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Introduction CoF o)
A )

Ubiquitous Society ~ Networking Everyting

Network

’ Tag reader  “high performance
machines connected
to everything”
Documents

‘“very small devices”




Ubiquitous Hardware for End User_s/fO/bJ}}e,;?ts

Small device : Ultra-Small Knowledge Vehicle

21st Century COE program, Hokkaido Univ.,
"Meme-media Technology Approach to the R&D of Next-generation ITs" from MEXT, Japan
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Transceiver Sensor

e Extremely “Small Size” and “Low Power”
e More intelligent than RFID




How Low Power?

RF-DC power converter 149

(rectina)

Power source ~ mm? chip
* Solar cell : 100 nW Room
* RF: |OO|JW d=1cm

Power consumption
« Communication : |0 n)/bit by RF
* Sensor : | n|/sample
« CPU : | nj/instruction

-

Possible tasks by RF power for 10 ms (= | yj)

e |00-bit data transmission
or

* 300 data sampling for 3 sensors

~ 1201 cm

t (LA
© o
o O

output curren

N A O
© 3 5 3

Power: 25 dBm

3 4 5
frequency (GHz)

http://robotics.eecs.berkeley.edu/~pister/SmartDust/in2010

or Only limited tasks

* 300 data averaging

For Intelligent tasks, “Lower Power” is necessary



Out of Control, A-Few Electrons. in CM_S;

CMOS Trends from ITRS
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* Reduction of power = Reducing electrons/bit

e Electrons < 100 causes serious bit error in CMOS

Precise control of a-few electrons is possible

by quantum nanodevices




Quantum Nanodevices

Low power

Advantage Small

Low temperature operation
Poor current drivability, low gain
Uniformity

Integration

Problem

To keep CMOS compatible, we should solve problems in
straight forward, but very difficult

.

“cover=up’ by alternative logic architecture = hexagonal BDD




Concept of Hexagonal BDD Logic _Q-uan)fg,u;jm Circuits

Hexagonal Binary-Decision Diagram (BDD)
Kasai and Hasegawa, IEEE EDL, 23, 2002

information messenger
= single/a few electrons

quantum
node device

21— f .
D

Logic gate architecture

logic graph with

hexagonal layout terminal

* Logic-function representation: directed graph with hexagonal layout
* Information messenger: single or a few electrons
* Device: quantum node device switching paths for messengers




BDD Node Device

() information messenger

y

entry branch
logic input
X 0 >

exit branches




BDD Node Device

entry branch

exit branches




BDD Node Device

entry branch

Xi:“l”o >

exit branches




BDD Circuit Operation

ex. AND = X, » X,

input signal (X1, X2)




Main Features

1. Ultra-low power operation

path switching function and passive transmission of messenger
don’t require “transfer gain” and “current drivability”

single- or a-few-electron messengers controlled in quantum way
by ultra-low voltage results in low current and low power

2. High-density and large-scale integration

hexagonal network realizes high-density integration of node devices
having 3-fold symmetric configuration |

o "




Hardware Implementation

Compound Semiconductor Hexagonal Nanowire Network
+ Nano-scale Schottky Wrap Gate (WPG)

Schottky wrap gate (WPGQG)

Quantum wire Single electron
(QWR) type (SE) type
‘ nanowire

VX
~,
electrons  GaAs M%%

WPG structure

0 0
hexagonal etched quantum wire (QWR)  quantum dot (QD)

nanowire network WPG quantum node devices

AlGaAs

WPG structure:

* Simple planar structure: design flexibility, easy to integrate
* Tight gate control

* Operation as either “quantum nanodevices” or “normal FETs”



Compound Semiconductor Meets Hexagg'rl\al BDD

* High speed and low power

* Large quantized energy and long mean free path

* Mature nanostructure formation technology

350 — 1E-17
InSb E-mode QWFET (LG = 85nm) E 0 Si MOSFETs 9
—_ VDS = 03V05V06V @ _
N300 B =, 1E-18 e Depletion mode InSh
&, = £ ® Enhancement InSb
5 3 =
S 10X power [T] — 1E-20 -
S 200 _)_O >
o [
T o 1E-21 -
L 150
; \ s am
5 100 Silicon MOSFET (LG = 60nm) o 1E-22 - 06 éz
VDS =0.5V, 0.7V, 0.9V, 1.2V =
50 1E'23 O 1 I I
10 100 1000 1 10 100 1000 10000
DC Power Dissipation [uW/um] Gate Length Lg [nm]

