iMS

Bordedadux

Laboratoire IMS Bordeaux

4 BORDEAUX

universice  iNP @




Emerging technology and new computing paradigms:

How to reinvent the value chain?

Cristell Maneux?, Marina Deng?!, Chhandak Mukherjee!, David Atienza?, Jens Trommer3, Oskar Baumgartner*, Guilhem
Larrieu® and lan O'Connor?®

1University of Bordeaux,FR ; 2Ecole Polytechnique Fédérale de Lausanne (EPFL), CH; 3Namlab gGmbH, DE; 4Global TCAD
Solutions, AT; °LAAS — CNRS, FR; éLyon Institute of Nanotechnology, FR

centratevon =PrEL L R2mie @)( E Unj!\g%%igfux

https://www.ims-bordeaux.fr 2023 02 01 FETCH2023 - Cristell Maneux 2

ims
Bordeaux

- 2023



Outline

O Contexts
OCharacterization challenges
OModelling challenges
OCircuit design challenges

https://www.ims-bordeaux.fr 2023 02 01 FETCH2023 - Cristell Maneux 3




Contexts

4t industrial revolution
OUnprecedented growing demand for neural networks (NNs)
OBut, technology solutions still relying on transistors inherited from Moore’s Law,
optimized for von Neumann machines.
OEnergy efficiency of von Neumann based processors

Olimited by data transfer between memory and computing cores implemented in
2D integration schemes.

OCrippling limitation for NNs efficiency.
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Contexts

OMachine’s concept : von Neumann based

Von Neumann architecture Neuromorphic architecture
x1 | x2 Vi
L 0 ] 0
D i
1 1ol o
1 1]
Central Processing Unit
Control Unit er‘dar‘r
ALU Unit = HardT)Ig:k.
€D Rom,
etc.
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Contexts

OMachine’s concept: Neural Networks
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Contexts: Architecture of Neural Networks

depth
ODense local connections Pha—— : . .
Ofeedforward or recurrent <O A | Ot 1O b= O<¢
OSparse global projections H8 j 1 1 1 9| <
. (O —ah ( S ()
Oresidual of feedback | s _j o
OSize = depth x width oy Y. V. ulb Lo<|”
ODepth=Number of stacked layers 8 a | § Aulbe = -0«
OWidth= Number of neurons in a Iayer Decoder L /Decoder2 Decoder 1 %'_'
< 3 =
= A B omy o
o = projection « =
. 8 collateral -
o synapse
dendrite =

© CASPA 2020 Annual Conference Professor Kwabena Boahen
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Contexts: 2D Neural Networks

projection «

. collateral -
O"Compute-in-memory" synapse
Owork o distance = width x depth dendrite =

Osignals < size = width x depth
Oenergy = work x signals o size?
Oarea « (width x depth)? = size?
Othermally viable

floating gate
transistor

© CASPA 2020 Annual Conference Professor Kwabena Boahen
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Contexts

projection «

collateral -
synapse
dendrite =

= width

OFor width>>depth

& distance = width

Qwork
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Context: Conclusion

OTo save energy, we need :
OA 3D implementation ...
O Dedicated devices for 3D stacked NNs

O H OW CO u I d We d O t h is ? G. Larrieu, (2013) Nanoscale 5 (6), 2437-2441.

IS (S). ¥ o omaci Key features of the technology

Vertical Gate-all-around device
Scaled gate length ~¥14 nm

=  Symmetrical S/D silicided contacts
that ensure junctionless operation

Gate oxide
GAA
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Vertical Nanowire FET: Characterization

challenges

O Measurement accuracy
G | |

—e
CGD| | Rp D
—W
1 Ces
‘ Ips,o0 ' lGiot i
Relies on R, |Extracted from/validated b
W
4.
INV1-SL-NP S | ‘
Circuit/system design Accurate compact models On-wafer device measurements

