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Introduction — Project Context

B Synopsys/GSS contributions WP1:

A . Project WP2
are UtllIZIng InpUtS from Management Specifications and benchmarks
many WPs and partners. Eegass [ EmggteEsE 0 |
B Tools and methodologies " N\
WP3: Variation- WPA4: Variation-
developed as part Of WP3 aware equipment aware device and
and 4 and process interconnect
simulation simulation
. . A A
B Extensive R&D into & ¥
tOOIChain and data WPS5: Software integration
. . . . and compact models
integration carried out in \ — 7
WP5 gy = - =
[ Software components from WP3 / WP4 / WP5 ’—

B |nputs and integration with
tools and flows from WP3

Dissemination (WP6) and Exploitation (WP7)
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Introduction: The DTCO Concept

*  What is Design Technology Co-Optimisation (DTCO) ?

A holistic approach to the development of technology and design in order to
deliver an optimal product.

 DTCO is utilised in Foundries but it based on Silicon which limits turnaround and
number of possible options

* Simulation based DTCO provides an efficient and rapid methodology for the
estimation of PPA (Y)

Architecture choices

Process options

Performance booster assessment

Design rule optimisation

Assessment of the impact of process choices on PPA(Y)
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Introduction: The DTCO Concept

Options: FinFET vs. Nanowire Options: 7 track vs. 6 track cell
Technology: DTCO | Design Enablement Design: DTCO
TCAD/Lith Cell ract. Dig

Layout —>

Ab Initio

RTL Synthesis
—

r—
PDK o Place and Route
Generation
RC Ext, STA
DRC

Process
Integration

Rigorous
Litho Sim

Evaluate
Design Feedback ] — PPA

Options: LELE, SADP, EUV, etc.
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Major Technology Issues Addressed by DTCO

Technology Issue Trend

Planar
40 28

\

Relative importance

= MOL R
/
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Technology node, nm

*  For planar MOSFET, DTCO was mainly about transistor tuning
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Major Technology Issues Addressed by DTCO

Technology Issue Trend

FinFET
14 10 7 5
3
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= =» MOL C
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Technology node, nm
*  For FinFETs, transistors became less of an issue
* MOL capacitance became a critical issue instead
* At 7nm, MOL resistance emerged as a critical issue and it keeps getting worse with

scaling
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Major Technology Issues Addressed by DTCO

Technology Issue Trend

Planar FinFET ,11
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Technology node, nm

* The potential transition to nano-wires or nano-slabs brings back the focus on transistor
* PEX issues are only getting worse with scaling: C and R
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Major Technology Issues Addressed by DTCO

Technology Issue Trend

Planar FinFET
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* The potential transition to nano-wires or nano-slabs brings back the focus on transistors
* PEXissues are only getting worse with scaling: Cand R
* DTCO tool flows address all of these issues simultaneously!
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Example : Pre-Wafer DTCO Flow

Materials Modelling and predictive simulation.
TCAD-to-SPICE + variability from Superaid7

Efficient RC extraction

Quantum Band Sentaurus

ATK Structure Device QTX Engagement outside traditional TCAD

vk w N e

Development of standard flows for customer
engagements

Calibrated Calibrated
Models Models

Sentaurus Structure Sentaurus
Process " IV Curves Mystic SPICE
Flow Process / Stress Device Model v0.5

Pre-Wafer

P A Netli
Layouts josess RC Netlist e SPICE
Design Explorer Annotation Netlist

Rules v0.1

Std. Cell Proteus Design
Layouts / S-Litho Rules v0.5

——
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Superaid7: DTCO Tool Flows

B DTCO tool flows are complex and non-linear
W Requires interaction between expert users with domain specific knowledge
u Require efficient information interchange
W Need highly integrated and robust tools (WP4)
B Addressed in Superaid7 via
W Development of integrated DCTO workflows in WP5
" Toolchain integration via Enigma, SWB and Data management
® Advanced spice modelling methodologies
W Capturing process and statistical variability
m Significant automation
® Device simulator autocalibration

" RC extraction
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Example : Pre-Wafer DTCO Flow

* 2-3TCAD Engineers

Management TCAD R&D * SPICE Modelling Team
* Design and Library Characterisation
Quantum Band Sentaurus e Tech no]ogy Deve|opment
ATK Structure Device QTX .
* Process Integration

Development

Sentaurus Structure Sentaurus
.u v IV Curves Mystic SPICE
Process / Stress Device Model v0.5

‘ Pre-Wafer
Process Netlist SPICE PDK

Raphael RC Netlist q
Layouts Bl aphae ! Annotation Netlist

Process
Flow

Design
Rules v0.1

o a

Design/
std. Cell Proteus Design Libra ry
Layouts / S-Litho Rules v0.5 .
—'="C" | Characteri
Design Process Integration sation
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FinFET DTCO Example

Aims

U Provide a SPICE model with variability capabilities

L TCAD as the primary (only) calibration data provider

L Enable users to perform

Quick PPA analysis

Process optimisation

Process corner analysis
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Base model extraction - Mystic

