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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

CMOS

Å Advanced CMOS (Si, SOI, etc.)

Å Atomistic modeling

Å Statistical modeling

Å Reliability

Opto Å Image Sensors

Å Solar Cells

Å Photodetectors

Memory Å Flash

Å DRAM

Å New memory 
types

Analog/RF
Å High-speed devices

Å Compound semiconductors

Power Å Discrete devices

Å Power ICs

Å Silicon and wide bandgap

Å ESD
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TCAD Product Portfolio

Process

Simulation

Sentaurus Process Framework

Sentaurus

PCM

Studio

Sentaurus

Workbench

Sentaurus Topography

Structure

Editing
Sentaurus Structure Editor

Device and 

Interconnect

Simulation

Sentaurus Device

Raphael

Sentaurus Interconnect

Sentaurus Lithography

Sentaurus Process

Sentaurus Lithography

Sentaurus Topography

Sentaurus Structure Editor

Sentaurus Device

Sentaurus Interconnect

Sentaurus Workbench

Sentaurus PCM Studio

Raphael
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TCAD Development Focuses
ÅNew Technology Support

ïMore Moore

ïFinFET, ETSOI, phase change memory, etc.

ïMore than Moore

ïAnalog/RF, CIS, solar, power (Si, SiC, GaN), TSV, etc.

Å3D Support (FinFET, NVM, Power, SRAM, CIS)

ïImproved meshing and geometric operations

ïStress modeling

ïBEOL reliability modeling

ïTopography simulation

ÅPerformance and Usability

ïImproved multi-CPU scaling

ïProcess simulation speed-up

ïMore intuitive user interface
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Sentaurus Workbench ïTCAD Simulation 

Platform

ÅSentaurus Workbench GUI

Projects

Tools

Simulation 

Tree Simulation 

Branch

Nodes
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Sentaurus Workbench ïEasy Material & Manual 

Access

Manuals
HTML-
training

Public 
Application 
Example
Library
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Sentaurus Workbench ïNode Explorer

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

mouse 
double-click 
on node
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Sentaurus Workbench ïFlexible Execution 

Controls

selected 
nodes run 
with one
mouse click
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Sentaurus Process Simulator

ÅGeneral purpose multidimensional (2D/3D) process simulator

ÅIntegrated 3D geometric modeling engine (depo/etch/pattern)

ÅAdaptive meshing (to geometry/species changes)

ÅAPI for user-defined models

ÅAdvanced physical models:

ïAnalytic and Monte Carlo implantation

ïDiffusion: laser/flash annealing, kinetic Monte Carlo

ïMechanical stress

ïOxidation/Silicidation

Kinetic Monte Carlo Mechanical Stress Adaptive Meshing Oxidation

FinFET SRAM
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Implantation

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

ÁMC Implantation
ÅTaurus MC

ÅCrystal-TRIM

ÁAnalytic Implantation
ÅPrimary Distributions

o Gaussian

o Pearson (4 parameters)

o Dual Pearson (9 parameters)

ÅScreening

ÅDamage Model

ÅAmorphization

ÅMolecular Implant

ÅCalibrated Implantation Tables
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Dopant Diffusion

ÁDiffusion Model Hierarchy

ÅConstant (constant diffusion coefficient)

ÅFermi (point defects equation not solved, defects in equilibrium)

ÅCharged Fermi (same as Fermi+total dopant flux is due to dopant-defect pairs)

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

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

ÅReact (incl.defects, rates are not charge state dependent)

ÅCharged React (same as React+mobile charged dopant-defects)

ÁFlash/Laser Anneal

ÁDopant Activation and Clustering

ÁSolid Phase Epitaxial Regrowth

ÁEpitaxy

ÁClustering of Defects

ÁPressure-dependent Defect 

Diffusion

ÁSegregation & Dose Loss

ÁKinetic MC Diffusion



© 2016 Synopsys, Inc. 14

Oxidation/Silicidation

ÁOxidation Model Hierarhy
ÅDeal/Grove Model   

ÅMassoud Model   

ÅMixed Flows (Hirabayashi approach)   

ÁStress-Dependent Oxidation (SDO)

ÁOrientation-Dependent Oxidation

ÁDoping-Dependent Oxidation

ÁTrap-Dependent Oxidation

ÁIn Situ Steam-Generated Oxidation 

(ISSG)

ÁSilicidation

ÁOxynitridation (N20)

