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Physical control of carrier density
: Electric field effect

Capacitor Field Effect Transistor (FET)
Charge accumulation device Current switching device
T
AN
— H—
T Insulator
semiconductor

Resistance measurement

of capacitor electrodes (1906) Patent of MOS-FET (1930s)

Electric Field Control of Invention of Si-MOSFET
superconductor D. Kahng & M. M. Atalla (1960)

R. E. Glover, Il & M. D. Sherrill (1960)
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History 1
Electric Field Control of Tc in superconductor

R. E. Glover, Ill and M. D. Sherrill, Phys. Rev. Lett. 5, 248 (1960).

. | Indium
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P | Question:
S~ Can you increase Tc

from zero to finite?
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History 2
Discovery of high Tc cuprates and its field effect
Chemical doping to insulators yields high Tc (1986)

Field-effect in high Tc with chemical aids (1991)

C. H. Ahn, J.-M. Triscone, and J. Mannhart
YBa,Cu307; Nature 423, 1015 (2003).
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Conventional FET  Our approach(2004~)

Solid Gate Liquid gate

(electric double layer transistor)

Gate insulator

e |

semiconductor

Weak electric field Strong electric field
~1MV/cm >10MV/cm
<1x1013cm=2 ~ 1 x 1015 cm2
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Charge Accumulation Devices

Capacitance (F)
1u 100  10000u 1 100 10000

El ectroli C E

Condenser
(Almina)

EI ectric Double Laer E

Capacitor

: LI Secondar

Battery
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Comparison of charge accumulation devices

Electric Double Layer Capacitor  Lithium lon Secondary Battery

@ ELECTROLYTE IONS @ Lithium-ion rech_argeable battery
=T Charge mechanism
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Electric Double Layer (EDL)

Electric Double Layer Capacitor (EDLC)

Electrostatic Potential
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Electric Double Layer (EDL)

Electric Double Layer Capacitor (EDLC)

Replace one of the electrodes by
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Electrostatic Potential

< EDL( ~1nm)

EDLC on market (Japan Chemicon Inc.)

EDL-transistor (EDLT)

large capacitance
large charge density




Application of EDLTs to high density
charge accumulation in organic
semiconductors

polythiophene Single walled carbon nanotubes  Organic semiconductor

RR-PBHT s  SWNT Slngle-'-"stal Rubrene

b4 -.“‘- 4 "
l tlf"'if rﬁt *;."

ﬂ+,.,;t~- *:,?’{
o ’_._ﬁ:} 25 }_t it“c ,af?'

H Shlmotanl etal., H Shlmotanl etal., H. Shimotani et al.,
APL (2005) APL (2006) APL (2006),JJAP (2007)
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present EDLT
old EDLTs
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Device fabrication

m Zn0O single B EDL-FET
crystalline thin film

ZnO (700 nm) '
Mg, ,ZNn, 4O(150 nm // *

Low carrier density and high mobility

=100 cm?V-1s1
n=7.7x10" cm=3  Photolithography
Tsukazaki et al., APL 88, 152106 (2006) e lon milling
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Device fabrication
m Zn0O single B EDL-FET

crystalline thin film @\

ZnO (700 nm) @ . @
Mg, ,ZNn, 4O(150 nm ’/ ’

Zn0O "~ ¢
////
Low carrier density and high mobility :

=100 cm?V-1s1
n=7.7x10cm™3 Polymer electrolyte

Tsukazaki et al., APL 88, 152106 (2006) == polyethyleneoxyde
Ti/Au electrode { —ECHzCHz—O}—n

KCIO,
| ([OV[K] = 20/1)
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Device fabrication

m Zn0O single
crystalline thin film

B EDL-FET

ZnO (700 nm)

Mg, ,ZNn, 4O(150 nm ’/ ’

Low carrier density and high mobility

=100 cm?V-1s1
n=7.7x10®cm=3
Tsukazaki et al., APL 88, 152106 (2006)
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Characteristics of ZnO-EDLT

B Transfer curve

lp (WA)

Leak current

()
el
liJe

B Output curve
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Direct measurement of carrier density (Hall effect )

- ne=Q=CV
06} C ~ 7.8 uF/cm?

(cf. 15 uF/cm?2 on Au)
0.4F

(e =10 ¢,for PEO solvent)
thickness of EDL ~ 1 nm

o
I\.)I
Carrier density (1012 cm—2)

Solvent molecule

go!o%oﬂo&c EDL

. H. Shimotani et al. APL 91, 082106 (2007)
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Gate-induced Insulator-metal transition in
Zn0O 107;

Zn0O

Vs :
04V
0.5V
07V :

\/\OQSV

[ 13v

0 50 100 150 200 250 300 350 400

T (K)
2 MR Electric Double Layer Transistor

H. Shimotani et al.
Appl. Phys. Lett.
91, 082106 (2007)




Temperature dependence of resistance in SrTiO45 EDLT

| SrTiO, / KCIO, / Pt V=2V
10° EDLT -.
| 2.25V -
ok Insulator 2.5v -_
o [\h/e?
~— S ittt — =
2.75V
g/104.' /
i 3V _
_ 3.5V _
Metal
102 | I | l |
0 100 200 300
T (K)
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Electric field-induced superconductivity in SrTiO,

0.4f Ve =3V
L UH=0T
G i
Z ]
T 0.2f uoH,
u =0.08 T] |
0.1
0.1r |
- o— : : :
-04 -02 0 02 04
O l J ] HOH (T)
0 0.2 0.4 0.6 0.8 1
T(K)

= IMR Electric Double K- Ueno et al., Nat. Mater. 7, 855 (2008)



Two kinds of ionic conductors

Polymer Electrolyte © o

Solvent + Salt

lonic Liquid

Melt at RT

d ~ size of cation molecule
Electric Double smaller than electrolyte



Carrier density from Hall effect

using lonic Liquid

Sheet carrier density (1014 cm?)

=

w

N
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Hongtao Yuan et al.,
Aav. Funct. Mater.
19, 1046 (2009)

[1] H. Shimotani et.al.,
APL. 91,082106 (2007)

[2] K. Ueno et al.,
Nat. Mater. 7, 855 (2008)
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EChallenge: Increase Tc

Discover new superconductors

EMultidisciplinary materials science

In non- equilibrium states at solid-liquid interfaces
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