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Transistors or bits per chip

Scaling Trend of MOSFETSs
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Scaling Trend of MOSFETSs
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Saturation of Tr. Performance

|psat (A/mM) (drive current)

Channel Length (pm)

Changhoon Choi, PhD Thesis in Dutton Group,
Stanford Univ., 2002



Introduction of New Technology
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Paradigm Change (I)

Scaling Technology Node

WAS  Scaling Device Sizes

1S Scaling Device Sizes
+

Introducing New Technology

High-k, Stressed Channel, Ultrathin-body
SOl, Schottky S/D etc.




Innovation Overtakes Scaling in Driving
Performance

* Innovation (invention) will increasingly dominate performance gains

— Scheduled "invention" is now the majority component in all plans
* Risk has increased significantly

IBM Transistor Performance Improvement
W Gain by Traditional Scaling B Gain by Innovation
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Source: H. S. Philip Wong, Stanford Univ. 7/



ITRS' 01
General Litho.
Printed Gate

Physical Gate

Time Horizon

7eN

" Proof of concept

. -
2004 | 2007 | 2010 | 2013 | 2016 | 2C019 | 2022 2025_:
90 nm| 65 nm| 45 nm| 32 nm| 22 nm|/15 nm| 10 nm| 7 nm
53 nm| 35 nm| 25 nm| 18 nm| 13nm 9nm | 6 nm| 4 nm
37nm|{25nm| 18 nm|{ 13 nm|{9nm [ ¢ nm | 4 nm| 3 nm

High k gate dielectric

Strained Si, Ge, SiGe

Silicon Substrate

isolation

(0 SO g STI
(200) Silicon handle wafer

.

Source: H. S. Philip Wong, Stanford Univ.
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Today’s Topic
® Ultrathin-body (UTB) MOSFETSs

v’ Better Short Channel Immunity
v Lower Parasitic Capcitance

v' Reduced S/D Leakage

v Lower Substrate Impurity Conc.

® Schottky Source/Drain MOSFETS

v’ Better Short Channel Immunity
v Lower Parasitic Resistance
v Abrupt Junction



Requirement for LSI

® High Speed and Low Power

Yes, it has been required and will be required Iin
future as well.

If we have high-performance LSI, we can do
almost everything, such as complicated scientific
calculation, MPEG encode, decode, game.

However, in ubiqguitous era, requirements for
LSI will be changed. LS| should communicate
with environments and users securely.

10



Paradigm Change (ll)

- T+
Speed,“Power " Sensor, Security etc.
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Outline

® Single-Electron Devices for
Security Applications
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Ultrathin-body MOSFETSs

13



UTB MOSFETS

_Tgg Of less than 10nm
IS required.

ITRS 2001
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Year of Production

— Wavefunction width is larger than —
10nm

7q(z), ARBITRARY UNITS Na - Np =102/m™3

[ E2(4-FOLD). (100) Si
E; (2-FOLD)

300K
— — —-FERMI LEVEL

1208

Si (100) SUR FAEE Ndepl (TTK)
Niny = IU'zcm"'

Npee = 5x101%cm2

PBULK =758 cm

F. Stern et al., Phys. Rev. B5 (1972) 4891.

F. Stern et al., Phys. Rev. 163 (1967) 816.
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Quantum-mechanical confinement effects
on the inversion-layer electrons of UTB MOSFETSs

Electron wavefunctio .
BOX

Bulk MOSFET Ox

| E’,: subband energy level
A E, In 4-fold valleys

M O |8 W E,: subband energy level
*—"invin 2-fold valleys

yz.,: effective thickness of inversion layer
W..,: thickness of inversion layer

,QMC effects on wavefunction are ——
 The decrease of z,, and W,

- The increase of subband energy levels )is




Impact of quantum-mechanical effects
on the characteristics of UTB MOSFETS

As W.