source: Intel, IDF 2006




Main Features

1. Ultra-low power operation

2. Large-scale and high-density integration

3. Correct operation even at RT

WPG can control not only a-few-electrons but High T

many electrons by trade-off with power
Low T kT
S

4. Vn fluctuation cover-up

cover-up by adjustment of input logic swing




WPG-based Quantum Node Devices

WPG device
14 L2gs K Vg = 800 mV \
1p | W =560nm GaAs
Lg =500 nm ‘nanowire
10 '
<ol 10 3
Bt <8
O
T N 2
2r 200 mV 3 6
o | | | | L L %
0 200 400 600 =
Vpg (MV) S 4
O 1
C
S 2
@)
gm = 60 mS/mm @ RT 5 5K
230 mS/mm @ 80K 0 o | _1.6K, . .
-200 -100 O 100 200 -360 -320 -280
Vg (mV) VG (mV)

* Fabricated devices can operate as QWR and SE devices
successfully control single or a-few-electrons




Path Switching Operation

QWR type node device

T Y Yonm

nanowire < | |
N wea

1.7K
input x VDD=0.2mV input X VDD=300 mV
1
< 15}
s 0 = tput 1-branch 0-branch
N 1-branch 0-branch c outpu -branc -branc
$ 1.0} output ) T e A S R S A
S o dug <
$0.5 g 9
Q >
3 O
S 0 oy wwm&m%\‘“ww 0 { LI L L |
© 0 10 2 30 40 50 0 0.1 0.2 0.4 0.6
time (sec) time (ms)
Path switching using Path switching of many electrons

quantized conductance in classical way




Logic Circuits

Logic operation

quantum regime (1.6 K) classical regime (300 K)
X4 VDD=0.2 mV X VDD =250 mV
X2 X2
[Tty
output output
”ﬂ”ﬂHﬂ/'Lﬂ?Hﬂ i M’*ﬂﬂjooﬁiﬂh
0 20
t|me (sec) tlme (sec)
quantum regime (1.6 K) classical regime (120 K)
X1 X1
MVTUVTIUVIIU U U w L L
X2 :X2
output -output
0.1 nA 0.2@
/nanowire erminal-1;" 0 50 1()0 1'50 200
. t|me (sec) time (sec)

* WPG BDD circuits can operate from LT to RT, changing transport mode




Subthreshold Characteristics in WPG D.gyj;Ces _.

W =850 nm, Lg =430 nm

m
@
3
> experiment [ O Vpg=400mV WPG
e 100 | ® Vpg=02mV
S AlGaA
7 _ R
g 60 simulation | planar HEMT
Q .
% GaAs nanowire €lectron
% 40 1
=KL n(10
§ ain( 1) o "10)
E 20 aVG max
L =)
a
3
7]

0 100 200 300
Temp. (K)

e Subthreshold slope is ideal in both quantum and classical domains
e Power-Temp. trade-off : PDP ~ C {kT/e In(10)}? ~T?




High Speed Performance of WPG Devices

Gate Length, Lg
630 nm

lh21]2

Vbs=3V
Ve=-1V
RT

Lc =110 nm
W =200 nm

MAG/MSG

| GHz

5 GHz

| 10 nm

2.5 GHz

9 GHz

 Confirmation of GHz switching capability




PDP Scaling

Power-Delay Product (J)

10°
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@ B WPG SET

CMOS ITRS

projection
WPG quantum
nanodevices Q|

1930
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1970 1990 2010 2020
Year

* WPG quantum nanodevice can keep PDP scaling




Design of Hexagonal BDD-based Subsys‘t/:;gms ..

Adder Substractor Comparator

Lc | [.s2]
10 11 10
00 Q0o e e
1(ane @’@ 1(ane 0@1); o(a);
@@@@@ @ DIOPEOID.

1 0Y1 10 1YO0

10 ° 10 01 01 01
0. b OPEOIORND
10 1 oY1 0 10
1 1
1 an an-1 ... Ao 1 an an- ... ao 1 A=anant ... a
+) bn bn-1 bo - b: b:_1 bO I:I B= bn bn-1 .. bO
Cn Sn Sn-1 ... So Sn Sn-1 ... So

e Any combinational circuits can be desighed
Representation by principal disjunctive canonical form + Omitting terminal-0

e Smaller device count than that in CMOS logic

Ex. full adder unit Hexagonal BDD : Il devices
CMOS logic gate : 24 Trs




Fabrication and Characterization of Subsystems

QWR-type 2-bit adder BDD 2-bit adder input-output waveforms

experiment (classical) theory

o I 1| I
a0 —l_—l_—‘ —‘
ot [ [ [ LTI LTl

oo [ LILILILTLILTLTH| LU L L LT
Vop=250 mV
AVG =400 mV, — 1G/2
: : 5 C VGoffse t =0 mV
e .;: & 8 P 2 ‘ : —) 1G/4
e Ll ¥ Sal " nanowire
‘: 7 \ ) : 7 v & . < WG k | L L 0
/ & ;] = _ 1G/3
‘ . - : S1 1 [ ] la/a
i terminal 1 I O —
— T=297K |
[ so | G/2
node device S0 ﬂ m ﬂ m
| | | 0

