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CONFIDENTIAL INFORMATION

The following material is being disclosed to you pursuant to a non-disclosure
agreement between you or your employer and Synopsys. Information
disclosed in this presentation may be used only as permitted under such an
agreement.

LEGAL NOTICE

Information contained in this presentation reflects Synopsys plans as of the
date of this presentation. Such plans are subject to completion and are
subject to change. Products may be offered and purchased only pursuant to
an authorized quote and purchase order. Synopsys is not obligated to
develop the software with the features and functionality discussed in the
materials.
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TCAD Application Segments
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TCAD Product Portfolio

Sentaurus Lithography

Sentaurus Topography

Sentaurus Process | ..
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Sentaurus Process ‘
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TCAD Development Focuses

ANew Technology Support
I More Moore
I FinFET, ETSOI, phase change memory, etc.

I More than Moore
I Analog/RF, CIS, solar, power (Si, SiC, GaN), TSV, etc.

ugg uobog

A3D Support (FInFET, NVM, Power, SRAM, CIS)
I Improved meshing and geometric operations
I Stress modeling
I BEOL reliability modeling
I Topography simulation 2

£C-2000.06
aD-201003
BE201012

APerformance and Usability
I Improved multi-CPU scaling "
I Process simulation speed-up

T More intuitive user interface
© 2016 Synopsys, Inc. 5 S‘/"[]PS‘/Sw
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Sentaurus Workbench 1 TCAD Simulation
Platform

ASentaurus Workbench GUI

[ /e mote/ch10h5/pavelt'SNPS fexamples/tmp/BarTun_lowering (Research Configuration) - SWB @ pavet-m65-Inx synopsys.com vH-2013 .03
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Sentaurus Workbench 1 Easy Material & Manua

Access

Public
Application
Example
Library
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Sentaurus Workbench i Node Explorer

ANode Explorer (F7) provides quick access to all node data

[ /e mote/ch10h5)p:|

uNode 359 Explorer

—Mode Data

Edit mode
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Sentaurus Workbench 7 Flexible Execution
Controls
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Sentaurus Process Simulator

AGeneral purpose multidimensional (2D/3D) process simulator
Alntegrated 3D geometric modeling engine (depo/etch/pattern)
AAdaptive meshing (to geometry/species changes)
AAPI for user-defined models

AAdvanced physical models:

i Analytic and Monte Carlo implantation

i Diffusion: laser/flash annealing, kinetic Monte Carlo
I Mechanical stress

I Oxidation/Silicidation

ST s\
Mechanical Stress Kinetic Monte Carlo Adaptive Meshing Oxidation

© 2016 Synopsys, Inc. 11 S‘/"UPS‘/S@



Implantation

Implant Arsenic dose=1e14 energy=50 tilt=7 rotation=0 info=2

A MC Implantation
A Taurus MC
A Crystal-TRIM ‘

A Analytic Implantation AR SRS

A Primary Distributions
o Gaussian
o Pearson (4 parameters)

o Dual Pearson (9 parameters)

. * Arsenic: 0.5~400keVv
A Screening - Antimony:  1.5~600keV
* BF2: 0.5~400keVv
A Damage_ M(_)del * Boron: 0.2~517kev(silicon)
A Amorphlzatlon » Germanium: 1~50kev
* Tndium: 1~400kev

A Molecular Implant

. ) * Phosphorus: 0.3~400kev
A Calibrated Implantation Tables

» Tilt: 0~60
» Oxide: 0~100nm

© 2016 Synopsys, Inc. 12 S‘/"[]PS‘/S®



Dopant Diffusion

A Flash/Laser Anneal
A Dopant Activation and Clustering
A Solid Phase Epitaxial Regrowth

A Epitaxy

A Clustering of Defects
A Pressure-dependent Defect

Diffusion

A Segregation & Dose Loss
A Kinetic MC Diffusion

A Diffusion Model Hierarchy
A Constant (constant diffusion coefficient)

Jt

aC
aA, =-R,, -R,, +R,, +R,, ;
t
JC
Tf”: VJ,+R,-R,,
aC ,,
Tf“: 7V .J_,"' + R.H' 7R-“v A
JaC
_’=—V‘J; —RA[ _RAV.I —R’V —R':
dat
aC
4 =—V.JV _RAV _R“”‘V _RIV