Inv

and z_, decrease, we can expect ...

 the decrease of electron mobility pl -

. o |W .. acoustic phonon-limited mobility
Teo, S. Takagi, IEDM97, p219.

 the increase of Inversion-layer capacitance C.

inv -

Cv=¢si/7vlZal  A. Hartstein, PRB38, p1235, 1988.
 the increase of Gate-channel capacitance C, .

1/Cy, = 1/C,y + 1/C,

nv

invl

As E and E'_ Increase, we can expect ...

e the increase of V. 16



Device Structure

Ultrathin SOI film 40nm Gate Oxide
AN /
\ \Gate Z/
S N D UNIBOND
400nm BOX p-type 10Qcm
L /W =500 /200um Recessed (Raised S/D) structure

minimize the parasitic resistance.
In order to investigate QM effects correctly,

"« Uniform SOI film
= Stress-free SOI film

~

- /
are required. " 17



Thickness & Uniformity Evaluation
TEM Obsrati

Gate .Qx‘ide:iv |

Cross section
of the channel

|

"« Ultrathin (7.0 nm ~ 12.4 nm)

= Uniform
SOl films are successfully fabricated.




C,4-V, Characteristics for various Tgg,

Increase in C,,

Gate-channel capacitance C, [pF]

40 -
----- TSO| - 70 nm
20 ....... TSO| - 87 nm -
0005 0 05 1 15
Vg-Vin [VI

C,c increases as Tg, decreases.



Cinv-Ng Characteristics for various Tg,

Inv

Calculatlon

 Self- conS|stent Calculatlon

| T=300K
Na = 1x10® cm™ 37

Experlment
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T 300K

& ]
27 |increase in Cinv

=== Tg5=7.0nm 1
------ Tgo =8.7nm
— TSO| 12 4 nm
. ”TSO|—.25.2r]nr.1 A
1011 1012 1013 1011 1012 1013
Surface Carrier Concentration N [cm™] Surface Carrier Concentration N [cm™]

—=== Tgo=7.0nm 7
------ Tso =8.7nm
—-— Tgo =12.4nm

T30|—25 2nm

|_\
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|_\
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1

Inversion-layer Capacitance C,,, [F/lcm?]
|_\
(@)
»
1
5 R
N
\~\~
I X N
\
]
Inversion-layer Capacitance C,,, [F/cm?]
|_\
o
(o))
1

Experimental and Calculated results are consistent.
W) Theincrease of C;,, and C is due to QM confinement.,



CycIncrease ratio as a function of T,

0.3F 7 AL g
o N = 3 x 10" [cm™]
o Tgo = 7.0nm
S
X 0.2F -
)
(0]
©
=
(@)
£ 01F -
Um o =

0l sl o

Gate Oxide Thickness [nm]

Cyc OF 7nm UTB MOSFETSs Is 25% greater than
that of bulk MOSFETs Iin 1nm T, regime.
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Threshold Voltage Shift AV, [V]

V,, determined from C-V

o

1

—

1

w
o
o
A
1

- - = Self-consistent Calculation ]
( Effect of AE, and AE,,")

Experimental
—A— V,;, @ Ng=5x10""cm™® ~
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Mobility Degradation in Ultrathin-body
SOl MOSFETs

VGE=D"‘J . T=|=5DI"IITI

0.2 04 06 08 1.0 1.2
Effective Field (MV/cm)

J.-H. Choi, EDL 16 (1995) 527.

Mobility degradation have been observed in SOl MOSFETs
with T¢, of less than ~20nm.




Increase of Phonon Scattering due
to Quantum-Confinement Effects

e

Electron wavefunctio .
210);¢
Bulk MOSFET '

Gate |, TE'
Oox. | °
} g,
£, M O_,EISL_WinV W, : thickness of
B T Ly inversion layer

\Y @ S

- - . .
Electron mobility decreases in thinner Tgg,.
“'aCOC |W|nv|

z
\_ Tsol

.. acoustic phonon-limited mobility
S. Takagi, IEDM97, p219. oA




Hypothesis: Mobility degradation is due to phonon
scattering increase.