Automated spice model extraction methodologies and software. (WP4)
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Base model extraction - Mystic

* Script based Mystic extraction.
» Targeting robustness and re-usability.
* Linked to TCAD
* Sprocess and Sdevice via SWB and Enigma

14nm FinFET example:
* 86 TCAD splits and 5 process variations modelled.

nMOS fitting across the DoE:

* Single extraction strategy. o VT oe || orm091 || Core001 | Core0.03 || Core10 || Cor-o.90
" ] VT sat Cor=0.96 Cor=0.88 Cor=0.9 || Cor=0.99 Cor=1.0
o0s e Cor=0.96 Cor=0.87 Cor=0.9 || Cor=0.99 Cor=1.0
Parameter m Range Comment 2
i P
+/-2nm Gate length e e [ | o (o | o
variation
. ; ton_lin Cor=0.98 Cor=0.89 Cor=0.87
H 40 +/_2nm Gate hEIght i “.: - Cor=0.98 || Cor=0.88 || Cor=0.87
W 8 +/-2nm Fin thickness on.zat | Comos2 | o2
A fin 88 +/-1 Fin angle factor o
S loff_tin || =39
T_spacer 8 +/-2nm Spacer ) B%
thickness ] R S
. S i loff_sat
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Process variation modelling

TCAD to SPICE approach w/RandomSpice allows users to generate a response-

surface model to handle arbitrary process variations
* Spice modelling methodology developed as part of WP5

l-wfin-afin-lon_sat RSM SPICE
TCAD response model l-wfin-afin-lon_sat
across 3 process axes response
across 2

process axes

—0.000045
—0.000050 —0.000045
—0.000055 —0.000050
—0.000060 = —0.000055
—0.000065 g —0.000060
~0.000070 —0.000065
=0.000075 -0.000070
—0.000075

TCAD simulation points:
5 axis optimal grid = 43 TCAD

simulations SPICE model simulation points
5 axis full grid = 545 = 3125 SPICE
simulations
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Relative error
in percent

l-wfin-afin-lon_sat
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Process variation modelling

* Allows users to evaluate circuit behaviour across a wide range of process splits (as
well as interpolating between TCAD simulation points

Hspacer-wfin-freq afin-l-tspacer-freq afin-hfin-I-freq
" 109
Raw data outputs: B s B s R
1 fafin tpacer hfin  win | eakage  puwr freq i fred 8 freq’ 43
2| 87 600609 380608 6.00E-09 230E-08l -4.85E-08 -4.04E-05 6439695400 ] 3 7 ]
3| 87 600E09 3.80E08 7.00609 230608| 143607 -4.62E05 7220518100 os 7.0
4| 87 6.00e09 380E08 B.00E-09 230E-081  -3.30E07 -5.11E05 7846169320 L o755
s| 8 6.00E09 380608 900609 230608| -5.89E07 -5.51E-05 8331151420 389, s
6 87 6.00e09 380608 1.00E-08 230E.081  7.92E:07 -5.83E05 8703509000 tecg By sarn
7| &7 700009 330e08 600E09 230E08] 48308 39005 6240174450 h%l‘i“fxgx [aers
8| 87 7.00:09 380608 7.006:09 230608l -138E-07 -4.42605 6960600350 20
o 87 7.00:09 380608 B00E09 2306081 -3.23E07 495605 7653802140 afin-hfin tspacer-freq
10 87 700609 3.80E-08 9.00E-09 230E-08|  -5.80-07 -5.33E05 8125635030 afin-hfin-wfin-freq
11 87 700609 3.80E-08 100608 230E08|  -7.90E:07 -5.696-05 8563809250 | afin || cor0 || corm0n || core00 | core00 | o022 | corm023 | cor-so
12] 87 80009 380E-08 6.00E-09 230E-08 -478E-08 374605 6012085830
13 87 80009 380E08 7.00:-00 230E-08  -L37E-07 -4.29E05 6785101930
14 87 800E09 3.80E-08 B.00E-09 230E08  -3.00E:07 -4.64E-05 7245649850 corcoo || corc | corsoo || cor=002 || cor=n.12 || corznos
15) 87 80009 3.80E-08 9.00E:09 230E-08|  -5.68E-07 -5.12605 7877538080 10
16] 87 80009 380E-08 1.00E-08 230E-08)  -7.84E-07 -5.52605 8383772990 3 o g 29
17] 87 900609 3.80E-08 6.00E-09 230E08 -470E:08 356605 5756667250 A 82
18] 87 9.006-09 3.80E-08 7.00£-09 2.30E-08] -1.36E-07 -4.15E-05 6585808900 58 ui §§ ! 00 | cormag || orm0zz || Cor=hi || Cor-638
19) 87 9.00E09 380E-08 B.00E-0S 230E-08| -L0GE-07 -4.52605 7087165490 égfred, 3
20| 87 9.00E:09 3.80E-08 9.00E-09 2.30E-0: -4.89E-05 7582014990 £ o E - IREERS
21] 87 9.00E09 3.80E-08 1.00E-08 2.30E-0: -S34E-05 8162388230 o3 815 ]| PRcen || om0 | om0 || ormos | ooz
22| 87 1.00E-08 3.80E-08 6.00E-09 2.30E-0f 337605 5472822210 10g, 4
2.30E-0¢ 6253432840 o330, uag;gﬁn
5 o Dot et cor=080 || cor=088 || corsnms
520 8900