0 400 800
time (us) time

~— terminal
* Fabricated 2-bit adder operated correctly at RT
e Fab. process for 45 M devices/cm? using etched nanowire is available




Large-Scale Integration

QWR-type 8-bit adder

hexagonal
nanowire
network

X 6

node density: 25 M nodes/cm2
circuit area: 74 pm x 19 pm
device counts: 84

* Large number of devices can be integrated without nanowire crossover
84 QWR-based node devices could be integrated




Nanoprocessor

Nanoprocessor

* Feature: “1/1000 x size and power consumption of MPU”

* Target: core of ultra-small and ultra-low power digital systems
for next-generation ubiquitous IT

But low power and small size are not compatible in CMOS




NPU Implementation

System can be implemented fully on a hexagonal nhanowire network?

Nanoprocessor system Hexagonal nanowire network Hexagonal BDD
ROM/RAM address memory address
decoder counter '
data bus

ACC B register

instruction
decoder

'

\* controller PC
buffer !

output sensing data clags \
[]BDD / WPG nanowire FET
[ ] sequential . _
von Neumann architecture Schotky gate 14 295K Vg =800 mV
12 | W =560 nm
AlGaAs LG =500 nm
10
* Execution core : Hexagonal BDD < s
electrons GaAs 0
a 6
* Register, counter (sequential) : WWPG nanowire FET 4
2
0

0 200 400 600
Vpg (MV)




Hexagonal BDD-based ALU

8-instruction 2-bit ALU Input-output waveforms
input: A = (a1,a0), B = (b1,bo) (simulation)
selector signal: S = (s2,51,50)
(52) 1 < adder NOR B compa-
. O
S B s1 rator
§ % sO
o c
I a L
- T bt
o Zaol ILULLILILILILILILIUULLLL
o) oy ) & o (AR O R
>
20 (a0) o) 8 b
F+ 20
B QYT RN Whjw 17
g
8 instructions: 3 MI'L h ’ i
S= 111:A+B 100: AND, 110: NOT 101: OR A0 ,H )
010: bit left shift 011: bit right shift '

000: comparator ~ 001: A-B 0 4 8 12 16 20 24 28 32

root: ALU2 ALUQ time (us)
4.5x107/n\(3r\e Jch® e ALU can be desighed using small number of devices

4

BDD 2-bit ALU (8-inst.) device count: 56
CMOS 2-bit ALU (7-inst.) Tr count: 144

e Fabrication of 2-bit ALU on etched nanowire network




Implementation of Sequential Circuits -

WPG FET-based RS Flip Flop

T =297 K, Vpp =250 mV
hold

hold reset

set

Q
S R
11
1 0
0 1
0 0

e Successful design of SRAM unit

y,
4 -
[ Vi

o ) ,
128-bit SRAM layout

word

selector
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60 x 44 hexagons
 Experimental confirmation of correct operation of RS-FF at RT




Register and Counter

D-FF design D-FF input-output T-FF design  3-bit counter operation
waveform (simulation)
(simulation)
Input data 297K Trlgger GND t Vob = 400 mV
1 count up 50 mV
| o oy UL
5 | trigger jﬁ}/ trigger
Trlgger U_UUJUJUUUL @ 1O(A)mV
GND VoD = 400 mV y
j {L ?c vop | C2 J’——L_—}—
$
\T L‘ j 200 mV 1 (L]—ﬂ ] ¢100mV |
- : RELEH Data éN'D C1 100 mV
. | -
Balalalals
0 0.5 1 1.5 2 0 0.5 1 1.5 2
time (ms) time (ms)

* Correct operation of D-FF, T-FF and counter with small input voltage swing




Hexagonal BDD-based 2 bit Nanoproq,eg;g’)r

address

memory address counter

decoder

O /@\ /@\
m1 | [m2 [ms]

/@\ @L/@ SN
2 e ][] e ]

Q@%NW |

]

(f(

Ln%ﬁl?%

@
Q Q

SN
T o0 O pp

o B ) o)

(1]

4 ALU instructions:
S=11: A+B

10: NOR

01:B

00: COMPARATOR

L controller

) ) I R
] EIED I

FOYCY OV OFOYO)

@ m\m&@@@\\

00 a6 \0een/ /) /

controller -

buffer accumulator
(ACC)