Verification: Low temperature measurement of
mobility

surface
roughness
scattering

>
2,
=1
T
Qu
c O
=
C_
owm
@
3
>
£

S. Takagi
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Device Structure

Ultrathin SO film TVg 10nm Gate Oxide

V, o—— A — oV,
\ \Gate /
S < 1 D | UNIBOND
400nm BOX p-type 10Qcm

L /W =500 /200um

l

Vb

26



Temperature Dependence

800

g ~60nm T = 300K O

» 600} - 2

> 7.2nm D

o~ _ NE

£ 400

&) ThH= 2,

— spi «~ 1000 F E

1% 5.f/nm = : 3

-

S 200} o '

= S T = 25K]

8 ] 1 i) PP | A P S

T 0..1 . 1 L] 0.1 1
Effective Field [MV/cm] Effective Field [MV/cm]

Mobility reduction in UTB MOSFETSs with T¢, of greater
than 5nm is due to the increase of phonon scattering.
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Mobility Increase with a decrease Iin T,

buried //
oxide / /| /|
gate
oxide
4-fold
//,ﬂ\vaHeys ///,~\ ///“\

1 ‘\\ E’O 1 E1O
E0 E0
2-fold

valleys
Ts0>20Nnm 20nmM > Tgo>5nNm 5nm > Tgo>3 nm 3 nm > Tgg,
- decrease of u  eincrease of p « decrease of p

in 4-fold and occupancy In 2-fold
valleys In 2-fold valleys  valleys
S. Takagi

Mobility Increase is expected in Tgy, range from 3 to 5nm.




Electron Mobility
as a function of T,

O 440 T

m - -

> 40f MOS :

N - Mobility Enhancemw |

S

S 400f \ :

> .. | 5% |

E 380 C ® ® 7

5 - @ Eeff—O SMV/Cm
§ 360 & . 1 1,

345678
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Background

- Uniaxial versus Biaxial -
Biaxial / Uniaxial stress engineering Is promising as a
drain current booster in the present and future FETSs.

. Uniaxial Uniaxial
Biaxial A TV
Compressive orTenstie s
...... nghreSII gt H

s\ ) s ] T

J.J.Welser, IEDM 1992, p1000. T.Ghani, IEDM 2003, p978.

 The advantages of biaxial (uniaxial) stress engineering
over uniaxial (biaxial) stress engineering are not clear.
* The effect of uniaxial stress on mobility is not clear.

30




Background (Cont’d)
- UTB Structure -

MOSFETSs utilizing ultrathin Si layers are promising
as a 20nm-regime device structure.

Gate I

BOX

Ultrathin-body (UTB) FET FINFET

The effectiveness of biaxial/uniaxial stress
engineering in Si films of less than 5nm has not been
clarified yet.

21
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Bending Apparatus

PRAL

Mlcrometer

Uniaxial Biaxial

COm presswe

tensne



(0[0]0)

Electron Mobility [cm?/Vsec]

Electron Mobility

800
600 |

400

— universal

* initial (w/o stress)
= 0.083% <110> tensile
0.083% <110> compressive

Bulk
N,=1.8x10""cm™

Y
138MPa

20(8).

1

Effective Field [MV/cm]

‘01000

Electron Mobility [cm?/Vse

o
o O
o O

N
(@)
(@)

20(8).

— universal C !
e initial (w/o stress) LZ8lee ]
= 0.083% <100> tensile

0.083% <%00> compressive

1% :
<100>

Bulk
N,=1.8x10*"cm™

1

1
Effective Field [MV/cm]

Electron mobility enhancement is greater in <100>
case than in <110> case.
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Hole Mobility

Q7400 uniersal " 13gypa | Q'400f —universal  128MPa -
h * initial (w/o stress) N « initial (w/o stress)
> 300 - 0.083% <110> tensile > 300} . 0.083% <100> tensile
(\E 0.083% <110> compressive <\E 0.083% <100> compressive
200 f . J10% 200 f ~_ -
o &)
> : ~ =42 <100>
5 3 :
§ 100 | . 1194l § 100 [ . ]
o [ Buk 1 o  [BuKk 294
O - Np=3x10"°cm { © - Np=3x10"°cm™ -
I 50 M | I I I YR T T W W | I 50 P | 2 2 2 3 2 2 21
0.1 1 0.1 1
Effective Field [MV/cm] Effective Field [MV/cm]

