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polycrystalline silicon channel

performance degradation when carriers 
transport across grain boundaries

columnar or disc-shaped grains

vertical         carrier flow mainly without crossing any grain boundaries
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ΨB : barrier height of grain boundary
NST : trap density at grain boundary
εs : silicon permittivity
p : carrier density
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show very similar to single-crystal MOSFET
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533MHz 64Mbit SRAM
9kbit deficit

T Kikuchi, S Moriya, H Matsuoka, K Nakazato, A Nishida, H Chakihara, M 
Matsuoka, and M Moniwa, IEDM Dec. 2004
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Effect of Source and Drain Barriers
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μ= 43.3 cm2/Vs
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Naturally formed Electron Islands

• heavily doped silicon nanowire
• Randomly distributed dopants
• Self-consistent calculation with

Thomas-Fermi approximation

G. J. Evans, H. Mizuta, and H. Ahmed, 
Jpn. J. Appl. Phys. 40, pp. 5837-5840 
(2001)

R. J. Blaikie, K. Nakazato, R. B. S. 
Oakeshott, J. R. A. Cleaver, and H. 
Ahmed, Appl. Phys. Lett. 64, pp. 118-
120 (1994)



VDT

IDD

VG

IDD

VGVDT

electron storage node

VDT (Volts)

I D
D

(n
A)

-0.12 0.120

1

0

VG (Volts)

I D
D

(n
A)

-3.3 -3.2 -3.1 -3

1

0
-2.9

Si Single-electron Memory

< 30nm

N. J. Stone and H. Ahmed, 
Appl. Phys. Lett. 77, pp. 744-746 (2000)



0.1

0.3

0.5

0.7

-0.03 0 0.03

E
le

ct
ro

m
et

er
 o

ut
pu

t  
I D

D
(n

A)

Write line Voltage  VDT (V)

0.2

0.3

0.4

-0.02 0 0.02

E
le

ct
ro

m
et

er
 o

ut
pu

t  
I D

D
(n

A)
Write line Voltage  VDT (V)

one bit = one electron



bi
t l

in
e,

 V
B

word line, VW

memory 
node

IS

bi
t l

in
e,

 V
B

word line, VW

memory 
node

IS
VB - VW

VW

VB

write “0” write “1”

VB - VW

VW

VB

write “0” write “1”

4.2K

70

80

90

100

0.4 0.6 0.8 1 1.2

time (sec)

I S
(n

A
)

VW

VB

4.2K

70

80

90

100

0.4 0.6 0.8 1 1.2

time (sec)

I S
(n

A
)

VW

VB

124

126

128

130

0 100 200 300

I S
(n

A)

time (sec)

124

126

128

130

0 100 200 300

I S
(n

A)

time (sec)

Random Write to Single-electron Memory Cell Array

write pulse width = 5ns

N J Stone, H Ahmed, and K Nakazato,
IEEE EDL 20, pp. 583-585, 1999



3x3 bit L-SEM array
0 0.5 1 1.5 2 2.5

time (s)

-0.2

0

0.2

0.4

0.6

0.8

'0'
'1'

'0'

1.0
1.5

2.0

2.5

3.0

5.0

Vo
lta

ge
 (V

) 4.0

3.0

2.0

1.0

0

'0'
Vo

lta
ge

 (V
)

ID
S

(μ
A

)
IDS0

VRWL

VWWL

VD

VS
VD0

VS0

IDS

Single-electron Transistor – CMOS Hybrid Memory Array

high-drivability

single-electron 
control

Z. A. K. Durrani, A. C. Irvine, H. Ahmed, and K. Nakazato, 
Appl. Phys. Lett. 74, pp. 1293-1295 (1999)



109

106

103

100

10-3

10-6

10-9

0 0.5 1.0
island size [nm]

re
te

nt
io

n 
tim

e 
[s

ec
]

0.5nm

110C

1.5

Molecular Single-electron Memory

Molecular single-
electron memory

Self-assembled 
monolayer
donor-(π-bridge)-
acceptor dye

Collaboration with 
Cranfield University, 
U.K.

S
(CH2)10

N

H
CN

N
CN

C

(CH2)n

S
(CH2)10
N

H
CN

N

CN

(CH2)n

Au

Au

Au

C

Current–voltage characteristics 
of a self-assembled monolayer 
on a gold-coated substrate and 
investigated using a 
decanethiol-coated gold tip.



PLEDM

(1993)

multiple-tunnel
junction

(2001)

0.2μm

2nm

commercial
single-electron

memory

commercial
single-electron

memory

First-demonstrated
experimental

single-electron memory

First-demonstrated
experimental

single-electron memory

sense transistor

precise control
of electrons

+
large drivability

Summary

gate oxide

source

drain

ga
te

ga
techannel

SVMOS

(2004)

molecular
single-electron memory

tunnel
barrier