B-register

P linst. @v®

YYD

°| | |decoder/ N

program counter

9) @@

EI

Instruction register
(IR)

29 x 50 hexagon

e Successful design of 2-bit NPU on 29 x 50-node network




2 bit Nanoprocessor System Operation f

1 MHz clock VDD(BDD) =20 mV
VDD =450 mV
clock L L L L L L
_ T =297K
promn, o y g f I " f g u o L T Rt
data/ 3 ,
program
L ™ ™ ™ bl e ersemensamd® R et e rmmrmememrons
| data fetch (B register trigger)
I et I ™ ™ PN PN ™ FA
instruction fetch (IR trigger)
Pt ™ ™ ™ P i ™ ™~
controller ACC trigger
[/~ / £ ™ £ ™ £ ™
buffer trigger
S - o M\.M M\......_r
decoder P S W A e WO A oo G A o
ACC e T A N A
(output) | . \.___. S00mv
0 4 8 12 16 20 24 28 32
time (us)

e Correct operation of the system was confirmed by simulation




Nanoprocessor Performance

Power consumption = activity factor x device count x PDP x clock

Device counts in system Activity factor
x 4bit =15 (CMOS:188 trs) unit activity factor
NT T-FF x 3bit = 108 (126)
address decoder
| x 3bit =8 (72) BDD
ROM/RAM address counter address decoder 0.20
! ALU 0.11
controller 0.14
. . . inst. decoder 0.13
controller inst. |nst.ruct|on
decoder register .
ACC register \ (IR) Sequential
rlJ‘ ogram counter ACC 0.09
/ | | } IR 0.09
D.FF /2 o / \ register 0.09
- X |
- 24 (36) D-FF x 2 bit = 24 T-FF x 2 bit = 52 (84) add. counter 0.15
(36) _ _ prog. counter 0.31
4 inst x 2 bit ~ 32 (72) 5 inst x 3bit = 14 (40)
average 0.2

Total 381 devices (CMOS: 740 Trs)

* Power consumptions at |OMHz operation

SE-type BDD: PDP = 1022 (sequential:10-2° |):* 0.01 nW

65 nm CMOS: PDP = 106 15 nW ] x 0.001




Chip Size

Hexagonal BDD-based 2-bit NPU

Node density System area area = 29 x 50 hexagons
45 M/cm? 3,200 um? fab. process available
| G/cm? 145 um? nanowire network
2 2 nanowire network
1.5 G/em 85 Hm hp 65 node density ~ 1/(4 hp)?2
13 G/cm? || um? hp 22

CMOS-based 2-bit MPU

area = const.x Irs x hp?

Tech. node System area = 170 740rs x hp?
130 nm 2,100 pm?
65 nm 530 pm? on the market
45 nm 260 pm?
22 nm 62 pm? end of CMOS

* Hexagonal BDD NPU chip size ~ 0.2 x CMOS MPU



8 bit
NPU 4 bit

2 bit

Power Consumption (uW)

0 0.5 1.0
- | CMOS hp 65
1 hp 22

' | QWR (65nm)

|.5

20 25 3.0

«— 10 um @ hp65

B CMOS hp 65

B CMOS hp 22
QWR

B SET




Future Options

e High-density integration L,1°9 "°‘?'es’°'“21.'

high-density nanowire network

formation utilizing various '.“ 5 L

materials and processes - o

InP ased netwofk

e Low power consumption

low-density electron system and correlations in nanostructures
- reduction of electrons/bit : single electron control in | D wire
- reduction of AVa: splitting a conductance peak in SE device

7

W =540 nm, Lg = 400 nm 6 T=15K 0-branch
1D Wigner crystal in nanowire ' Gentry o S splitting

N

a al la o

71 -branch

VDD= 1mV

N W

Conductance (2e2/h)

VGentry =-24V
Vg1 =+04V

Exit branch currents (nA)

nanometer-size gate for
localization of quasi particles

Al o N ADAA MAMUNNG M A ol N MIAYY

-1800 -1600 -1400
VGO (mV)




Summary

e Novel quantum nanodevice-based logic circuits was presented.
“Hexagonal BDD logic quantum circuit”
= 1ll-V semiconductor nanowire networks
+ hexagonal BDD logic architecture

e Hexagonal BDD quantum circuits have possibility to realize ultra-low
power and ultra-small digital systems beyond the scaling limits of Si

CMOS technology.

e Basic technologies of hexagonal BDD quantum circuit has been
established successfully.

e Based on the hexagonal BDD, nanoprocessor (NPU) has been
intensively investigated for an ultra-small knowledge vehicle in advanced
ubiquitous society.



