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Simulation of Complete VLSI Fabrication
Processes with Heterogeneous Simulation Tools

Christoph M. PichlerMember, IEEE Richard Plasun, Rudolf Strasser, and Siegfried Selberkeltow, IEEE

Abstract—An integrated environment for the simulation of 2) Complex circuitry requires a growing number of inter-
VLSI fabrication processes is presented. Emphasis is put on connect layers and novel device designs that exhibit
automated operation to achieve maximum efficiency in TCAD intricate coupling between topography operations and
deployment. Addressing the increasing number and diversity o
of process steps in state-of-the-art semiconductor fabrication dopant distributions.
processes, mechanisms have been devised to support the smooth, 3) Growing competition in semiconductor manufacturing
automatic interaction of heterogeneous simulation tools with calls for an increased speed of introduction of new
multiple data formats in the context of large-scale experiments for products.

global calibration, device optimization, and yield improvement . o
tasks. For maximum versatility, the operation of the environment ~ Moreover, smaller device structures exhibit new effects,

is either controlled via a graphical user interface, a batch file, calling for advanced models that require a high degree of
or a combination of the two. It is possible to submit predefined gpecialization on the part of the simulation tool developer,
analysis tasks for background execution, while still being able to oq1ting in a multitude of heterogeneous simulators. To be
monitor and control operation and to access and view simulation bl deli | be abl
data interactively. Split-lot experiments are performed on work- 2Pl to deliver accurate results, TCAD users must be able to
station clusters in parallel operation, delivering the desired results Select the best available tool for a given fabrication process
in the shortest possible time. The TCAD environment presented step, and must not be limited to a particular vendor’s solution.
offers server functionality for running large number of complex A TCAD environment that intends to provide effective

simulations. At the same time, it supports the design and seamlessSupport of process and device design in a production setting

integration into the environment of client task applications. - . :
has to put special emphasis on several key issues.

¢ Opennessdor the integration of different simulation tools
allows to use state-of-art models and tools and to follow
technology changes quickly.
. INTRODUCTION « Access to simulators and TCAD tasks inbéack-box
MICONDUCTOR technology relies essentially on tech- ~manner ensures a problem-oriented application of TCAD
gology CAD (TCAD) support during process development  and liberates the user from software engineering issues,
and process optimization. The traditional approach of using data handling procedures, and tool peculiarities.
simulators for investigating isolated design aspects, e.g., for A uniform process representatiomakes process flow
the determination of the source-drain doping profile in a information independent of individual tools and provides
lightly doped drain (LDD) structure, has been replaced by a basis for data exchange with CIM systems.
the computer-aided analysis of complete VLSI fabrication ¢ Intuitive operabilityand a high degree ahsk-level au-
processes [1]. Apart from the increasing availability of more tomationare required to facilitate the application of the
powerful computer systems, three reasons for this TCAD TCAD system to large-scale experiments.

paradigm can be found. A number of TCAD frameworks have been addressing
1) Shrinking device dimensions and more tightly integratefiese issues. Silvaco’s Virtual Wafer Fab [2] supports the
circuits lead to increasingly complex dependencies efeation of split trees for parallel simulation of independent
critical device characteristics on fabrication process pBranches across the network. It does not offer an extension
rameters. language, confining the set of supported tasks, including design
of experiments (DoE), and response-surface model (RSM)
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Fig. 1. Basic functional components of the VISTA/SFC environment.