DC + S-parameters

. Accurate S-parameter measurements for nanoscaled devices=big challenge !!!
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Vertical Nanowire FET: Characterization

challenges

Single nanowire constituting

OFrom test structure to intrinsic device the VNWFET
Ground :
signa!
Grouﬂd @L

Ground (Source) @

RF test structure of the VNWFET
with GSG RF pads

4x4 vertlcal

nanowwe,sw ‘ _
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Vertical Nanowire FET: Characterization

ENEER

OCalibration & De-embedding Issues

OStandard procedure=2-step calibration

Vectorial Network Analyzer (VNA)

RF probes
I |
Al 1y
B: :4 Port 2

Reference plane after calibration

Port 1
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Vertical Nanowire FET: Characterization

challenges

OCalibration & De-embedding Issues

OStandard procedure=2-step calibration On'Wafef
de-embedding

. )
4x4 vertical -«
. Agz;’f.’::'. ‘e&\_
nanowires: >

RF test structure of the VNWFET
with GSG RF pads

VNWEFET = 500x smaller than the accesses
=> De-embedding step is critical
https:
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Which de-embedding method?

Inside: the intrinsic device,
P type 81 vertical nanowires
with 17 nm of diameter each

Outside: 3D Interconnects and
pads necessary for electrical
contact (DC and RF pads)
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Which de-embedding method?

ODe-embedding removes errors due to device accesses

& Based on an equivalent circuit of the transistor accesses

Small Signal Equivalent Circuit: SSEC
Ref. plane after calibration

(O ie
penl2
1 J/L 'd
SO
Lshort1 "L hort2 4 >
SNO G D SNO : -
""" —
Copenl ‘ E f Copenz
v 5
T For 3D nanoscaled device, accurate de-embedding

OPEN-SHORT DE-EMBEDDING method is needed!
(conventionnal method)

". = my -',-';_ .' ' ls ’
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Which de-embedding method?

Open de-embedding

150 O Unphysical capacitance value

100~ 0 Cps_oPEN_deemb

[9)] [92]
o o o
M PR (R
ﬁ

Capacitance (fF)

—_

o

o
1

ﬁ%%ﬁ% -
Py O O New de-embedding method

-150 - O
- - necessary

5 | 10 15 20
Frequency (GHz)

-200
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De-embedding method for VNWEFETs

O S-parameter measurement up to 40 GHz
VEEETHER ODUT = Open test structure and transistor

ODefinition of the electrical properties for each layer

OSimulator = ADS-Momentum
used in the VNWFET process

OSSEC of the parasitic network
ODe-embedding of VNWFET

https://www.ims-bordeaux.fr FETCH2023 - Cristell Maneux 19




S-pa rameters measurements

(OS-parameters on-wafer measurements up to 40 GHz of the OPEN structure

0.0
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084

% O Measurement
o
2
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EM simulation

(OS-parameters from EM simulation up to 40 GHz of the OPEN structure

Al

Cr

~ PtSi

\ HSQ

Highly-doped P-type Si substrate

| OPEN ADS 3D VIEW |
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Open Capacitance extraction

2.25

2.00 oz

175
u_ J
2150

§ 1254 © C1_MEAS_40G

£€.,] © CIMEAS_110G ¢y

& P1o—||——o P2

2.0.751

© 0.50- T T
0.25 T
GO0

0 5 10 15 20
Frequency (GHz)

OOpen structure as a t-network? Investigate a more complex circuit!
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SSEC of the parasitic network

OQEM simulation for virtual structures

OPEN PAD SHORT PAD OPEN DEVICE
23
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SSEC of the parasitic network

ODistribution of the lumped elements: MODEL1
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SSEC of the parasitic network

ODistribution of the lumped elements: MODEL2

https://www.ims-bordeaux.fr 20230201 FETCH2023 - Cristell Maneux 25 e ——— !or,.!e'é )