A Fermi (point defects equation not solved, defects in equilibrium)
A Charged Fermi (same as Fermi+total dopant flux is due to dopant-defect pairs)

A Pair (dopant-defects pairs are in local equilibrium with dopant and defect concentrations)

A Charged Pair (same as Pair+reaction rates are state charge dependent)

A React (incl.defects, rates are not charge state dependent)
A Charged React (same as React+mobile charged dopant-defects)

© 2016 Synopsys, Inc. 13
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Oxidation/Silicidation ,

dt  A+2x '
A Oxidation Model Hierarhy
A Deal/Grove Model j dx _ B +C€Xp[_£)
A Massoud Model dt A+2x L
A Mixed Flows (Hirabayashi approach) e
A Stress-Dependent Oxidation (SDO)

dx 3 dx,; N dx,,,

A Orientation-Dependent Oxidation dr—di dt
A Doping-Dependent Oxidation _ B | Bo
A Trap-Dependent Oxidation Apro +2x Ay +2x
A In Situ Steam-Generated Oxidation
(ISSG) Y
A Silicidation R

A Oxynitridation (N,0)
A Moving Boundaries and Adaptive Mesh
A 3D Oxidation

© 2016 Synopsys, Inc. 14 S‘/"[]PS‘/S®




Mechanical Stress Modeling

A Stress Model 8o Zior, | et I

ﬁ Viscoplasticity G 7 G )
Plasticity
A Viscoelasticity Ou =3Ke, *’55;(0?)\*

A Stress Causing Mechanisms
A Stress Induced by Growth of Material

A Stress Induced by Densification :
A Stress Induced by Thermal Mismatch /é\ lerpAgiN

A Lattice Mismatch Stress o
A Intrinsic Stress
Cap Layer

-7.8E+01
-4, 1E+05
. -2.1E+09

SYNOPSYS
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Etching/Deposition

A Etch Models
A Isotropic
A Anisotropic & Directional
A Polygonal
A CMP
A Fourier
A Crystallographic
A Trapezoidal
A Depo Models
A lsotropic
A Fill & Polygon

A 3D Geometry Generation

A Fourle_r N A MGOALS3D (level-set)
A Selective Deposition A Integrated SDE

A Boundary Moving Algorithms A S-Topo 3D
A Analytic

A Meshing with Sentaurus Mesh
A Level-set

© 2016 Synopsys, Inc. 16 S‘/"[]PS‘/S®



Non-Si Materials Process

Phosphorus 80 keV Implant in Germanium

Simulation

o SIMS
— MC simulation

A MC Implantation o
A SiGe and Ge
A 4H-, 6H-SiC
A 11-V, including I11-N
A Diffusion & Activation
A First prototype available in H-

P Concentration (at.lcm3)

2013.03 release for 4H-SiC and

0.4

-V (InGaAs/InP)

Ai+Xm €3Xi+A
XVm+A; € Xn+A

CG+Xy €2>X+C Di+Xy €=2>X+D
XVy+ G &> Xv+C XVy+Di &> Xy +D

i +Vy €2 Xv
Vv+ Xy €2 XVy

CG+D €3Di+C
GHVy€>C
Di+Vv €3D

Bi+Xm €>X+B
XVr+B; €2 Xn+B

Xi+Vm €2 Xm
Vm+Xm €2 XV
Ai+B €2 Bi+A

A+ Vm€EDA
Bi+Vm€<—2>B

v €D X+HC

Bi+Xm 2> Xit+B Ci+ 2
XVy+ G €3 Xv+C

XVm+Bi €2 Xm+B

Xit+Vy €2 Xy
Vy+ Xy €2 XV,

Xi+Vm €2 X

U+ X €2 XV
Ai+Xpm €2XitA
XVm+Ai €2 Xm+ A Di+Xy €=2>X;+D
XVy+ D €3 Xy +D
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Sentaurus Process Kinetic MC

A Command to switch

SetAtomistic

A Considers only defects and impurities, and ignores the lattice for
diffusion simulation

A Supported options: diffuse, deposit, etch, implant, init, line, photo,
profile, region, select, strip

A LKMC: Fully Atomistic Modeling of SPER (Solid Phase Epitaxial
Regrowth)