The hole mobility enhancement is much greater in
<110> case than in <100> case.
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Biaxial Tensile Stress

glooo — universal '8'400 P ;Jrlwii/ersal i

g 800 * initial (w/o stress) D 300} © initial (w/o stress)

N 0.087% biaxial tensile P 0.087% biaxial tensile

£ oo} 4% 1 e

O 191MPa O 240]0) 191MPa

2 > p

S 400f = =

§ © 100 | : .

= [ |

g BUIk % [0 | Bulk . .

= N,=1.8x10""cm™ ) L N=4x10'%cm ]

o 20Q —————e T 50— e

2 1 1 0.1 1
Effective Field [MV/cm] Effective Field [MV/cm]

The enhancement of electron mobility is better than that of

<110> and <100> uniaxial tensile strained FETs under

almost the same amount of strain. However, hole mobility

enhancement cannot be observed due to the small amount

of strain induced by bending. 35




Effectiveness of
Uniaxial Stress Englneerlng

51000

e O
o O
o O

6%

 initial (w/o stress)
= 0.083% <110> tensile
0.083% <110> compressive

20%.1 . . 1
Effective Field [MV/cm]

6%

Electron Mobility [cm?/Vsec]
AN
o
o

It IS demonstrated, for the first time, that uniaxial strain

engineering is effective even in UTB MOSFETs with T¢y, of

less than 10nm. The enhancement ratio is almost the
same as that of bulk FETSs.
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Uniaxial Stress Engineering
In 3.5-nm UTB MOSFETSs

- Cooperation with Subband Structure

Engineering in UTB FETSs -

4-fold valley
e Heavier conductivity mass
e Lower mobility

2-fold valley .
 Lightér conductivity mass
* Higher mobility

o T=300K |
Subband Structure Engineering 2% NESSEEER

5 - ol :..‘*.*gd“

. : =
Subband Structure Engineering | >
+ = F3-5“ m Electron
3oob—tie e L0 w1
I I 3 4 5

Stress Engineering T ml 37




Uniaxial Stress Effects
In 3. 5 nm UTB nI\/IOSFETs

o
o
o

800 i TSO|:3.5nm'

5%
400 * ‘;;::::.

e initial (w/o stress)
« 0.083% <110> tensile
O 083% <110> compresswe

200~ 01 g

Effective Field [MV/cm]

Electron Mobility [CmZ/VSe(IJl

It Is demonstrated that uniaxial strain engineering is still
effective in UTB MOSFETSs with T¢g, of less than 5nm, and
can be used with subband structure engineering by TSOI
optimization at the same time to enhance mobility. 3




Uniaxial versus Biaxial
IN 3.5-nm UTB nMOSFETs

<1000 I
800+ TSO,:S.Snm A

e W/O stress
600} . 0.083% <110> uniaxial tensile
0.087% biaxial tensile

20%.1 — 1
Effective Field [MV/cm]

Electron Mobility [cm?/Vse

It Is demonstrated that the advantage of biaxial tensile
strain over uniaxial tensile strain in terms of electron
mobility becomes less in 3.5-nm UTB FETSs.




Why Mobility Enhance?

Conventional Model: split of 2-fold and 4-fold valley

> r A, (higher p)
Ag < i
AE oc g
A : A, (lower p)

In UTB MOSFETS,
the split of 2-fold and 4-fold valley already takes place.