RO response

freq | Cor-099 | cor-ng2

[y

leakage

3125 SPICE simulations
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Process corners

* Introduce Monte-Carlo process variation via RSM SPICE model.
* Apply distributions to DoE axes
* Extract process corners based on expected variations.

l-wfin-afin-VT_sat

loff_lin loff_sat lon_lin
Te-6 -
< 2
5 5
H ?
®
5
]
5
3
nMOS and ;?MOS J ‘ ‘ ‘ ‘ sesl | ‘ ‘ ‘
process variation _,** kX B4 82 ) E7) 7o b S0t a5
information — oo n-loff_lin log10(A) n-loff_sat log10(A) n-lon_lin log10(A)
coming from lon_sat VTin VT_sat
process analysis /
tool vendor [ R 016l @ otaf
sesk feniy -
. I
W o .
‘:\‘\ -0.08
\ =010 < ssesp
-0.12 =3 > 0151 >
=3 Z
'Z:: ° £ & onf
i b s s
36e-5F
2, g e Y a
¥ & 04|
S 34e5 £
%o 255" 01f
98,9} 270 .
L Y . . W | | N \ .
55e-5 Be-5 65e-5 008 009 01 01 004 0.06 0.08
n-lon_sat log10(A) nVT_linV nVT_satV
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Local variation (LV) modelling

* Local variation simulations are performed across the DoE and added to the RSM
using Garand (WP4)

l-wfin-afin-VT_sat

Because LV data is underpinned by
physical TCAD simulation we capture
LV changes across the PV space.

o = 8.5mv

0.12
o
Sﬁlo | 0.06
\ .08 0.04
gﬁ) 0.06 0.02

=.0.04

0.02

6
Je\e 3‘737
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RO Response Analysis

e e
RO_Sweep
| ved_nom | i
17—~ hizros 13 1e-7
afin Cor=0.0 Cor=0.0 Cor=0.0 Cor=0.0 § Cor=0.22 || Cor=0.23 § Cor=0.04
4.000000000000001e - 08 DY hfin Cor=0.0 Cor=0.0 Cor=0.0 Cor=0.02 Cor=0.12 Cor=0.08
Frequency Power Leakage
-
Cor=0.0 Cor=0.0 Cor=0.22 Cor=0.14 Cor=0.38
nnnnnnnnnnnnnnnnn
wmp o o o db o o o db o o o 4 tspacer || Cor=0.0 | Cor=0.32 || Cor=0.35 | Cor=0.02
Lg None Medium
P ST PR | . e wfin | Cor=0.88 || Cor=0.88 || Cor=0.83 Tspacer m Med|um None

Cor=0.99 || Cor=0.82

l pwr Cor=0.81
| A‘; Wfin dominates impact on RO

feakage response

1c-08 |
0000000000001 - 03

o0
o0
~10000000000000002¢ ~ 06
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RO Monte-Carlo response — Nfin =1

Individual and combined variability simulation results for

nominal design point.

e |

RO_MC_Simulation

| cev_par_ensemble | per_simuiation | variability

6l gy

mas]: gt

4~ [l 5] 10000
1261 Iy

23] 10

Analysis with Nfin=1

T x
| . Tlx
2.8e-5 ¢ GV+LV o
2.6e-5
Te-7+
s <
< :
2 g
) ©
o S
2.4e-5
2.2e-5
1 1 1
4.5e+9 S5e+9 5.5e+9 4.5e+9 5e+9 5.5e+9
Frequency (Hz) Frequency (Hz)
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RO Corner analysis

FF process corner with local variability enabled
2\

|_RO_Carner ||

T ez -

Analysis run at Nfin=2

From GV: FF to SS sses - ﬁﬂ, /
corner spread: e /'l
~ 1.6GHz e
:
From GV+LV: FF to S as g
5 £ seq|
SS corner spread: 2 3
~1.6GHz
287
As previously seen, the aoesr
global variation dominates | |
the RO response ™
requency.(1z) o

7

x
x

X ¥ x
%

7.5e+9

Frequency (Hz)

Be+9
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Conclusions and Outlook

B Technology scaling is presenting increasing challenges
The relative impact of various factors is changing rapidly
DTCO is helping to address these challenges

B DTCO flows are, by nature, complex and require tightly integrated working
practices and toolchains that support this.

B Developments during Superaid?7 are helping to make true DTCO a reality

Project outputs are already part of commercialized software and flows
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