- SPER velocity depends on the substrate orientation with approximate
ratios of 20:10:1 for orientations (100), (110), and (111)

amorphous
Si (111) planes
Oxide
crystalline
Si

© 2016 Synopsys, Inc. 18 S‘/"[]PS‘/Sw



Topography Challenges

APhysically-relevant and predictive etching and deposition modeling
I Physics-based plasma etch and deposition modeling for new materials

I High aspect ratio hole etching, contact etch, STI etch, STI fill, metal fill,
CMP, deposition, back end processes,

I Unit processes and process integration, lithography effects

N

Loading effects ‘ STl etch, hdp fill, cmp SOG

polymer

plasma etch,
HAR etching

Unit process,

© 2016 Synopsys, Inc. 19 S‘/"[]PS‘/Sw



Topography Challenges

Modeling and simulation

APhysical modeling
I High Aspect Ratio etch processes
I Loading effects ( e.g. ARDE)
I Structural effects:
bowing, polymer thinning, micro trenching
I Bosch types of process
I BEOL etch and deposition:
hard mask opening, stack etch, resist shape effects
Alntegration
I Link to lithography and stress simulation tools
I Link of etch/deposition process to plasma reactors gases fluxes
AUsability, Turn Around Time (TAT), robustness

© 2016 Synopsys, Inc. 20 S‘/"UPS‘/S@



Sentaurus Topography 3D

General overview

ASentaurus Topography 3D is a three-dimensional simulator for
evaluating and optimizing critical topography-processing steps such
as etching and deposition

Alt simulates deposition and etching processes using two
different methods to evaluate the surface evolution during the

Process.
I Level-set method
I Particle Monte Carlo (PMC) method
_ ® ® @
AModels categories:

I Built-in models |

I User-defined models: el H st
i Rate Formula Module (RFM: level-set) ".lmaﬁ\re.\c«\nux [ LR
I surface reaction modeling (PMC: cell based) Rdj@:éé—g\é/ i

P ton

I Physical Model Interface (PMI: level-set) © tnitnciFuii

© 2016 Synopsys, Inc. 21 S‘/"[]PS‘/S®



Particle Monte-Carlo (PMC) Method

Sentaurus Topography 3D Surface Reaction Modeling

1. Initial .
2. Initial
Flux
" Structure
densities

4. Particle Monte-Carlo

(PMC) Engine

3.
Reaction
Model

Etch/Depo Shape

© 2015 Synopsys, Inc. 22

A Cell based Particle Monte-Carlo
method

AParticle approach to model the
transport of reactive species
(neutrals and ions) to the wafer

A A user-defined reaction model
specifies the interactions with the
wafer surface. Available effects
include:

Alon reflection, re-emission

AAdsorption, chemisorption,
desorption

APhysical and chemical sputtering
with angle-dependent yield

A Surface coverage of the different
species is taken into account for all
interactions
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Particle Monte-Carlo (PMC) Method

Reaction Modeling Concept

Surface reaction syntax:

incoming gas- e surface e reaction
phase species species products

F<g> + Silicon<s>
O<g> + Silicon<s>
F<g> + SiF<s>
ofe
+
+

S".F<5> (Adsorption)

S10<s>  (adsorption)

S".F‘?<V> (Chemical etching)
Silicon<s> + O<v> + SF3<v>
SF3<v> + .57 F2<v> (Chemical sputtering)
Photoresist<q> (Physical sputtering)

SF3<g> + Si0<s>
SF3<g> + SiF<s>
SF3<g> Photoresist<s>

PMC uses the surface reaction model concept exclusively.

Surface reactions describe the interactions between gas-phase species and the wafer material.