The mobility enhancement in UTB MOSFETSs cannot be
simply explained by the conventional model. 40




Occupancy of Electrons

In 2-fold and 4-fold Valleys of UTB FETs

(0[0)

Occupancy [%o]

\

\

Nssingle — 5X1012 Cm-2 .
N, = 1x10"™ cm™ |

s—________

Calculation |

— — — 2-fold valley .
— 4-fold valley _

0

2 1 2 1 2 1 2 1
1000 200 300 400

SOI Thickness [A]

The occupancy of 2-fold valley becomes almost 100% if
SOl thickness is less than 3nm.
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Uniaxial Stress Effects
INn 2.3-nm UTB nMOSFETs

Tgo=2.3nM

. 2%
| nosuveeses
5%

e initial (w/o stress)
= 0.083% <110> tensile
0.083% <110> compressive
2 2 2 T S W W I |
1 I 1
Effective Field [MV/cm]

N
-
o

Electron Mobility [cm?/Vsec]

H
o
==

The electron mobility enhancement in this device
IS not due to the split of 2-fold and 4-fold valleys.
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Uniaxial Stress Effects
In 2.5-nm UTB pMOSFETSs

[5)

o Tgo=2.5nm
2 100 [ ¢ initial (w/o stress) .
R= - 0.083% <110> tensile

O [+ 0.083% <110> compressive

= ]

= i

'Zg : 6%

S 9%

= - “.\\

Q

@)

L

=
=
=

1
Effective Field [MV/cm]

The hole mobility in UTB MOSFETSs with Tg, of
less than 3nm Is also increased by uniaxial stress
engineering.
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Single Electron Device
for
Security Applications

44



Introduction

In Ubiquitous Computing Era,

» A variety of services (ticket service, e-commerce
etc.) will be provided on the basis of electrical
authentication with wireless ubiquitous client
(RFID, non-contact Smart Cards etc.).

» The security requirements for the ubiquitous
client have been greatly increased in recent

years. B

ID Smart Card

Electric Money
& (IC Card) ) (C

Password etc.
Wireless

Communication Server 45

Private Information \;opile client



Introduction

RNGs are essential components for
electrical security systems.

» The security of modern cryptographic technique relies
on unpredictability and irreproducibility of random
numbers. (eg. digital secret key)

» Random numbers can be used to jumble inner electrical
signals of mobile clients, and thus disturb bugging or
tampering by intentional hackers.

- . . . . A
The realization of high-quality RNGs in a small area

with low power consumption is strongly required
\for mobile client in ubiquitous era.

46




Introduction
- Class of RNGs -

e

\_

> Physical RNG

» Pseudo RNG

~

%

47



Introduction
-Example of Physical RNG-

Electrical RNGs based on Physical Phenomena

Random
digital bitstream

HH HHH Vdd
oV

Noise
Source

Large, Power-consuming Circuit

[Present high-quality RNG is large, power-consuming circuit, l

and is not suitable for ubiquitous applications.




Introduction

-Pseudo RNG-
Pseudo Random Number

Pseudo random numbers are digital sequences that
have long correlation, and can be regarded as “random

numbers”. They are generated by a certain algorithm,
and therefore they are reproducible and predictable.

ﬂ Pseudo RNGs cannot provide high security.
However, pseudo RNGs have small and low-power properties.

Example of pseudo RNG

Linear Feeo

back Sh

Ift Re

sister (LFSR)

> |

n
>

>

>

i

TFour-bit LFSR

LFSRs are small digital circuits, but they were already
hacked (see, J.A. Reed, Cryptologia 1 (1977) 20)! 49



Quality of
Random Numbers

Introduction
-Technology Map-

Conventional Technology

——
l -
-
-
P
-~
-

0.0001 001 1 100
Circuit Area (cm?)

Power (a.u.) 50



Quality of
Random Numbers

Introduction
-Technology Map-

Conventlonal Technology

R

Requwements for RNGS N
Ubiquitous Era

-
”

- Pseudo RNG

| | | | .

0.0001 001 1 100
Circuit Area (cm?)

Power (a.u.) 51



Objective

o realize high-quality
small and low-power
RNGs Suitable for
Secure Ubiquitous
Computing Era

In This Work,

Quality §f ™
Random Numbers

Conventional Technology

-

Sy
_~ /
-~ 7
/,/ Aysical RNG

. Pseudo RNG

*

\ \ \ \
0.0001 0.01 1 100

Circuit Area (cm?)