multiple targets and nonlinear constraints. All simulation- The VLISP shell interpreter[10] forms the basis for the
related issues must be handled outside of the framework. implementation of all other modules. It provides interfaces to
Drawing on these results, we have developed thike operating system, the graphical user interface (GUI), and
VISTA/SFC TCAD environment. It is based on the VISTAthe PIF application interface (PAI) [11] to conveniently access
TCAD framework as described previously in [6] and [7]simulation data stored in the profile interchange format (PIF)
and on the simulation flow control module (SFC) [8], [9]. Ir[12].
this paper, we describe refinements to the architecture, andhe flow editor offers an intuitive and convenient visual
focus on the new task, batch, and user interface definitioigerface for writing process flows. It supports the definition
and implementations that enable advanced and higljyprocess flows in a hierarchical and modular manner in terms
automated process and device analysis. VISTA/SFC bridggisool-independent process statements as well as explicit tool
the gap between VISTA's generic versatility and practicakatements.
requirements for efficient TCAD operation. Experience process flow information is interpreted by e controller,
has shown that the gridding strategies described in [7] ghich together with theun data basdorms the core compo-
not suffice for complicated structures with highly irregulapents for the management of iterative and parallel split-lot
boundaries. Therefore, all grid-related services have begfheriments. The run controller takes care of the detection
completely redesigned. Interfaces to external tasl_<—level to?}Psplits, of scheduling multiple runs in parallel operation on
have been added, support for batch-mode operation has bggistation clusters, and offers a number of operation modes
improved, and the GUI has been completely redesigned, bof¢ajjitate development and debugging of both processes
conceptually and on the surface. azrd simulation tools. The run data base stores and retrieves

In the remainder of this paper, a description of the overgl| | |ation output data and extracted data of any format, with
architecture and main components of VISTA/SFC is give e PIF format being used as primary exchange format for
followed by more detailed accounts of tool integration stratg\;afer data

gies, process flow representation, and run control. Finally, . o
. ; Thetask controllayer takes care of controlling all activities
the simulation of a complete CMOS process demonstrat

es. ) . )
the capabilities of the VISTA/SFC both as an integratioﬁﬁc.ha.tecj via the GUI, the ASCII .|nterface, or a batp h file.
) : is implemented as a set of dedicated VLISP functions and
framework and as a task-level automation environment.

establishes object-oriented interfaces for all task-level services.

Task-level tools are interfaced with the task control layer by
interface agents that establish communication channels with

Il. ARCHITECTURE AND COMPONENTS concurrent modules like optimizers, design-of-experiment

Fig. 1 gives an overview of the principal functional compotDoE) tools, response-surface-modeling (RSM) modules.
nents of the VISTA/SFC environment, comprising the VLISREVhile being run as clients of the task control layer, they
interpreter, the run controller, the run data base, the flow editafso operate as servers for more complex applications. For
the tool binding layer, interface agents for the integration d@fistance, a parameter extractor for a circuit simulator needs
external task-level tools, and the task control layer. as input a set of device characteristics for different devices. It
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Fig. 2. Data level integration schemes.

then uses different strategies to adjust the model parameters
to accurately reflect the simulated device characteristics. The
circuit simulator reads a netlist and the extracted parameters
to simulate the electrical circuit. In VISTA/SFC, the parameter
extractor operates as a client of the run controller, while &
the same time acting as a server for the circuit simulator.
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Y
Fast technology changes have resulted in the development
of specialized simulation tools, targeting particular simulation
tasks. To optimally model a process technology, it is
great importance to use the tool best suited for each procg
step instead of confining oneself to a particular product’s or
vendor'_s solutipns. . . 'ﬁ-;mr:xg"l
The integration of separate tool requires coupling on th = "
data level and on thecontrol level Furthermore, on the ""__t"_'__=:_____--'-'-’-1-"_']:|_
presentation leveh user interface has to be provided to allow ji# #di=st grid neinement ler Aner grid
editing of tool settings in a comfortable and intuitive way. WETHOD MATEALAL=SILICCH IMPADGP DIF ADAF &

AT LT = PHE O RS O AT S R AR TR +
AEL AP =033 kA SPAC =008

Step output

ig. 3. Data flow for creating a consistent wafer description after a PROMIS
operation.