ÁMoving Boundaries and Adaptive Mesh

Á3D Oxidation
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Mechanical Stress Modeling

ÁStress Model 
ÅViscoplasticity

ÅPlasticity

ÅViscoelasticity

Á Stress Causing Mechanisms
ÅStress Induced by Growth of Material

ÅStress Induced by Densification

ÅStress Induced by Thermal Mismatch

ÅLattice Mismatch Stress

ÅIntrinsic Stress
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Etching/Deposition

ÁEtch Models
ÅIsotropic

ÅAnisotropic & Directional

ÅPolygonal

ÅCMP

ÅFourier

ÅCrystallographic

ÅTrapezoidal

ÁDepo Models
ÅIsotropic

ÅFill & Polygon

ÅFourier

ÅSelective Deposition

ÁBoundary Moving Algorithms
ÅAnalytic

ÅLevel-set

Á3D Geometry Generation
ÅMGOALS3D (level-set)

ÅIntegrated SDE

ÅS-Topo 3D

ÅMeshing with Sentaurus Mesh
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Non-Si Materials Process 

Simulation
ÁMC Implantation
ÅSiGe and Ge

Å4H-, 6H-SiC

ÅIII-V, including III-N

ÅDiffusion & Activation

ÅFirst prototype available in H-

2013.03 release for 4H-SiC and 

III-V (InGaAs/InP)
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Sentaurus Process Kinetic MC

Å Considers only defects and impurities, and ignores the lattice for 

diffusion simulation

Å Supported options: diffuse, deposit, etch, implant, init, line, photo, 

profile, region, select, strip

Å 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)

SetAtomistic

Å Command to switch

crystalline 
Si

amorphous 
Si (111) planes

Oxide
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Topography Challenges

ÅPhysically-relevant and predictive etching and deposition modeling

ïPhysics-based plasma etch and deposition modeling for new materials

ïHigh aspect ratio hole etching, contact etch, STI etch, STI fill, metal fill, 

CMP, deposition, back end processes, é

ïUnit processes and process integration, lithography effects

STI etch, hdp fill, cmpLoading effects
Unit process, 

plasma etch,

HAR etching

polymer

SOG
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Topography Challenges

ÅPhysical modeling

ïHigh Aspect Ratio etch processes 

ïLoading effects ( e.g. ARDE)

ïStructural effects: 

bowing, polymer thinning, micro trenching

ïBosch types of process

ïBEOL etch and deposition: 

hard mask opening, stack etch, resist shape effects

ÅIntegration

ïLink to lithography and stress simulation tools

ïLink of etch/deposition process to plasma reactors gases fluxes

ÅUsability, Turn Around Time (TAT), robustness

Modeling and simulation
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Sentaurus Topography 3D

ÅSentaurus Topography 3D is a three-dimensional simulator for 

evaluating and optimizing critical topography-processing steps such 

as etching and deposition

ÅIt simulates deposition and etching processes using two 

different methods to evaluate the surface evolution during the 

process:

ïLevel-set method 

ïParticle Monte Carlo (PMC) method

ÅModels categories:

ïBuilt-in models

ïUser-defined models:

ïRate Formula Module (RFM: level-set)

ïsurface reaction modeling (PMC: cell based)

ïPhysical Model Interface (PMI: level-set)

General overview
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Particle Monte-Carlo (PMC) Method
Sentaurus Topography 3D Surface Reaction Modeling

1. Initial 

Flux 

densities

2. Initial 

Structure

3. 

Reaction 

Model

4. Particle Monte-Carlo

(PMC) Engine

Etch/Depo Shape

ÅCell based Particle Monte-Carlo 

method

ÅParticle approach to model the 

transport of reactive species 

(neutrals and ions)  to the wafer

ÅA user-defined reaction model 

specifies the interactions with the 

wafer surface. Available effects 

include:

ÅIon reflection, re-emission

ÅAdsorption, chemisorption, 

desorption

ÅPhysical and chemical sputtering 

with angle-dependent yield

ÅSurface coverage of the different 

species is taken into account for all 

interactions
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Particle Monte-Carlo (PMC) Method
Reaction Modeling Concept

PMC uses the surface reaction model concept exclusively.