* Propose the concept of single-electron RNG

e Justify whether the single-electron RNG is
useful for generating high-quality random
numbers in a small area with low power

consumption or not.

52



Concept of Single-Electron RNG

o Utilize stochastic single-electron
capture/emission process to/from an
electron pocket as physical seeds for
random numbers.

e Detect single-electron capture/emission
process with single-electron transistor.

\

(Single-EIectron RNG =
SET + Single-Electron Pocket (Trap)
_/

53
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Advantages of Single-Electron RNG

Random
| digital bitstream
~0.5V
J_|_|_”|_’m
electron= oV

+ @ Random

b _” Wcompwa‘m digital bitstream
= NS

Memory node :;Ultra small =

v Low power Souweé |

Single-electron capture/emission processes

change SET current abruptly.
=) No need for comparator

Single-electron processes are detected with SET.

=) No need for differential amplifier
o4




Device Structure

Gate Poly ;

Ultrathin (< 2.5 nm) SOI film
whose surface was undulated by alkaline-based solutions.

K. Uchida et al., DRC 1999, p138.
K. Uchida et al., IEDM 2000, p863.
K. Uchida et al., J. Appl. Phys. 90 (2001) 3551. 55



Potential Profile

Single-electron capture/emission

: I to/from potential pocket, due to
Potential Profile in thermal agitation

undulated ultrathin SOI film /

Percolation channel showing
SET characteristics

Both an SET and a potential pocket are formed in the filngs




Operation Principle

electron _
Barrier

Fermi Level E¢In
percolation channel

At the moderate gate voltage, single-electron
capture/emission can be observed frequently.

S7



Drain Current (nA)

Drain Current (nA)

=
o1

=
o

&)

=
o1 O

H
o
|

ol

o

Id'Vg

Characteristics

LV, =50mV
T = 300K

_electron
capture

u |
electron
emission

Single-electron C/E
process is thermal
activation process.

4

The electron pocket
IS not In the oxide.

Gate Voltage (V)
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Drain Current [A]

10

B “\m\electr#n’_“ “ a
- capture— emissio ]

107

10
107

108
107°

Time Dependence of |

300K V4 =50mV V,=9.2V

electron

T V,=9.6V-

RTS: Random
Telegraphic
Signal

RTS ratio (Aly/ly)
IS greater than
one decade,
which is the
highest RTS ratio.

59



Time Dependence of V,

N w SN
| ! %
———

© o o o©

 —
|

L

Drain Voltage (V)

Vg=95

-

10 20

30 40

Time (S)

No need for high-gain amplifier.
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Distribution of low time (1))

Frequency

300 4= Vg = 9.6V
T = 300K
2007 (t,) = 660 Ms
(12) = 632 ms
100 -
0 =T
0 3 4

Tlme T, [$]
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Power Spectrum Density of |

o O
N N
N -

N
ol

=
o

001 01 1 10
Frequency [HZ]

Power spectral density [A%/HZ]
H
o o
N N

Single-electron C/E process is a stochastic process
(Poisson process).




Results of Tests for Random Number
-Tests for Re-Sampled Data-

Test Pass Noise-based RNG
Condition

This Work

9655 - 10346 10059 Pass!
2.16-46.17 10.23 Pass!
Longest Run

cqr_1qp Pass all!
Gt T 1E 0.08 - 090

FIPS PUB 104-2

NIST SP 800-22

10043

Pass!

15.88 Pass!

14
[0] 2462
[1] 2409
[0] 1243
1] 1296
[0] 647
[1] 586
[0] 290
[1] 329
[0] 147
1] 177
[0] 166
[1] 158

Pass!
Pass!
Pass!
Pass!
Pass!
Pass!
Pass!
Pass!
Pass!
Pass!
Pass!
Pass!
Pass!

0.648 Pass!
0.556 Pass!
0.508 Pass!
0.085 Pass!
0.693 Pass!
0.006 Pass!
0.703 Pass!

Pass all!
0.15-0.94

The score of the single-electron RNG is comparable to or even superior to

that of the stat-of-the-art high-quality RNG.