SSEC of the parasitic network

OFinal small signal equivalent circuit of the parasitic network: MODEL2

MATRIX Agate MATRIX Atransistor1 MATRIX Adrain
i Rcontact  Lpad RG par LG_par !CGD_accessa LD _par RD par Lpad Rcontact i
L. 065Q 14pH 23Q 6pH -—--2 5SpH  05Q ... l4pH _065Q 1
: Plo_:'_rvm_l_,_:m OO G e W I YY" }0! P2!
I ' ' : v
11 Cpad3 | c | CDS_access | Cpad3: |
i 510fF ;  ~(GS_access — 7271F : SI0fF ! i
: C : 795¢F : Lo
i+ Rgub padl p— e Cpadl Reup © !
L 430 789 fF | : | 789 fF 430 |
1 : 1 . 1
i ¢ Cpad2 _access :
1 ' 1
I 1 1.9pF ; SpH :
1 , 1
1 [ 1
v RAD = |
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SSEC of parasitic network

(O Capacitance from the small signal equivalent circuit of the open structure

up to 20 GHz
2.25
2.00 4
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Transistor de-embedding: access model

OUsing a combination of ABCD matrices and Y and Z parameters

ABCD ABCD
-cld - gate X ‘lﬁ [Adrain]™
1 meas
\T:ansformation ABCDtoY Measurement data
Y Y Simulation data
-llﬁ - -nlﬁ - [YCGD_access]
2 1

\Iransformation YtoZ
d - -uld LS access

deemb
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De-embedding results

O Comparison between open and access modelling de-embedding for C,

and C¢ extraction

140 150
' 1 B Cps_open_deemb o
1204 , o 100 c B,
] GS_OPEN_deemb 1 © Cobps_amM_deemb S0
1004 o C : o
™ | GS_AM_deemb ™ 50 -
£ 80 = .
[+}] E o Q
g 60- 255 a® G g 9
£ wl oop BB | £ )
Q i O O [&] 50"
g 20 - WAL O CJ9 g
2 % % 100
(&) 0_' O O (& o
201 - 3
] More physical C,; extracted values with NEW access
-40 T T T H H T
. 10 rr_lodelllng based de-embedding me'Ehod ) 20
Frequency (GHz) Frequency (GHz)
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VNWFET Characterization

OReliable measurements for VNWFET model parameter extraction
is OK!

' N-type V-nanowire

=» Ready for compact modelling! i P-type V-nanowire

INV1-SL-NP
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Junctionless vs. Classical MOSFETSs

Log(la)

\% gs

s .
Junctionless FET Classical FET

https://www.ims-bordeaux.fr 2023 02 01 FETCH2023 - Cristell Maneux 32




Junctionless FETs: Operation

Full Depletion

Log(la)

Partial Depletion=

a8
Accumulation
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Compact model: A design tool

File Edit Select View Insert Options Tools Layout Simulate Window Dynamiclink DesignGuide Help

NEde b X?Q‘.QE%*@*E@@@@&EH*U Ml 2oz g PR
e A EL O LB\ 2 @V AMES

Palette

: § . \ tational
| Process [Technology] Information | } Compslll’eeé)
| I | * Measurement
\ - | | .
| * B i i i * Parameter gxtractlon B Finit element model
| Extracted ‘ | Model | g 8 } A | * Model Coding Compact model
@ INV [tEStJ\bdNV;;hEmE;(] (;(h‘ematlc):ﬂ - N o - D |
i

| Small signal model

Physi
b Behavioral

Lumped-Compone ~

' |@ TRANSIENT

Tran
S L . | . Vi
StopTime=100.0 usec
MaxTimeStep=10.0 nsec -

' //(;hrent at source (suffix 0) and drain (suffix L)

{\\QDPD=pow(QDPD,2) /(Z*eta2*Cox*uT)+QDE0;
A@ IDPL=pow (QDPL,2) / (Z*etaZ*Cox*uT) +QDPL;
ICO=pow (QCO,2) /(Z*etaZ*Cc*uT) +2*QC0;

