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»Nothing beats scaled silicon but nanotechnology can complement”

Outline

electro-thermal integrated circuit: basic concept

« the MIT effect

« MIT resistor as memristor

* new thermal-electric device (phonsistor) and the

« (CMOS compatible) thermal-electric logic circuit
(TELC)

« nanosized CMOS versus TELC

« analogy between neurons and TELC

« some measured results (thermal OR and AND gate)

S/W analysis
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Electro-thermal
Integrated circuit:
the thermal-function
4-quadrant multiplier

diffused resistance heaters

arrays of Si-Al contacts

R
Vour = VL'ZnN S R_th
n

av R
A = out _ - Dth
£ 2Vin Re, NS

V. Székely
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b
Fig. 2 Expedmental thermal multiplier
u Photomicrogra ph of the eirguil. Fhe overali dimensions ase 710 560 pm

& Connection [or the multiplicr nperation

Perfornimee data: A single ¢ .l block (Cetail according to
Fig. 1) gives a sensilivity of ubout 72 ¥Y/mW, The input
resistenze  of the muliiplier connected  as, shown  in
Fig. 26 i 1-18Q, whereas its output resistance is 11k
The relation between the input and viput doo, voitages s

Ugpr = 6x 107 x Uy Upns T 9
in volts. Fig. 3 demonstrales the good lincarity of the
experimental multiplier,

A distinet feature of the circuit is that the cutofl frequency
for input signals is greater by orders of magsitude than that

ELECTRONICS LETTERS 22nd July 1976 Vol 12 No. 15


http://digital-library.theiet.org/search;jsessionid=3djckxsb4h080.x-iet-live-01?value1=&option1=all&value2=V.+Sz%c3%a9kely&option2=author

Electro-thermal integrated circuit: basic
concept (TCL: thermally coupled logic)
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Electro-thermal integrated circuit: basic
concept (TCL: thermally coupled logic)

OLAT — OLPRth = OLIZ- R IN Rth ZVF —— to switch on the gate

Problems: low power
vl VU Ut = INTTTG gain, signal

Vo >V :
ouT IN r——————o regenerauon,fan-OUL
 S— -——BU? —  S— o
& =N a N2 Something different is

needed, instead of
Ry \VA Inverter Rix \VA NOR-gate simple pn junctions!

GND GND
o o o o
V , :
V SV. =V — _NR — to switch on the next gate
ouT IN th
The forward voltage of previous next IN
silicon diodes (p-n junctions)
decriass fabout éx=2 mV{IErﬁt a avoid to thermal
constant forward current The
early idea for thermal- aAT aPRth = alV Rth << V —— switch on the pn
electronic logic circuit (TELC) junction itself
operates with p-n junctions
and tcont_rczcl res_istr?rs.tEcilther of avoid to electrical
input resistors is heated up, . .
the output voltages decrease I RlN < V|: _SWItC_h OI?] the pn
(NOR logic function). : ) junction itself
Previous next previous
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Metal-Insulator-Transition (MIT) VO, thin films:

100 510" - |
—— ALO, 2 plO) = 1.31G° msar, 1, = 210 rem, polycrystalline (100}{001),210) F +— SeSRE-\205-200um / 3ym (Pt-elect) |
i —— ALD, +: p{0,) =1.0:10% mbar, t, = 247 nem, polycrystalline (100}(111),(210) 410"
L —— AL, +: pl0,}=0.6:10% mbar, t, = 159 nm, polycrystalline (100),(111) L
10 = - 3x10°
'gl 2010' |
& 1 | E i
2 5 2 0
% o1 MIT eff?act g 0 ,
= aR;MIT -7 E 0
0 oT | 3 -0}
| NN a0
20 30 40 5 60 70 80 4x10° -
Temperature [°C] _5’:1(}4-.“Jl....L....l.“.l ........ NPT T TS
2 20 15 -0 5 0 5 10 15 20 25
Source voltage [V]
i. Optical and electrical switching
characteristics of MIT effect induced by
Joule-heating method. Very high optical
! density films with T(A)= 0 @ 1550 pm in

AR A metal state(red line).