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

ÅIntegrated with S-Topo3D (level-set), largely compatible with its other 

features

ÅCan input HPEM data as flux information

ÅRuns 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 

(RFM)

Particle Monte-Carlo 

(PMC)

Model definition
Set of built-in models with fixed 

behavior

Flexible model defined by 

analytical rate formula

Flexible model defined by 

surface reactions

Ion reflection
Mizuno (limited to some 

models)
Mizuno, Table(q)

Mizuno, Table(q), Math-

expression, reflection spreading

Sputtering yield
S-Yield (limited to   some 

models)
S-Yield, Yamamura, Table(q)

S-Yield, Yamamura, Table(q), 

Math-expression

Sputter redeposition diffuse, reflective diffuse, reflective diffuse, reflective

Surface coverage dependent rate - - Yes

Adsorption, passivation - - Yes

Mixed material deposition - - Yes

Number of fluxes Model-specific, fixed Unlimited Unlimited

Flux values Normalized Normalized Absolute

Energy dependence - - Yes

Flux distribution cosm(q), Table(q) cosm(q), Table(q)
cosm(q), Table(q), 

unidirectional, HPEM data

Accuracy control
spacing (integration_error, 

integration_samples)

spacing (integration_error, 

integration_samples)

spacing (reference_volume_

scaling)
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PMC Method Applications
Unit process step optimization

Bosch process with 

C4F8/SF6 gas cyclesMicro-trenching, 

sputtering etch

Aspect Ratio 

Dependent 

Etching 

(ARDE), 

polymerization

Silicon Etch with SF6/O2, different O2 gas feed
S-Topo3D simulation results using PMC reaction model 

with same flux ratios as in reference (mesh size=4nm): 

Zhang/Kushner,  JVST A 19(2), March/Apr 2001
Inverse RIE lag, polymerization
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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 

Multiple layers of Oxide/Nitride etch with 

polymerizing chemistry using PMC

Complex etching and 

deposition flow with PMC 

and empirical models in 

3D

PMC high AR etch 

with polymerizing 

chemistry 

(polymer 

removed)

PMC 

deposition
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Sentaurus

Lithography

3D Resist

Validation of a critical resist top loss leading to a subsequent problem in 

the BARC open or hardmask transfer step.

Modeling Steps:

ÅBARC opening

ÅNitride Hard mask opening (ex. CF4)

PMC Engine Applications
Resist Loss Hot Spot Validation

BARC 

Opening

Hard Mask 

Transfer

Topography 

simulation
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Coupling Topography to Process

Doping and meshing 

Sentaurus Process

Geometry 

Sentaurus Topography
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Sentaurus Interconnect
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Sentaurus Interconnect Tool Overview

TSV Proximity

Electro-Thermal 

Fracture Mechanics

Mechanical Stress

Crack

ÁFocus on BEOL device structures
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Realistic 3D Structures with :

ÅMechanical Stress Fields

ÅElectrostatic Potential

ÅCurrent Density

ÅThermal hot-spots

ÅMobility Variations

ÅCrack Propagation

Layout Info

GDSII

Material Property

Database

Process Info

Sentaurus Interconnect Simulation Flow

Deposition material=Oxide

Etch mask=Metal_2

Sentaurus Interconnect

Current Temperature

Stress
Crack

TSV 

Stress

ICWB-EV Plus
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BEOL Structure Meshing



© 2016 Synopsys, Inc. 34

Boundary 

conditions for 

Thermal 

Simulation

Self Heating and Temperature Gradients

ÅPerforming electrical and thermal simulation alongside stress simulation, using 

the same input file and structure setup helps evaluate reliability and performance 

trade-offs efficiently

ÅSelf-heating simulation allows 3D-IC engineers to estimate impact on transistor 

performance and validate chip-level models for thermal-aware placement

Current Flow Self Heating and 

Temperature Gradient 

Silicon 

block with 

constant 

resistivity

300K

300K
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Sentaurus Structure Editor

ÅGeometrical operations

ÅEasy to use GUI 

ÅScripting language

ÅAdvanced geometrical modeling with analytic doping definitions

ÅDirect interface to meshing engines

S-RCAD DRAM CIS pixels with microlenses TSV Structure
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ACIS Geometry Kernel
ÁBased on boundary representation. 

ÁAn ACIS boundary representation is a hierarchical decomposition of 

the topology of the model into lower-level topological objects. 

ÁA typical body contains faces, edges, vertices, and may also includes 

lumps, shells, loops, and wires.