A Integrated with S-Topo3D (level-set), largely compatible with its other
features

A Can input HPEM data as flux information
A Runs in multi-thread (parallel) mode
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Particle Monte-Carlo (PMC) Method

Sentaurus Topography 3D Physical Models and Engines

Feature

Built-in Model

Rate Formula Model
GEY))

Particle Monte-Carlo
(PMC)

Model definition

lon reflection

Sputtering yield

Sputter redeposition

Surface coverage dependent rate
Adsorption, passivation

Mixed material deposition
Number of fluxes

Flux values

Energy dependence

Flux distribution

Accuracy control

© 2015 Synopsys, Inc. 24

Set of built-in models with fixed

behavior

Mizuno (limited to some
models)

S-Yield (limited to some
models)

diffuse, reflective

Model-specific, fixed
Normalized

cos™(q ) Table(q)

spacing (integration_error,
integration_samples)

Flexible model defined by
analytical rate formula

Mizuno, Table(q)

S-Yield, Yamamura, Table(q)

diffuse, reflective

Unlimited

Normalized

cos™(q ) Table(q)

spacing (integration_error,
integration_samples)

Flexible model defined by
surface reactions

Mizuno, Table(q), Math-

expression, reflection spreading

S-Yield, Yamamura, Table(q),
Math-expression

diffuse, reflective
Yes
Yes
Yes
Unlimited
Absolute
Yes

cos™(q ) Table(q),
unidirectional, HPEM data

spacing (reference_volume_
scaling)
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PMC Method Appllcatlons

Unlt process step optimization

cxioy Bosch process with
Elapsed time: 1.8 hrs on 16 CPUs
Mlcro_trenchlng’ toniamesiiotsinm: C4F8/SF6 gaS CyCIGS
sputtering etch

Aspect Ratio
Dependent
Etching
(ARDE),
polymerization

Silicon Etch with SF6/02, different O2 gas feed

S-Topo3D simulation results using PMC reaction model
Inverse RIE lag, polymerization with same flux ratios as in reference (mesh size=4nm):
9. Poly Zhang/Kushner, JVST A 19(2), March/Apr 2001

SYNOPSYS
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PMC Method Applications

Unit process steps optimization

Stack of
Photoresist/BARC/DARC/Oxide
etch with their respective etch
chemistries using PMC

&N & B ‘=,‘
3
« T Y ¥

Kl
&
|
1
3‘
=

&

PMC high AR etch PMC

Complex etching and With pplymerizing deposition
deposition flow with PMC chemistry Multiple layers of Oxide/Nitride etch with

and empirical models in gzﬂfyg) polymerizing chemistry using PMC
3D
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PMC Engine Applications

Resist Loss Hot Spot Validation

Validation of a critical resist top loss leading to a subsequent problem in
the BARC open or hardmask transfer step.

Modeling Steps:
ABARC opening
ANitride Hard mask opening (ex. CF4)

Sentaurus T_opogrgphy
Lithography simulation

BARC Hard Mask
Opening Transfer
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Coupling Topography to Process

o
o a

Geometry Doping and meshing
Sentaurus Topography Sentaurus Process

© 2016 Synopsys, Inc. 29 S‘/"[]PS‘/S®



Sentaurus Interconnect

REALISTIC STRUCTURE
MECHANICAL | |
STRESS THERMAL ELECTRICAL
ANALYSIS ANALYSIS ANALYSIS

Nw% —
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Sentaurus Interconnect Tool Overview

A Focus on BEOL device structures

/

Mechanical Stress

\(
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Electro-Thermal
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Sentaurus Interconnect Simulation Flow

Layout Info ii..__'_
GDSl| B

Process Info

Deposition material=Oxide ICWB-EV Plus

Etch mask=Metal 2 l |
. [ M

Material Property
Sentaurus Interconnect

Database

Realistic 3D Structures with :

AMechanical Stress Fields
AElectrostatic Potential
ACurrent Density
AThermal hot-spots
AMobility Variations

TSV ‘R Ik
Stress o
ﬁ | Crack
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SYNOPSYS




BEOL Structure Meshing
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Self Heating and Temperature Gradients

I 300

Silicon
block with
constant

resistivity

. 3TE+02
3.6E+02
3A4E+02
IZE+02

. FIAE+0Z
30E+02

. 5.0E+08

5.0E+05
5.0E+04
5.0E+03

. 5.0E+02
5.0E+01

Current Elow Self Heating and
Temperature Gradient

A Performing electrical and thermal simulation alongside stress simulation, using
the same input file and structure setup helps evaluate reliability and performance
trade-offs efficiently

300K

A Self-heating simulation allows 3D-IC engineers to estimate impact on transistor
performance and validate chip-level models for thermal-aware placement
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Sentaurus Structure Editor

AGeometrical operations

AEasy to use GUI

AScripting language

AAdvanced geometrical modeling with analytic doping definitions
ADirect interface to meshing engines

=

oy
[ ‘ I——
| | | 1
(& 1
\ y
4
i B

SRCAD DRAM CIS pixels with microlenses TSV Structure
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ACIS Geometry Kernel

A Based on boundary representation.