Wavelength [nm]

600
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Current (milliamps)
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MIT memristive effect
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Pulse 1
Pulse 2
Pulse 3

50
Volts

resistor: no memory, ohmic
capacitor: charge memory
inductor: current memory
memristor: charge memory, ohmic
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United States Patent 9 (1] 4,059,774

A p p I | C at I O n S Cahen : [45] Nov. 22, 1977

[54] SWITCHING INVERTER WITH 3,753,231 8/1973  HlSUM cooovococrereenssssessseennens 357/17
THERMOCONDUCTIVE MATERIALS 3,790,867  2/1974 HayakaWa wooovoverissservs 357/17

1 ong wen A r1Oa | 7 TR S &7 717

out O —

in
Vin
Ballistic transport, thermalisation in the SMT:
Input power: P=V, |, » thermal diffusion mean free path for electrons
—O A B

Va Vg

oA

A s / B O O
SMT A

O O GND
GND GND

a) b)
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Va Vg
E
P
A "\_}/
smt
O O
GND

Bipolar
transistor and
metal base
transistor
analogy
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F\J‘ thermal diffusion
B

mean free path for electrons

SMT

GND

b) c)

ballistic transport of electrons

minority carrier diffusion through the metal base

5-M INTERFACE
W CHANNEL
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Phonsistor — bipolar transistor

thermal diffusion

VDUI
Vi lout
Iiﬂ
MIT
GND

minority carrier diffusion

Vout O—-— o)

I-:mut
Rin @ Rou‘[
O O
GND
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Using V as power supply:

oV Y Vv
“ Ry (M) Ry (T, +12R R, 2
MIT( ) MIT( env T In " tin ) RN"T (T VIn Rthj
o _Olow 0T _ ) o Ve ORuir
dl,, 0T 0I;, N th Ry OT
0l 0lyy OT Ren V2 ORuyr

Im = v, ~ oT v, “ "R, Ry OT

(Vi,)?/Ri,) is much higher than the power dissipated on the MIT resistor (I°R,1)
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Using | as power supply:

Viy
Vout — IRMIT (T) = IRMIT [Tenv +R_ Rthj

avout — | aRI\/IIT (T) . aT — 2V | . 8RMIT . Rth
oV. ol oV. : ol

in in in

A=

(Vi,)?/Ri,) is much higher than the power dissipated on the MIT resistor (1°R,1)
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High signal condition at the output:
(Vin)Z/Rin) - (IZRMIT)

Vout = IRMIT [Tenv T ﬁ Rth + 1 ZRth RMIT (Tenv + ﬁ Rth + 1 2Rth RMIT (Tenv + ﬁ Rth + jj]
R R R

in in in

2000 — U=0V
180 ] —_ U=0.03V
160 | U=0.05V
= 1401 U=0.06 V
5 120 _: U=0.07V
= 100/ — U=0.09V
= 80l
S 604
40 |
20 }
0 01 0z 03 04 05 06 07 08

Voltage [V]
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Applications

Current density (Alr]

Input (?)

VO,

Output (?)
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Output(s),
controlled by
input(s), but

Input(s), they can
independent control each
from each other too
other

2118




Electro-thermal integrated circuit: basic
concept (TCL: thermally coupled logic)

*OR gate: (three input)
_— _
— e
, 4 length

Input(s)

Output AND gate:

 ———

—

Complex (AND OR) gate:

—0_ .

—
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Thermal diffusivity: o k

PCy

In heat transfer analysis, thermal diffusivity (symbol: o ) is
the ratio of thermal conductivity to volumetric heat capacity.

where:
Lk« :thermal conductivity (Sl units: W/(m K) )
PCp +  :volumetric heat capacity (Sl units: J/(m3K) )
£« :density (SI units: kg/(m3))
Cp « :specific heat capacity (Sl units: J/(kg K) )

Thermal diffusion length (characteristic lenght at given time scale):

| @[ cetbme.nu
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Electro-thermal integrated circuit: a bit
more...

Power supply

| *Electrical coupling: NOR
Pull up
resistor I
o
>
- 1 0 (low voltage level)
/
Input(s) IQN Output — IZ g
—_—
IOUt DDDDDD rPeuslilsL;gr
“““““ loadline

;;;;;;

*Thermal coupling: OR

<06 §0.00F+00 EH06  200E+06  300E+D

Two, stable

operating points .
1 (high temperature level)
 —
—OAAAA—
11—
Practical realisation: vertical (three dimensional thermal

IC, possibly stacked, see more later)

| @[ cetbme.nu
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Electro-thermal integrated circuit: thermal
transmission line with three OR/NOR input

Power supply

» Output

propagation of the thermal ,,1” state, signal regeneration

| @[ cetbme.nu
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Some ideas for practical realisations:

Vertical (three dimensional thermal IC), cross section:

