule to the specific site ?

Ambiguous contact gives unreliable results 

SS

SS AND gate



  

Reproducible Measurement of Single-Molecule Conductivity
X. D. Cui, S. M. Lindsay et al., @Arizona State U., Science 294, 571 (2001).



  

Si-C      vs     Au-S
• Interface � � covalent � � not clear
• Variation � � P-type, N-type � � △


 
 low conductive to metallic
• Homogeneity�       △� � � ○
• Selective Growth �       ○� � � △



 we can use micro- and


 nano- fabrication techniques


 for semiconductor devices

HH

Si (111)

H



  

Molecular Assemblies on Silicon Surfaces 


 
 
 
 via Si-C Covalent Bonds

key technology: deactivate of the dangling-bonds

) ^ 5 H

( F  Si(111), Si(100)
    surfaces in UHV

R. Hamers @ U-Wisconsin
J. Yoshonobu @ U-Tokyo
�
�
�

< 5 H

9 F IF
G I 8 \
- F I = F F

J. M. Buriak @ Purdue-U
C. Chidsey @ Stanford
K. Uosaki @ Hokkaido-U 
H. Sugimura @ Nagoya-U
T. Osaka @ Waseda-U
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Self-directed growth of molecular nanostructures on silicon
G. P. Lopinski et al. @ Steacie Institute for Molecular Science, Canada
Nature 406, 48 (2000).



  

Si-C covalent bond formation on amorphous silicon (wet process)

J. M. Buriak,
Chem. Commun. 1051 (1999).
Adv. Mater. 12, 859 (2000).

[RC(O)O]2 -> 2 RC(O)O・
RC(O)O・-> R・ + CO2
R・　+  HSi --> RH + ・Si
R’CH=CH2 + ・Si -> R’(CH・）CH2-Si



  

Experimental

N or P-type Si (111)

Hydrogen
Termination

NH4F (40%)
RT, 30 min
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40%(v/v)
1-alkene
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150Υ
24h

Nano lithography

Contact angle
Force curve

Contact mode AFM
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1-Dodecene
CH3(CH2)9CH=CH2 (C12)

Methyl 10-Undecenoate
CH2=CH(CH2)8 COOCH3

n- Octadecyltrichlorosilane (OTS)
CH3(CH2)17SiCl3

1-Octadecene
CH3(CH2)15CH=CH2 (C18)

Molecules

C6 ~C18

H2N



  

1-Dodecene

Methyl 10 - Undecenoate

Water contact angle measurements

H-terminated Si (111)
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Molecular-based Electronics
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New electronic states induced by adsorption of molecules

New States around the Fermi Level (EF); Adsorption-induced states

Metal surface

EF

Molecule

HOMO

LUMO

Induced state

d orbitals

XPS: N2, CO, Benzene on Cu(110), Ni(110)

 A. Nilsson et al., Phys. Rev. Lett. 78, 2847(1997).
Two-photon photoemission spectroscopy: Benzene on Cu(111)

 T. Munakata & K. Shudo, Surf. Sci. 433, 184(1999).
STM, MAES: Benzene on Pd(110)

 J. Yoshinobu, et at. Phys. Rev. Lett. 79, 3942(1997).
STM/STS: C60 on Ag(100)

 X. Lu et al.@UC Berkeley, Phys. Rev. Lett. 90, 096082 (2003).



  

Low temperature STM / JEOL 4500LT

TSP

TMP

Load-lock

Treatment 
Chamber

Cryostat
(5K-300K)
STM

Sputtering 
Gun

Kcell

STM at 5K ~ 300K

Observation 
Chamber

Base pressure; 

Load-lock; < 1.0  10-6 Pa
Treatment chamber 

 < 1.0  10-8 
Pa

< 2.0 x 10-8 Pa
Observation chamber 

dI/dV spectrum ; 
     Lock-in technique
    ac signal(3mV, 320 Hz)
    open-loop



  

dI dV ρt(eV )ρs(R ,eV ) 

http://opt-1.matsc.kyutech.ac.jp/afm-2.html

LDOS of sampleLDOS of tip

Principle of STS

Tip      Sample



  

STM images of CoPc multilayers grown epitaxially on Au(111)

CoPc/Au(111)
@78 K

10nm

1st layer

2nd layer

3rd layer

V = -1.2V, It =35pA,  43x43nm
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N N

NN

Co

1 st layer

initial statge

V = -0.5 V, I = 100 pA
8 nm x 11 nm



  

occupied state empty statesEF +1.0-1.0

IPES
(H2Pc, CuPc)

EF-1.0 +1.0

STS(CuPc)

STS(CuPc on NiAl); Science302,77 (2004), IPES(CuPc,NiPc on Cu); J. Chem. Phys. 93, 6859(1990)
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Summary

dI/dV spectroscopy of CoPc on Au(111)、Cu(100)
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STM image of CoPc multilayers grown epitaxially on Au(111) at 78 K
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dI/dV images of a single CoPc molecule
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