B

ICL=pow (QCL,2) / (Z*etaZ*Cc*uT) +2*QCL;

* veriloga] ~ Nout® - C> :

4 ViPulse |- | ' o ©vout ' I0=pow (QD20,2) / (2*eta2*Cox*uT) +QDE0+pow (QC0,2) / (2 *sta2*Co*uT) +2%QC0 ;
:Tlow—ﬂ v _ veriloga - ) Num=1_ ) IL=pow (QDPL,2) / (Z*etaZ*Cox*uT) +QDPL+pow (QCL,2) / (Z*etaZ*Cc*uT) +2*QCL;
Vhigh=2 V/

= Delay=10 nsec I
" L 'Edge=linear ! . o C ' ' //short channel effect corrections
— Rise=10 fise¢ C T T C i i VS2=(QDPO+QC0) /Cox+Vmax/ (Vmax/Vmin-1) ;
Fali=10 nsec VDSAT=VS2/ (VS2/Vmax+1) ;
Width=20 usec =

VDEFF=VDSAT-VDSAT* (1n ( +exp (A2* ( -vds/VDSAT) ) ) /1n( . +exp(R2)));

CMOS inverter |

Period=50 usec

1
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Junctionless FET compact model

3D device schematic @D

OD_EqujyaIent Circuit

Al Contact
R
Extrinsic Cep % 0
—— Intrinsic
o~ N e
G v ‘/ 1 DS i
G DS,0 IGIDL
__CGS
~ fr’ % Rs
ource
Si Substrate
®5S
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Junctionless FET compact model: I

1010
— Qu=Qppr+Qc Np=1.0x10" cm -
---Qc R=10nm 130 Yos.0 = M [ I Qor 4o dQDp
[ Qpp T,.=2nm
C e

v, (V)
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Short Channel Effects: DIBL

Energy (eV)

Drain-induced barrier lowering

1

Barrier
Lowering

Longichannel
Short chahnel

IA
1€
1
1
1
1
[
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lllllllllllllllll-.

.
°

0 20
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2023 0201
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Solid line : DGJLFETs Model

Dot line : DGMOSFETs Model

Symbol : DESSIS

Ny =1x10"cm™ ¢ v _05v
Ny =1x% 100 cm™ A Viac 10V
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tox=3NM O Vap=15V
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O Measurement
Compact Model
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Short Channel Effects: BTBT/GIDL

Energy (eV)

~ Barrier lowering i 10°3
v 1 O V VGS = 00 V
ps= = Vpg = 1.0V -
° Vas =00V 0 Channel
Source === Source oo o7

e” BTBT

—riviygy \v vy

Drain current, I (A/pm)

T T S T T T | sl i isaal L

: =1 ———— Without BTBT
-9
— Np=5x1018cm-3 10 o With BTBT
2 - Np=1x1012cm-3 -=== Without BTBT = With BTBT and increased 1
w Np=5x1012cm-3 —2 | —— With BTBT 107 SRH rate
-3 : : : - : ; . : -04 -02 00 02 04 06 08 1.0
0 0.02 0.04 0.06 0.08 0.1 0 20 40 60 80 100 Gate voltage, Vgs (V)
Location (nm) Location (nm)

Gate-induced drain leakage through band-to-band tunneling (BTBT)

l
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Modeling the DC Characteristics

O Geometrical parameters
ODiameter (D)

RS 10
ONumber of nanowires in parallel (NF) O ?;"easuretm'\;”; | )% 5
. . ompact ivioae y == « )
OO0xide thickness 0.20 s g | 10
O Gate work-function V. 10°
ONW doping 107
74/ 8
: Lé‘«( ( «(r((,,,,%‘“ 9% 0
OModeling the Current s 0 <
™ 10
(1 [a]
OMobility e
OCarrier saturation velocity GIDL
. ) -11
OD/S access resistances BTBT 10
7 & AR 12
( O K
s 10
OModeling the Subthreshold: ). 10"
Olnterface Traps T S ———— “
LI Band-to-band tunneling Ves(V)
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DC Characteristics: |-V and 15-V,