6




Self-Correlation Plots
Single-electron RNG
250 [ e S
150- ’, < .. .._-
100 S M!S
50 SN0 !
O-‘P iy T .o.lt_-

0 50 100 150 200 250

Thermal-noise-based RNG Pseudo RNG (LFSR)

250 [ v . eI
200 [yfpua PSS Aa iee. 200
150 AAREERGH S 150
100 A ZARR RS Sa 100
50 v ko Cliias- 50
| o ’1:-‘. y ? 2 -
Ok » e *’:l 0

0 50 100 150 200 250



Advantage of Single-Electron RNG

Conventional high-quality RNG This Work
Random
digital bi
Lomparator (I?ii]?ga?@itstream <¢> i ItStrefcr’T-gV
electron= ov
~®
- oV "
Noise ? |E|_||_
Source Memory node
~ el v
Source| Thermal noise, Shot noise Single-electron C/E process
Noise V,d ~0.01mV 120mV
Size On-board (0.01-1000cm?) On-chip (~100um?)
Power 10mWwW-1W 1.5nW
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Schottky Source/Drain
MOSFETS
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Introduction

Schottky source/drain MOSFETSs

Gate _ » Simple fabrication
Source Drain » Low electrode resistances
A— > Better short-channel effect

m control
\

\ » Excellent junction abruptness

at source / channel interface
significantly lowers the driving current.

In this study...

» Effect of gate voltage on Schottky barrier height g5
IS thoroughly investigated.
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Sample structure and

measurement setup

accumulation layer
. neglect pinch-off effect

V
G
'
r— >Tox =10nm
Un | sLw= 10/10pum
CoSi, y >N, =1E17cm™
nwell] > v, 0~5v

(lbottom = IS at VG: OV)

Gate modulation current (l.;,.ne) CaN be
extracted by subtracting |, oy from Ig.
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Measured I characteristics

Forward Reverse | Ve v
(- TS ‘ ID
Gate modulation 1L
a I ( v
bottom n-well

» Vs 0~5V (1V step)
» Measured at 300K

Drain bias V; [V]

Vi strongly modulates reverse current

of the surface Schottky diode.
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Extracted |

‘channel
characteristics
| Y
-@- TS ° le
— L
> |
bottom —well

» Vg 1~5V (1V step)
» Measured at 300K

Drain bias V; [V]

Gate modulation current (l.;anner) 1S

successfully extracted.
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Evaluated Schottky barrier
height

— 0.5
> >
= 9
o &0.
g3 @, e Vo
A < T * |
- = 0.3 —
o :c||:) — h n+
T )
Tjs D 0.2 lpotiom ™" n-well
> S

<
ol

0.1

0 1 2 3 4 5 6
Gate Voltage Vg [V]

First experimental evidence of barrier height
lowering due to gate electrical field.
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Image force potential

_ q Image force
semiconductor /potential:

-qF(x)

lower carrier
concentration

- — — initial potential
—— effective potential

Effective Schottky barrier height can be

modulated by carrier concentration
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¢g lowering due to Image
force potential

O
N

| — Calculation
O Experiment

©
N

%Cﬂ
<

o

L
_E)I_I
o >0.3
T 9
| -

O

=

| -

©

ah)

N TN |
10 1012 10
Surface carrier density N; [cm™]

Good agreement of the calculated and experimental
results suggests image force potential is the origin
of the gate induced barrier height lowering.
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Conclusions

In nanodevice era, we will encounter a number of
challenges. However, if we can deal with those challenges,
we will have new opportunities.

In Ultrathin-body MOSFETS, quantum mechanical effects
are very important. The QM effects offer us subband
structure engineering.

It is difficult to fabricate LSI of Single-Electron Devices.
However, one single-electron device might enhance the
security of LSI chips.

In Schottky Source/Drain MOSFETS, Schottky brier at the
source side plays a crucial role. However, the source side
barrier might offers us another opportunity.
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