A. Data Level POSITION PHOTORES POSTVE THICKHES=1 COKCENTR
EPUSE WS =HFM

On the data level, the exchange and conversion of to ="
Input a_nd OUt_pUt data between SynFaCtlca"y and pOSS:Ib AP LANT BOROK DOSE =« [pti-da Teld e §HIRGY =«<[pti-aner 253 100 T=F
semantically different data representations has to be provide | [ETCH FHOTORES ALL
VISTA/SFC uses the profile interchange format (PIF) [12 | |ETCH GI0E OLE DAY THICKMES <004
as the primary data format for representing wafer data ar| i pi 1HANS CorPRESS 1T T80 [TV CRIE-0 03
for exchanging simulation data between tools. PIF data a
accessed using the PIF Application Interface (PAI) [11], on | Resean| ok
of VISTA’s core components. Tools are either linked with the
PAI or use external wrappers to convert data to the PIF fornrg. 4. Visual editor generated automatically from template file. Expressions
; i sed in matching angle-bracket—parenthesis pairs are replaced by values
(Fig. 2). The second approach s often prefer_ablg as.no (.:han pplied by VISTA/SFC to generate the simulator input deck.
of tool code are necessary and tool upgrading is simplified.

A single common data format is highly desirable for thgorts native tool formatsas well, with conversions taking

integration of heterogeneous simulation tools. However, efrace automatically when required by a subsequent simulation
forcing the conversion to a common data format after eagfap or by a postprocessor.

simulation step causes a significant overhead in computingrg| specialization has led to expert tools dealing with
time and a loss in numerical stability. If two subsequentlqjated aspects of a wafer only. For example, thenr&e
executed simulators share a common data format, intermediatge

. b Ki d hich lead . .*A prominent example for a native tool format is TMA's technology
conversions can be skipped, which leads to an INCrease;dchange format (TIF) used by TSUPREMA4 [13]. In VISTA/SFC, new data

speed and numerical accuracy. Therefore, VISTA/SFC suppses can be defined to specify conversion routines and tools.
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TABLE | -
— Grow Oxide
SIMULATION TOOLS AND PROCESSES FORPROCESS SIMULATION
Simulator . Process i Symb.()l%(‘ Name Well ’ml /
Prowmis Analytical Implant Ton Implantation promis-implant
Promis Monte Carlo Implant | fon Implantation promis-me-implant
ProMis Diffuse Diffusion promis-diffuse .
ProMis-NT Diffusion promis-ni-diffuse Isolation
ProMIS Etch H(:lnisp.hcri(‘AI D'(tpos{tioll promis—?mmi—dopo Mask \
Isotropic Deposition promis-iso-depo I
Unidirectional Deposition | promis-uni-depo Devices
Anisotropic Etching promis-aniso-etch
Tsotropic Etching promis-iso-etch )
Reactive Ion Etching promis-ri-etch
SAMPLE Conical Deposition sample-conical-depo Strip Resist I
Dual-Source Deposition sample-dual-source-depo
Hemispherical Deposition | sample-hemi-depo
[sotropic Deposition sample-iso-depo CMOS Flow Isolation Module Deposition Recipe
Planetary Deposition sample-planetary-depo
Unidirectional Deposition | sample-uni-depo Fig. 5. Hierarchical process flow representation. A recipe consists of a
Anisotropic Etching sample-aniso-etch sequence of operations and corresponds to a step in a process module. Process
Isotropic Htching sample-iso-etch modules are combined to form a process flow.
SKETCH ° Expose sketch-expose
Spin-On sketch-spin-on
Strip sketch-strip
SuPREM4 Diffusion tsd-diffuse T TABLE I
Ion Implantation ts4-implant BAsIC FABRICATION PROCESSES
Proccss
Deposition process-depo
ASKETCH is an auxiliary geometry manipulation tool used for “faking” thography, deposi- “Eteh pl:oi(‘:(‘ _etch
tion and etch processes where no actual numerical simulation of the physical process is required. "EXI)()Q;‘,
. Furnace process-furnace
[14] and RRowmis [15] etCh and dep08ItI0n mOdu|eS Opel‘ate lon Implantation | process-ion-implantation
only on the wafer topography, causing inconsistencies Spin On procest-pin-on

between the grid-based dopant distribution data and the
geometry boundary !nformatlon. To ensure a corregt Tool Control Level
consistent, and concise wafer representation after each ) )
process simulation step, regridding operations have to pel he control level takes care of all aspects of tool invocation,
performed to reflect geometry alterations in the grid structurd®cluding the generation of input decks and command lines,
to purge superfluous grid elements, or to merge dopa{H? connection of input and output streams, the interpretation
information from before and after a simulator call. of return codes, and the extraction of results from output