AND OR

electrical isolato

| @[ cetbmenu
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Some ideas for practical realisations: CMOS
compatibility

Vertical (three dimensional thermal and CMOS IC), cross section:

M7
M6
Low-k CDO
Dielectric
M5
conductor
(copper) M4
layers
| M3
smt (VO2) Triss M2
resistors oS B :
1 ~ M1
CMOS circuit
|®
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Some ideas for practical realisations: real size

and scalability —

22nm Node
MPU % pitch printed
poly pitch |« Igateth
90 nm — 2002 B
65 nm — 2006
45 nm — 2008
32 nm — 2010
In 2020:

22 nm — 2011 * ¥ half pitch: 14 nanometers
16 nm — 2013

11 nm — approx.
2015

10nm Length

« printed gate length: 9 nanometers
ﬁ ) « physical gate length: 6 nanometers

Geometry, volume Power Clock Number of
supply frequency components
voltage
Recent CMOS gate (22+22)x50x50 nm, 110000 nm3 0.8-0.7V 4 GHz 2 (“driver-loader”)
properties:

Theoretical limits (over- (11+11)x30x30 nm (3D) 19800 nm3 05V 6 + (?) GHz 2 (“driver-loader”)
estimated) for CMOS:

Estimated limits for 10x10x30 nm (3D) 3000 nm? 0.4-0.2V 10 Ghz 1 (functional device)
TELC:

| @[ cetbmenu
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Problems with CMOS:
typical surface device

device limits (6 or even more interfaces)

Pt

[p-substrate

scale down limits: depletion layers,
gate-tunnel current ->direct tunnel

distance: 2 nm)

| @ eet.bme.hu
© BME Department of Electron Devices, 2010.

Phonsistor:
simple bulk
device

with less number
of interfaces

scale down limits:
tunnel current,
size effect on MIT



Pr

f) 10

(power delay product), PDP: energy, related to
transfer, store or process of one bit

4 power [W], P[J/s] t;nuﬂ «
!

one bit, two stable state
better chip cooling N

aJio? |
\ CMOS
CNT
108 |- | Q‘
. TELC
I 0 neuron
109 P=
i Pt,=W >KkT In2 thermodinamics
1012 P= Ptyty =AEAt > h/2n Heisenberg relation
L ] L -y ] A i L ‘| i i - i . | h
10712 109 106 103 100 108
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P 7 product for thermal electric gate
W =Pz = thPCpAT + Ly Puir Curr AT + Ligir oy L

Energy for heating the environment + heating the MIT element itself + heat for phase transiton
where:

. / t thermal diffusion length (characteristic lenght at given time
I—[h — scale, Sl units: m, value: ~108m for 10 GHz

yo IOMIT density of the environment (SiO,) and MIT material,
respectively, Sl units: kg/(m3) , value: 2650, 4600

Cp CMIT specific heat capacity of the environment and MIT material,
respectively, Sl units: J/(kg K) 703, 340-> 770

I— specific latent heat, Sl units: J/(kg), value: 51410

LMIT characteristic size of the MIT device, value: 108 m (10 nm)

|@ | cetbme.nu
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P 7 product (aJ) for thermal electric gate

W=Pr= Lthpc AT + Liir Pt Curr AT + Ly P L

Energy for heating the environment + heating the MIT element itself + heat for phase transiton

W=Pr=19+16+236=271 aJ

P 7 product (aJ) for CNT: ~400

P r product (aJ) for CMOS: 50-500-1000
|® ——



Thermal electric logic circuit in the ,gap”

Number of modules and gates

-
1014 11011 108
[} 1
Bio molecular processing
10™ 3D Module = 107
Planar nanodimensional
New physics microelectronics

B novel organization/architecture >
: =
= use of nanotechnology D &
o O
'z %
S| 10%- CMOS 7.:
£ - 10710 | E
A Solid solution -

w

5] =

2 o

Z A

.

=

=1

S 1

L

°

] 11 g 3D Molecular electronics #
% L R processing platforms
3sp  NHypercells with Mgates

I T I
10719 o= 10-17

—
QRS

Device transition (switching) energy [J]
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The “secret” of the huge performance of the human brain (after J. von
Neumann, Neumann Janos) is, that

it is analogue: higher excitation — higher response

it is digital: certain combination of excitations ->response

it is parallel: certain combination of excitations -> response

it is sequential: two (or more) subthreshold excitation
within recovery time -> response (sequential AND function)

...depending on the given job!

| @[ cetbme.nu
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Electro-thermal integrated circuits (systems) are:

wwoss Loyt

in

‘‘‘‘‘‘‘

‘‘‘‘‘‘‘

«analogue: higher excitation — higher response

«digital: certain combination of excitations -> response

Combination network:
(AND OR) gate —>

—OF—

—

sparalel: certain combination of excitations -> response

*sequential: two or (more) subthreshold excitation
within recovery time (thermal time constant) -> response (memristor)

sequential: (AND) gate Z

...depending on the given job and timing!

| @[ cetbme.nu
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Electro-thermal integrated circuit: a bit more...