A An ACIS boundary representation is a hierarchical decomposition of
the topology of the model into lower-level topological objects.

A A typical body contains faces, edges, vertices, and may also includes
lumps, shells, loops, and wires.

B E— |

-~ piE 3
#00c 0 | EBNEDDN 88058

4@ O R ES 3 DAL
HMaw Q9 o/=us0n 88086
2 = A

Tessellation controls
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Scheme Language

A Strings
A Lists * (sde:clear)
A Arithmetic Expressions — sl s Eonea el =

, , * (define “var_name” “Value”)
ABoolean Operations . (define VAR 0)

A LOOPS _ — a constant

A Logical Operations . (define VAR (+ 1 4))

AProcedures — an operation

ASystem Calls - (define VAR (list 12 3 ‘a ‘b “f g"))
—alist

© 2016 Synopsys, Inc. 37 S‘/"UPS‘/S@



2D -> 3D Structure Construction

© 2016 Synopsys, Inc. 38

Arsenic_Imp[em*=-3]
9.0E+19

1.2E+17

. 1.6E+14

-1.0E+12

Doping[cm*-3]
. 3.5E+18
4.7E+13
B -3.9E+14
-1.0E+18
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Layout Based Device Design

.

Loaded Layout Resist for STI Silicon etching

STI formation (oxide filling) and l

Polysilicon / gate oxide generation Metal generation for contacts Final boundary structure
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Process Emulation Mode

A Translates processmg steps into
geometric operation
A Works only in
A Commands not
GUI
A Support for:
A 1so- & Ani
A Placemer
profiles wj
A GDS?2 file
A Masks de
Patterning

ertices
APPLIED DEPO BLEND RADIUS 15, BLENDING STEP OK.

X:-143.6481Y:68.1372 Z: 2115109
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Process Emulation - 3D CIS Structure

AA Sentaurus Structure Editor (SDE) script was done to generate
Aboundaryo and SerdaorpsiMeshn (5-Mesh) es f or

AGDS?2 file is loaded into SDE and layers are built out of GDS2 layers

(define GDSFILE "TCAD_PIXEL_v3.gds")

(define CELLNAME "TCAD_PIXEL_v3")

(define LAYERNAMES (list 'PWELL 'POLY 'ACT 'NO_PW 'NPLUS
'CONT 'PW_LVT 'MET1 'VIA1 'MET2 'VIA2 'MET3 'VIA3 'MET4
'ULENS 'PD1 'PD2 'SN1 'SN2 'SN3))

(define LAYERNUMBERS (list '1:0 '8:0 '9:0 '17:82 '32:0 '34.0

'35:0 '40:0 '41:0 '42:0 '43:0 '44:0 '49:0 '50:0 '89:0 '92:82

'93:0 '94:0 '94:43 '94:95))

(sdeicwb:gds2mac " gds.file " GDSFILE "cell" CELLNAME
"layer.names " LAYERNAMES " layer.numbers " LAYERNUMBERS
"sim3d" (list 0 - 6000 6000 0) "scale" 1.0e - 3 "domain.name"
"SIM3D" " mac.file ""TCAD_PIXEL")

© 2016 Synopsys, Inc. 41 S‘/"[]PS‘/S®



Process Emulation - 3D CIS Structure

AGeometry is built step by step using deposition/etch/patterning
features of SDE

AScripting language (scheme) allows full customization, using
variables, lists, strings and built-in ACIS functions.