Fig. 3 sketches the VISTA/SFC data flow in the case of fies. A fundamental problem in_ TCAD tool integration_ is
PROMIS etch operation. For physically based simulations, ttf@used by the fact that many simulators use complex input
regridding operation causes an negligible amount of additiorfck languages, which are rather difficult to represent on the
CPU time. However, in the case of simple geometrical Operféizplmework level in a uniform manner. Therefore, VISTA/SFC
tions, which are very fast in comparison, regridding times afat each functional subset of a simulator as a separate task-
comparable to simulation time. level application For example, the T@REMA [13] simulator

The selection of an appropriate gridding tool potentiallip capable of simulating a number of different fabrication
poses problems similar to the choice of the right simul&rocesses, which are specified in an input deck. For each
tor. Various approaches exist, with new developments cd@Prication process, we define an application that appears to
stantly challenging established solutions. VISTA/SFC providéd€ framework as an independent tool.
a choice of three grid generatorsRIANGLE [16], TRIGEN Applications in VISTA/SFC are either based on external
[17], and \VbRONOI[18], for regridding purposes, with a clear€xecutables or on functions internal to the environment. All
interface provided for the integration of additional gridders. OP€rations necessary to invoke an application and to return

TRIANGLE has proven the most reliable and robust gridddi§ output data are encapsulated biading function,which
of the three alternatives. It is based on a highly flexibigstablishes a uniform interface between the environment and
delaunay gridder and takes care of enforcing a consistent waft applicatior?. Applications can be defined and added to the
state with respect to grid and dopant data, using local gfi@mework during sessions without need for interrupting any
refinement with respect to dopant concentrations. An enhan@dive tasks. A simple GUI is generated automatically from
refinement technique delivers rapid variations of grid densit)e definition of the binding function. If complex interdepen-
and thus minimizes the global number of grid points. As f€ncies of an application’s parameters have to be reflected in
reuses existing grids, numerical inaccuracy is reduced to¢ GUI, more sophisticated interfaces can be defined by the
minimum and the creation of additional grid points is restricte¢Ser Via an object-oriented GUI generator.

to areas where it is necessary.

3Using a standardized VLISP function pointer as interface between the run
2In a typical multitool process flow simulation scenario, numerous caltontroller and external tools keeps the interface as flexible as possible, while
to the gridding utility are made to reconcile tool output with pre-existingtill allowing for the automatic generation of the function code from a more
data. We have found it to be extremely helpful to differentiate between “nevebstracttool descriptionto minimize manual coding efforts. As VLISP does
data generated by a simulator, and “old” data that already is the result ohat differentiate between code and data, it is ideally suited for code generation
regridding operation. applications.
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L Resources I [ ts4-diffuse |
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Process Flow Simulation Flow

Fig. 6. Mapping from process steps to tool steps: tool agents generate simulator input statements for each step in the process flow.

individual process steps. A standardized representation of

) , process flows forms the basis for process development,
F|Ief Blockg Edit 4 .. . . . .

- = process optimization, process centering, and yield im-
[l Select tool provement, and facilitates process data exchange between
:;j SCREEN OXDE HIRTPR oS lsotropie Eteh-——— TCAD, process deyelopment, and fabrication. Atter_npts to
L5 TAl ~ gggm:gm::::acgc'z'mp'ﬂ"tam define a standardized vocabulary for representation and
[ o 1| | PROMIS Unidirectional Depositior interchange of process flow information have met several
-3 GATE o o challenges from the complexity of the physical processes