. 10'3 . T T T T G 1
O T f J L N T O Measurement
WO ge n e rat I O n S o S - O Measurement i} [ [==Compact Model 1
Compact Model _ ! . | . i
V,=-0.110-1.1in-0.2 V step @ie—rr 10 008 "y =0t0-2.0in-0.25 V steps
Olmproved performance ' - -
p p 107 D=22nm
g 0.06 .
— 10° AA NF=16
OBetter subthreshold slope < hs -
\,Q 10 D\/o 004 ]
Olower leakage = S | _
10" 0.02 -
(@ 10" 3
0.00 S
’ -04 -02 00 02 04 06 08 10 12 14 16 18 20 00 0.2 0.4 06 08 10 12 14
'VGS( V) vV (\)
1.0 T T T T 1 T 310 08 Us=—= T T T
O Measurement V,e=-0.1t0-1.1in-0.2 V steps O Measurement G2
0.9 I Compact Model 10° 07 L Compact Model E
0.8 [ D=22nm 10% sl V4= 010-2.0in-0.25 V steps ]
07} NF=64
L 10° D=22nm
06 05 NF-64 i
—~~ L 10'5 —~~
< 0.5 2 < 04 |
é 3 107 ~ g
o ™r 10° =7 _oof 7
(S 3 1
02k d10° e2r i
0.1 107 01
0.0 L L L 10" 0.0
-04 -02 00 02 04 06 08 10 12 14 16 18 20 0.0 0.2 0.4 0.6 0.8 1.0 1. .0
'VGS( V) 40
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Scaling
OScalability is crucial for predictive modeling
Olncreasing NW diameter degrades DIBL, SS, |  due to loss of electrostatic control

OOptimal design criterion: smaller diameter for better Immunity against SCE, increase of
NWs in parallel for higher drive current and better scaling

Weff=7TXDXNF

300 300 D=17nm(Se’(commonbottom)I S IG3 I:
| 4 D=22nm (Set common bottom) 1
6,0!10 B D=34nm (Set common bottom)
4 250 D=22nm (Set common top)
D=34nm (Set common top)
NS A A
—~ 200} 120 5 aeet \ "0 B g .
§ o & v
z {150 @ = <
~ > [=] 4
= E — 20x10
m 100} {100 =
(] n
50 o o
] 0,0
o0 — s 3 554 5 67 6%
15 20 25 30 35 40 15 20 25 30 35

D(nm) D(nm)
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Improvements to Compact Model

Scaling rules to be improved for predictive modeling and circuit design
extrapolation

OTrap dynamics needs to be studied using pulse measurements and
modeled for improving drain current behavior at different temperatures

OElectro-thermal effects/self-heating and temperature dependence of
model parameters (current, threshold voltage , etc.) to be incorporated
using an equivalent thermal network.
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3D Logic circuits with the VNWFETs

=» Compact model ready for circuit simulation!

' N-type V-nanowire

i P-type V-nanowire

INV1-SL-NP
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Towards 3D NN

Dedicated library of 3D logic cells leveraging VNWFET devices
Versatile VNWFET-logic cell based 3D neural network
compute cube (N2C2) for NN-based architecture design
Scalable and versatile 3D architectural model

leveraging reconfigurable 3D interconnect framework

3D NN Suitable for exploration

of hw/sw co-design

©C O 00

N2C? concept 3D NN

m https://www.linkedin.com/in/fvlimonti-project/
P B Bt

va W

A

1 https://fvlimonti.eu/

° Grant n°101016776

FETCH2022 0’Connor ' N-type V-nanowire
‘ P-type V-nanowire

INV1-SL-NP

s

Compact and low EDP 1-bit adder
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Thanks for listening
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