Tessellation controls
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Scheme Language

ÁStrings

ÁLists

ÁArithmetic Expressions

ÁBoolean Operations

ÁLoops

ÁLogical Operations

ÁProcedures

ÁSystem Calls
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2D -> 3D Structure Construction
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Layout Based Device Design

Loaded Layout Resist for STI Silicon etching

STI formation  (oxide filling) and 

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

ÁTranslates processing steps into 

geometric operations

ÁWorks only in 3D

ÁCommands not accessible from 

GUI

ÁSupport for:

ÅIso- & Aniso- Depo/Etch 

ÅPlacement of analytical 

profiles w.r.t mask

ÅGDS2 file loading

ÅMasks definition and 

Patterning
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Process Emulation - 3D CIS Structure

ÅA Sentaurus Structure Editor (SDE) script was done to generate 

ñboundaryò and ñdopingò files for Sentaurus Mesh (S-Mesh) 

ÅGDS2 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")
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Process Emulation - 3D CIS Structure

ÅGeometry is built step by step using deposition/etch/patterning 

features of SDE

ÅScripting 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" )
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Process Emulation - 3D CIS Structure

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

solid modeling

ÅMicro-lens is part of a sphere inserted on top of the CIS
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Process Emulation - 3D CIS Structure + 

doping

ÅDoping from analytical or SIMS profiles

ÅDoping from 1D/2D or 3D process simulation

ÅMeshing with Sentaurus Mesh
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Advanced Tool Operations
2D geometry sweep with SDE / 2D doping sweep with SnMesh

Placements {

SubMeshάǘǊŜƴŎƘн5Ϧ ϑ

Reference = " trench2D "

EvaluateWindow{

Element = SweepElement{

Base = Polygon [ (0 20 3.3288) (8.2 20 3.3288) 

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

tŀǘƘ Ґ ώ όуΦн нл оΦонууύ όуΦн нн оΦонууύ  όуΦнм ннΦм оΦонууύ Χ ϐ ϒϒϒϒ

Definitions {

SubMeshάǘǊŜƴŎƘн5Ϧ ϑ

Geofile= "trench2D.tdr"

}

}

2D submesh:

Resulting 3D mesh/profile:
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SnMesh - Quadtree/Octree Spatial 

Decomposition

(A)

(D)

(C)

(B)

(A) Quadtreealgorithm 
- mesh step 
proportional to 
device size

(B) Quadtreealgorithm 
- mesh step not 
proportional to 
device size

(C) Quadtreealgorithm 
- non axis-aligned 
boundary

(D) Octreealgorithm  -
mesh step 
proportional to 
device size
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Unified (octree/quadtree + normal offsetting) 

Meshing Algorithm

Offsetting {
noffsetmaterial "Silicon" "Oxide" {

hlocal=0.002
}
noffsetmaterial "Oxide" "Silicon" {

hlocal=0.002
}

}

Definitions {
Refinement "R5" {

MaxElementSize= ( 0.026 0.0260.026)
}

}
Placements {

Refinement "GDJ_RP" {
Reference = "R5"
RefineWindow= Cuboid[(-0.2 -0.2 0) (0.20 0.2 0.5)]

}
}



© 2016 Synopsys, Inc. 48

Doping Deatomization

Particle "BoronParticles" { 
ParticleFile= "kmc_final.tdr"
Species = "BoronActiveConcentration"
ScreeningFactor= 3.5e6
AutoScreeningFactor
Normalization

}
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Sentaurus Device Simulator

ÅGeneral purpose multidimensional (2D/3D) device simulator

ÅSilicon, SiGe, Ge, SiC,  III-V compounds (including III-N materials)

ÅDrift-diffusion, Hydrodynamic, Thermodynamic, and Monte Carlo transport

ÅWide range of advanced physical models

ïStress-dependent mobility enhancement

ïQuantization and random doping effects

ïCircuit mixed-mode, small-signal AC, Harmonic Balance 

ïVariability Analysis

NAND FlashFinFETSTI Narrow Width Effect CMOS Image Sensor UMOS
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Sentaurus Device for CMOS

50nm NMOS IdVg

Calibration to SIMS, Roll-off and Ion

Line Edge Roughness Variability

ÁCarrier quantization in the channel

ÁHydrodynamic transport

ÁNoise analysis

ÁHigh-k dielectrics

ÁMechanical stress and strain effects

ÁStochastic geometry and doping 

variability

ÁRemote Coulomb scattering

ÁAdvanced surface mobility modeling

ÁNon-local band-to-band and impact 

ionization

ÁGate leakage

ÁEnergy dependent energy relaxation 

time

ÁDegradation kinetics

ÁIFM based variability analysis