¢ POLY1 ] ; ; ; ; ;
8 GATE PATTERN { [ SomtpLE Anisotropic Exching and the variety of equipments and recipes in a rapidly
l;: SPIN ON RESIST 1 || SAMPLE Conical Deposition evolving technology [20]-[25]. Some process simulators
GATE MASK .| SAKMPLE Dual-Source Deposition id fl ificati hani . thei
o DEVELGP 1 SAMPLE Hemispherical Depositior provide process flow specification mechanisms in their
" || SAMPLE Isotropic Deposition input languages [13], [14], [26]. Tailored to a particular
STRIP RESIST | SAMPLE Isotropic Etching s . ;
-3 SPACER | SAMPLE Planetary Deposiion | 1 toOI's view of semiconductor technology, these process
s Svb oxioe | SaMPLE nidirectional Deposition 11 flow descriptions cannot be communicated between different
-1 SD 10 gggng;zt:fubdomai" tools. The existence of multiple formats for multiple
0 CONTACTS 1 || SKETCH Grow Epi tools is a significant barrier to the integrated use of
4| SKETCH Mask
it : these tools [27].
o| SKETCH Spin On . .
%EATSCSPS;SWSZﬁiﬁm Throughout the semiconductor industry, process flow repre-
1] ™A SUPREM4 Diffusion ‘ sentations (PFR) of various formats are being used to capture,
v ok communicate, and store technology data. Unfortunately, these
standards are not shared across different companies, as a lot of
delete | insertafter | _insertinto | defete derive|_addderive [ 1 jmplicit information is required to actually translate a design

given as process flow and mask data to silicon. Thedden
Fig. 7. Visual flow editor for hierarchical flow definition and tool selectionqats include silent agreements on proprietary procedures
o . o recipes, and etchants, as well as detailed knowledge of the
Specialized simulators often understand a rich input degk i-ation equipment available in a particular fab.
syntaxz enabling the experienced user_to formula_\te com_plex-rhe VISTA/SFC process flow representation describes
analysis tasks. From thg process engmeer’s point of V'el%ocess flows as sequences simulator-dependentand
however, only a few variables in the input deck may be Qi jator-independentstatements. A set of simulator-

interest. In VISTA/SFC, a simulator together with a SpeC'f'ﬁependent statements forms the core layer for calling process

input decktemplatemay be defined as an application by itselfy,y jevice simulation applications. They provide direct

Thekt_emplalte IS ?i_mllgd frorp an l(IaX|st|ng_|n_put dECk_ byl S'm_fslé(ccess to simulator parameters and are primarily used during
marking refevant nelds, optionally specn‘ymg physical uni ﬁ?ol development and tool calibration. Table | gives a list of
value ranges, and arbitrary expressions and function calls {o X . . ; o

. 2 . ) o . resently integrated simulation tools, respective fabrication
derive a field’s value. For interactive editing, an input panel Socesses. and svmbolic names
automatically created from the field definition in the templal% ' y )

file (Fig. 4). In this fashion, pre-existing process and devi I_Each step in a process flow 'S 'de’_“'f'ed by a name.
Qﬁ’ﬂs name is used to reference split points and output data

simulation input deck libraries can be easily integrated WithoH ) . . :
e uring simulation. All input parameters as well as generated
rewriting in a new language. i .
output data items are accessed by symbolic names for use
in process analysis and optimization tasks. The process flow
IV. PROCESSFLOW REPRESENTATION representation supports hierarchical and parameterized process
Modern VLSI manufacturing processes consist of sevenalodules that allow the definition of large process flows in
hundred fabrication steps [19], with a wide variety oferms of predefined blocks (Fig. 5). These blocks can be nested
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Fig. 8. Visual user interface showing experiment split tree with 93 experiments (24 visible) and monitor window for active and queued system jobs.

to arbitrary levels, reflecting the subdivision of industriahame, a new statement can be defined as a specialization of a

process flows in process modules, process submodules, progesdified step with additional attributes.

steps, and operations. Mapping from process statements to simulator steps is
Processstatements in the flow description specify fab”accomphshed byool agentswhich reconcile equipment and

cation process steps in a simulator-independent way. T r)()cess views with simulator models and input requirements.
form a technology-focused vocabulary that is used as co
|g 6 shows the basic mechanism for converting a tool-

mon representation for TCAD and manufacturing. Table
gives a list of available basic process steps. To accommod%ependem process flow description into a simulator-specific

additional processes and to specify process steps in greﬂﬂ%’ Each step can have attributes attached to specify the sim-
detail, the process flow statement vocabulary is extensible #tor, and to supply values for simulator-specific parameters
defining new entries. For a given statement, any number fof grid-manipulation and calibration purposes.