(define TSUB 7.0)

(sdepe:add - substrate "material” "Silicon" "thickness" TSUB "region" " substrat ")

( sdepe:pattern "mask” "ACT" "polarity” "light" "material" "Resist" "thickness" 1 "type"

"aniso " "algorithm" "sweep" )

( sdepe:etch - material "material” "Silicon" "depth" 0.420 "taper - angle" 5)

( entity:delete (find - material - id "Resist"))

( sdepe:fill - device "material” "Oxide" "height" (+ TSUB 0.008))

( sdepe:pattern "mask” "POLY" "polarity” "light" "material” " PolySilicon " "thickness" 0.3
"type"" aniso " "algorithm" "sweep")

© 2016 Synopsys, Inc. 42 S‘/"UPS‘/S@



Process Emulation - 3D CIS Structure

A SDE is based on ACIS (product from Spatial, Dassault-System) and allows complex

solid modeling

AMicro-lens is part of a sphere inserted on top of the CIS

© 2016 Synopsys, Inc. 43
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Process Emulation - 3D CIS Structure +
doping

ADoping from analytical or SIMS profiles
ADoping from 1D/2D or 3D process simulation
AMeshing with Sentaurus Mesh

CoL
rERA

RST_MN
RST_PH

SEL

SLB

TRA

WREF_P
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Advanced Tool Operations

2D geometry sweep with SDE / 2D doping sweep with SnMesh

]

o 0 EE |
MEEEEEF IR |

e DT Resulting 3D mesh/profile:

agaoe HOEEN
QJaee HOEDN

FEEEEL|EMIRGB S
yEnEEp|EBSRDS

Placements {

2D submesh:

Definitions {

SubMeshad § NBY OKH5hH 9

SubMeshd i NB y OKHE5 Reference = " trench2D "

Geofile= "trench2D.tdr" EvaluateWindow{
} Element =SweepElement{
} "I"’"“»?:‘“ Base = Polygon [ (0 20 3.3288) (8.2 20 3.3288)

BOE+11

_bvol (8.2 20-20) (0 20-20)]

TOEHT

tFGK I' & 0y®H HA o0POHYYyO OydPH HH o|dot
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SnMesh - Quadtree/Octree Spatial
Decomposition
| (C)  (A)Quadtreealgorithm

| (A) o=
] - mesh step
proportional to
device size
; (B)Quadtreealgorithm
* - mesh step not
] proportional to
N device size
' (C)Quadtreealgorithm

0 (B) /Q\ND) - non axisaligned
' = . boundary
(D) Octreealgorithm -

] i mesh step
i, 8 .
= proportional to
device size

SYNOPSYS
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Unified (octree/quadtree + normal offsetting)
Meshing Algorithm

[
EONSTS N A
AV AWy,

Definitions {
Refinement "R5" {
Offsetting { MaxElementSize ( 0.0260.0260.026)
noffsetmaterial "Silicon" "Oxide" { }
hlocak0.002 }
} Placements {
noffsetmaterial "Oxide" "Silicon" { Refinement "GDJ_RP" {
hlocak0.002 Reference = "R5"
} RefineWindow= Cuboid[(-0.2-0.2 0) (0.20 0.2 0.5)]
} }
}
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Doping Deatomization

Particle BoronParticle’s{
ParticleFile= "kmc_final.tdf
Species =BoronActiveConcentratidn
ScreeningFactor 3.5e6
AutoScreeningFactor
Normalization

BoronActiveConcentration [cmA*-3]
1.9E+19

l 5.1E+18
1.4E+18

. 3.7E+17

9.8E+16
2.6E+16
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Sentaurus Device Simulator

AGeneral purpose multidimensional (2D/3D) device simulator
ASilicon, SiGe, Ge, SiC, IlI-V compounds (including I1I-N materials)
ADrift-diffusion, Hydrodynamic, Thermodynamic, and Monte Carlo transport
AWwide range of advanced physical models

I Stress-dependent mobility enhancement

I Quantization and random doping effects

I Circuit mixed-mode, small-signal AC, Harmonic Balance

I Variability Analysis

STI Narrow Width Effect FINFET NAND Flash CMOS Image Sensor UMOS
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Sentaurus Device for CMOS

zzzzzzz

50nm NMOS IdVg

Line Edge Roughness Variability

Calibration to SIMS, Roll-off and lon
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A Carrier quantization in the channel

A Hydrodynamic transport

A Noise analysis

A High-k dielectrics

A Mechanical stress and strain effects

A Stochastic geometry and doping
variability

A Remote Coulomb scattering

A Advanced surface mobility modeling

A Non-local band-to-band and impact
lonization

A Gate leakage

A Energy dependent energy relaxation
time

A Degradation kinetics

A IFM based variability analysis
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