*Electrical coupling: NOR (for longer distances too)

chemical coupling (diffusion of ions) I
l 1 0 (low voltage level)
) N
Dendrite Axon —_ E >
Terminal
Mode of < 2 —>

Rarwier

*Thermal (diffusion) coupling: OR (for the next gate only)

1 (high temperature level)
Schwann cell
N N _ N
Myelin sheath —_— / / / m'_’
Mucleus )
1—

electrical coupling (for longer distances too)

| @[ cetbme.nu
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Electro-thermal integrated circuit: a bit more...

chemical coupling
(diffusion of ions)

l

Dendrite Axan
Terminal

Schweann cell

Mucleus byelin sheath

electrical coupling (for
longer distances too)

| @[ cetbme.nu

gate with three inputs

thermal transmission line
even with an additional input
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Electro-thermal integrated circuit: even more...

Dendrite Axon
Terminal

Mode of 4
Harwier

gate with three inputs

AAA A

heat emission

hyelin sheath

Mucleus

hormon release into the
intercellular liquid

slow diffusion of hormons

Dengite

thermal diffusion between non-contacted
gates (subsystems or systems) 1

fod il
L VA

. u%]zjzr%jzuznw

chemical coupling
between non-
contacted cells

| @[ cetbme.nu
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Electro-thermal integrated circuit: even more...

light excitation gate with three inputs and light excited MIT
effect

AAANA—

retine
heat emission
thermal diffusion between non-contacted
: ates (subsystems or systems

different J ( Y Y ) 1
coupling
possibilities EIJ%]ZI]ZI]ZI]ZUZUZI‘—»
(thermal, O 0O
electrical,
optical): easy v
communication
with other kind AP
of systems
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Experimental results: Nano-size VO, switch-on

Tek T ® Stop M Pos: -4000ps  SAVE/REC
-+

Action

File
/ \\\ Format
| \ off Ahout

‘l’ Saving
: . : Images
’ on
I |G e« W = l// Folder
| Save
TEKOQOG.BMP
t<lus

M 1.000s

I ( : 22=-Jul-1017:28
D

I . I
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Nanosized experimental TELC gate

FIB holes in the oxide

Pt
Si02
VO2
" 100 nm /
! i

| @[ cetbmenu
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Nanosized experimental TELC gate

Pt
Si02
V02
4 100 nm /
7 7
Resistance(Ohm) through nanoholes:
1.00E+07 -~
L 4
1.00E+06
®
*
1.00E+05 L 4
1.00E+04 T T T )
B S 20.00 40.00 60.00 80.00 100.00
HV curr | mag O | det | tilt | HFW WD Temperature C
2.00kV |21 pA|350000x | TLD |52 °|731 nm | 4.2 mm
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110
100

(o]
o

OO00000000000

Voltage of SMT resistor (mV)
o1
o

0 1 2 3 4 )
Current (pA)

Switching behavior of the nm-sized, vertical SMT resistor structure,
“reverse” (negative) bias with respect to the n** Si substrate. It can clearly
be seen that for 75 °C and above no high-resistance region is present.
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SWOT
,»Strength”

- extremely simple structure (,,bulk” resistors with common bottom
electrodes, only two interfaces)

- better tolerance against radiation
- less physical limits considering the scaling down (10nm)
- compatible with the recent IC technology

., VWeaknesses”

- thermal dissipation and
- cooling and temperature stabilising (thermal management)

- avery exact and very sophisticated electro-thermal-logic simulation and
new design principles are needed for proper realisation

,Opportunities”

- easy communication with other part of systems (electrical or
thermal coupling to CMOS, optical coupling)

- technological flexibility (horizontal, vertical or mixed realisation)
- design flexibility (signal paths for all directions-> brain like

operation)
. 1 Nreats”

- there are no data about reliability of the thermal-electric computing
- thethermal transport at nm scale is still unknown field

| @[ cetbme.nu
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