specializations can be added as new statements with certaiat each step, project-specific resources are merged with
parameters set to the desired values without need for additiofidse attributes to yield a complete set of simulator input data.
coding. If a sub-sequence of steps can be mapped to the same simula-

For Iexg\rygle’t BCXD omdestepﬂ IS derlvgd frt(;m a MOr€ 4y these steps are grouped together to form a single simulation
general step by permanently assigning the va step in order to minimize the number of system calls.

to the material parametef. To capture all relevant technology fini d L f . db
information, each step can carry any number of attributes suche ining and maintaining process flows Is supported by

as the precise type of equipment or additional parameters A@t interactive GUI-based flow editor (Fig. 7). In addition to
available in the basic process step. By assigning a symbdliccomprehensive set of basic editing capabilities, advanced
features such as including and parameterizing process modules

4Possible ambiguities in material names are resolved by a material data b%gg prowded For programmlng purposes, an ObJECt -oriented
[28] that uses an inheritance-based strategy to identify material specificatidiiterface has been implemented that simplifies creation and
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out. Cut-lines and cross sections for defining simulation areas
are specified in an integrated layout editor [29]. Lithography
masks are specified by name, boolean operations are used to
derive a mask from a set of layout layers.

V. RuUN CONTROL

The run control module handles the automatic execution
of multi-step process flows. It has been designed to support
different stages of TCAD process development, from tool
development and process design to automatic scheduling and
parallelization of split-lot experiments. Great emphasis has
been put on aiding in process flow debugging during early
design stagesingle-step, stop-and-resunamdreworkmodes
efficiently support the exploration of the design space.

Process flows are submitted for simulation either from the
visual user interface or from a batch file. All user interac-
BT - tions are fully available during active simulations. Moreover,
Logical- LI_xoutfile_ 1 -1 process flow simulations can also be requested by other
S e ' = applications in a client-server manner, e.g., a number of
process simulation runs are started by a design-of-experiments
module or an external optimizer, which are notified upon
completion to read the generated wafer data and extracted
parameters for further processing.

Fig. 8 shows the visual user interface during parallel exe-
cution of a large split-lot experiment on a UNIX workstation
cluster. Ninety-three experiments were generated with a full-
factorial center circumscribed (CCC) design for seven process
parameters of a 0.3pbm ultra low power CMOS process [30].
The upper part of the screen displays the experiment split tree
generated by the CCC design.

The leftmost column contains a list with process step names.
Runs appear from left to right, the step sequence flows from
top to bottom. Split-branches appear to the right of their
parents. In this example, runs 5, 9, 13, and 3 split from run
1, runs 69, 21, 37, and 53 split from run 5. No rigid split-tree
exists, but split-points are generated dynamically by searching
for the best match among existing runs. Colors are used to
clearly mark the state of runs and steps. At each run entry, a
pop-up menu is available to directly access run information,
to remove run data, and to stop and resume execution. Post-
processors are launched automatically to display run output.

VISTA/SFC supports the simultaneous execution of multiple
projects. The user uses tReoject menu to select the project
to display in the main window. All other active projects

Fig. 10. Net doping distribution in CMOS inverter after simulation ofare disconnected from the GUI and continue to run in the
metal 2. TheN-device on the left side uses an LDD structure and a

anti-punch-through implant. Background.

Fig. 9. The final CMOS structure including two metal layers.

Bt Daping-SL -Concentration 1/ce™3

modification of flow descriptions by user-written applicatiéns.
It also provides interactive editing functions for plain text
terminal operation. In the following section, the application of the VISTA/SFC
The interface between process simulation and device desgjivironment to the modeling and analysis of VLSI fabrication
is based on lithography mask data that are either specifiedp&gcesses is demonstrated by the simulation of a complete
numerical coordinates or derived directly from the device lagtandard silicon-gate LOCOS CMOS process [31] using a
5 . . . hﬁterogeneous set of simulation tools. Based on this capability,
For example, an automatic conversion tool has been implemented, whic d h l licati h Kl |
uses this interface to produce a VISTA flow description from input decW®€ emonStrate ow client applications on the task level can
specifications in a NORMAN [4] input file. be defined.

VI. APPLICATIONS
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TABLE 11l
CMOS FROCESS SEQUENCE USING 55 SMULATION TooL STEPS
Module Mask | Process Step Tool
Substrate (100}-oriented, p-doped silicon (p = | SKETCH
10mSlcm) with a 12um epi layer (p =
10Qcm)
N-Tub NW | Lithography SKETCH
N-Tub Etch Prowuis
Strip Resist SKETCH
Screening Oxide tox == 50nm Prowmis
N-Tub Implant Phosphorus (150keV,5 - 10" 2cm—?) Prowmis
N-Tub Diffusion 1150°, 150min, N Prowmis
Strip Oxide SKETCH
Nitride Oxide O3z, tox = 26nm TSUPREM4
Nitride deposition tnitride = 150nm PRroMIS
OD | Lithography SKETCH
Nitride Etch Prowis
Strip Resist SKETCH
Channel Stop NWI | Lithography SKETCH
Oxide Etch PROMIS
Channel Stop Implant Boron (16keV, 5102 cm~?) PrROMIS
Anti Punch-Through Anti-Punch-Through Implant Boron (180keV, 8 - 10 Tcm~?) Promis
Strip Resist SKETCH
Field Oxide Field Oxidation 960°, Hy, O3, tor = 850nm TSUPREM4
Etchback toz = 500nm ProMIS
Gate Gate Oxidation tox = 25nm TSUPREM4
Screening Poly tyoly = 100nm Prowmis
Threshold Adjust Implant Boron {45keV, 9 - 101Tcm™?) Prowmis
Gate Poly tpoly = 400nm PRrOMIS
PS | Lithography SKETCH
Poly Etch PrOMIS
Strip Resist SKETCH
N-5/D SN | Lithography SKETCH
N-LDD Implant Phosphorus (100keV, 2 - 107%cm—2) promis
Spacer TEOS Oxide toz = 300nm TEOS-oxide ProMis
Anisotropic Etch ProMis
Screening Oxide toz = 30nm ProMis
SN | Lithography SKETCH
N Source/Drain-Implant Arsenic (100keV, 5-107%cm™2) PROMIS
Strip Resist SKETCH
P-S/D SP | Lithography SKETCH
P Source/Drain-Implant Boron (30keV, 3-10%cm™?) ProMIS
Contacts TEOS oxide (toz = 800nm) PROMIS
Reflow 900°, Ha, O3 TSUPREM4
CO | Lithography SKETCH
Oxide Etch Prowis
Strip Resist SKETCH
Metal 1 Al Deposition Prowis
IN | Lithography SKETCH
Al Etch SKETCH
Planarize Plasma Oxide tor = 1.2um Prowmis
Resist Spin-On SKETCH
Etchback ProMis
Vias COS | Lithography SKETCH
Oxide Etch Prowis
Strip Resist SKETCH
Metal 2 Al Deposition Prowis
INS | Lithography SKETCH
Al Etch Promis
Strip Resist SKETCH
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A. LOCOS CMOS Process was used. It is based on extremely stable cell-based algorithms

The process flow contains all types of fabrication proce§§‘d contains a number of physically sound models for a variety
steps occurring in modern VLSI technology and uses elevh topography processes. Lithography steps are performed
lithography masks. Simulation was carried out up to the secofyl the SKETCH tool, which operates as a simple geometry
metallization layer, using 55 tool steps. The simulated structui@nipulator and provides mask pattern transfer and material
is a CMOS inverter, containing most of the relevant intrinsigtrip capabilities where no accurate simulation of optical
and parasitic devices. The final topography is shown in Fig. ghenomena is needed. All implantation steps have been carried

To achieve accurate and realistic modeling of etching amdt with the PROMIS implantation module [26]. Diffusion has
deposition processes, the PROMIS ETCH module [15], [3BEen realized with the PROMIS-NT diffusion module [33],
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[34], which offers the possibility of solving different models ya-reping-gi-concantrasics 1/mma
on each material segment and therefore greatly facilitates
investigation of advanced effects in state-of-the-art devict
Oxidation and diffusion in reactive environment have bee
carried out with TSUPREM4 [13].

An overview of the process is given in Table Ill, a detaile
description can be found in [31, p. 370]. Fig. 10 shows tt
resulting net doping concentration in both thé and P
devices. Despite the interaction of fundamentally differe
simulation tools and the large humber of simulation steps, fu
automatic simulation has been performed without the neces:
for user interaction at any point of the simulation.

Using the framework’s built-in dynamic load balancing
mechanism on a DEC 3000 600 workstation cluster, tl
total computation time for all process simulation and regr
operations amounts to less than 17 h of real time, 35 nr
were spent on regridding. 3.3% of the total time are used 1
file 1/0. The overhead caused by regridding and writing «
intermediate results amounts to approximately 7%. § :

Fig. 11 shows a detail of the resulting triangular gri e T
after the last process step. 13000 grid nodes are usec ) '
accurately resolve arsenic, boron, and phosphorus distributi
generated by PROMIS, PROMIS-NT, and TSUPREM4. Auig. 11. Grid detail of N-device spacer area with LDD, channel and
grid operations, from the generation of the initial grid t@nti-punch-through implants after simulation of metal 2.
merging and updating grid data at various points in the process
flow, have been carried out by TRIANGLE.

dwaty

the RSM! an expression is defined on the response surface:

B. Task-Level Applications (Define — Response ‘halo — target
. . /
On the task level, VISTA/SFC represents the entire process : expression’(and vth (abs
flow simulation as an object. This object can be used to solve (/ibvth)))).

more complex problems. The following lines of code give a
glimpse of possible applications.

To assess the short-channel effect in the NMOS device,
statement below loops over a list of gate lengths and runs
current process flow model for each valuel@f.

In this fashion, arbitrarily complex applications can be
%reated, combining the simulation capabilities of the run-
the .

t%ontrol module and the full range of expressions of the
extension language. Graphical user interfaces to assist in the
interactive generation and visualization of RSM’'s and are

(dolist 1g(0.30.40.50.751.01.5) under development.

Run — P :gate — lengthlg)).
(Run rocess : gate ene g)) VII. CONCLUSION

To create a response-surface model describing the depenfhe VISTA/SFC environment offers powerful support for
dence of the threshold voltage on the halo implant parametergfious TCAD tasks that require a smooth cooperation of a
two task-level commands are ust#irst, a single statement multitude of heterogeneous simulators and applications. Its
is evaluated to run the necessary simulations using the censebpe spans a broad range of TCAD aspects from data level
composite inscribed (CCI) design for the dose, energy, aindegration and tool control to process flow representation

angle parameters of the halo implant: and simulation data management. Special emphasis is put
on the fact thatbpennesdoward the integration of arbitrary
(Run — Doe CCI : parameters simulation tools is a key issue in the design of VISTA/SFC.
y g
'(halo — dose halo — energyhalo — angle) This includes straight-forward definition of tool bindings as

well as the capability to handle different data formats for
wafer representation. All functionality is not only available via
(halo — energy 15.25.) comfortable and problem-oriented graphical user interface, but
(halo — angle 15.45.))). is also accessible in batch-mode operation. Therefore, large-
scale experiments and optimizations can be run as detached
Subsequently, the RSM is extracted using @reate-RSM  processes somewhere on a remote machine or across phone
statement. To add an additional response for optimization 9 \ote that res surf del ted in th
ponse-surface models are represented In the same way as

: range '((halo — dose lel12 1e13)

process simulation tasks. VISTA/SFC does not differentiate between the
6For the sake of conciseness, some minor details have been omitted ingkieluation of a response surface model, the evaluation of a simulation task,
example; see [9] for a more extensive discussion. or the evaluation of any other user-defined application.
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lines without need for maintaining an interactive session. [a1]
addition to built-in capabilities for split-lot experiments and
automatic parallelization of computation tasks on workstati B
clusters, a clear high-level programming interface is available
for defining more complex TCAD applications, using simula-

of autonomous operation thus achieved liberates the user from
attending the TCAD tools and makes human time and eneriyl
available for more creative tasks.
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