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ABSTRACT 

This paper describes the PREDITOR process editor and slatisiical simulator. PREDITOR provides interactive 
process editing and statistical process/device simulation. PREDITOR is implemented using the Chip Database (CDB), 
a 3-D geometry and field database for representing the results of IC process and device simulation. A process step 
abstraction pwnnits the details of database access and the simulation model to be hidden from the process flow 
m;mipulation tools. This makes it possible to add external simulators such as SAMPLE and SUPREM-IV to the list of 
possible process and device simulation models, with only local changes to the PREDITOR code. Using fast analytical 
models, process simulation and device parameter extraction for a CMOS inverter takes 1.3sec on a DECstation 3100. 

1. Introduction 
Dcvclopmcni of a new iniegraied circuit technology requires the development of unit process steps and process 
synthesis. Process synthesis requires both the specification of a process flow, or recipe that defines the sequence of 
unit process steps used during fabrication, and the device topography defined by the lithographic masks. In order to 
minimize the amount of physical experimentation and reduce the time required to develop a new technology, 
technology computer-aided design (TCAD) tools such as process and device simulators have been developed. 

TCAD tools were originally developed independently of each other, using their own input and output file formats, 
and simulation control. However in order to accelerate process and device development, it is necessary to integraijc 
multiple process and device simulators into & framework so that the simulators can easily communicate. A standard 
technology CAD framework has been proposed to lie together the various asf)ects of process and device simulation, 
such as data representation, data conversion, visualization, and simulation control [1]. A key aspect of the TCAD 
framework is the need to describe the wafer state during process and device simulations. This wal'er stale includes 
the fabricated geometrical structures and fields such as doping profiles, and is known as the semiconductor wafer 
representation (SWR). There are several existing SWR implementations [2, 3] based on the Profile Interchange 
Format (PIF) [4]. A standard for an SWR database interface is under development [5]. 

Early efforts in developing integrated process/device simulation tools include SIMPL [6], which provided an 
environment for interactive 2-D process/device simulation, and the Process Engineer's Workbench (PEW) f7j. 
PEW provided an interactive environment for developing the process flow and mask set, and then compiling it into a 
process supervisor for use in the FABRICS II statistical process/device simulator [8]. An important part of the PEW 
system was a database for representing the 3-D structure of the chip. 

PEW and its geometry database had a number of limitations, such as the difficulty of interfacing third-party process 
and device simulators, and the inability to represent mesh descriptions of fields. In response, the Chip Database 
(CDB) was developed to address these problems, and to provide a flexible semiconductor wafer representation 
database that could easily accommodate representation needs of new process and device simulation models. The 
PREDITOR process editor and statistical simulator was developed using CDB. PREDITOR combines the features 
of both PEW and FABRICS in providing both a process editing and statistical process/device simulation capability. 
In the following sections we first describe PREDITOR and its use of the CDB database, give some PREDITOR 
examples and performance data, and conclude with directions for future work. 

2. The PREDITOR System 
PREDITOR (PRocess EDITOR) is a process editor and statistical process/device simulator. Process flows can be 
iiiicraciively specified and both nominal and statistical process/device simulations performed. Simulation results 
can be viewed in a variety of ways including cross-sections and graphs. The organization of PREDITOR is shown 
in Figure 1. 

The CDB databa.sc [91 provides the basic 3-D geometry and field representations necessary to store the wafer stiile. 
CDB is organized to provide fast access to support analyticiil models and statistical simulation. At the same time, it 
is general enough to accommodate numerical simulation models. The surface of the wafer is broken into rectangular 
regions. Within each region is a unique stack of layers and fields, along with surface descriptions defining the 
iiiicrfacc between layers. All the objects in the daliibasc can have name-value attributes attached to them, providing 
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Fig. 1: PREDITOR Organization 

database extensibility. CDB extensions are provided as needed to accommodate new simulation models. Examples 
of such extensions include new mesh types, such as a triangular mesh, and new surface model types, such as 
piecewise linear or cubic spline. 

The basic unit manipulated by PREDITOR is the process step. The STEPS module provides an abstract data type 
for process steps. A process step is a parameterized simulation routine such as a process simulation step or data 
extraction step. Data extraction steps are treated as equivalent to process simulation steps so that they can be 
inserted into the process recipe for taking the equivalent of in-line measurements. This module provides facilities 
for creating and editing process steps, assembling them into process recipes, and editing the recipes. These recipes 
can then be executed to modify the database or extract information from it. 

New process steps are made known to the system by writing step models. The step model is a data type which 
contains information about step parameters such as parameter names, types, units, and default parameter values, as 
well as a simulation routine to call with the parameter values when the step is executed. For example, once the data 
structure for an ion implant step is specified, one can create an implant step using the Implant Model by simply 
calling: ~ 

imp_stcp = CDB_Step_Create(Implant_Modcl); 

This creates an Implant step and sets the parameters (dopant, dose and energy) with the default values. The 
parameters can be modified using the data access functions in the step model. Once the parameters are set, the step 
can be executed using: 

CDB_Step_Executc(imp_step); 

By using the STEPS module, the process simulation and data extraction routines can all have a common interface to 
the system. Since the process flow parser, file writer and graphical editors do not have to be modified with the 
addition of new types of processing steps, new steps can be easily added. 

A menu/forms-based process flow editor uses the STEPS module to specify a process. A simple mask editor 
permits the user to specify the artworic associated with the lithography steps. A process/device simulator then 
executes this process flow using the appropriate simulation models. After the simulaUon is performed, the user can 
examine the data stored in the CDB database. This can be done a number of ways: 

• Print the values of the attributes (global or region-specific) using the attributes' "Print" function. 
• Display the surface of the chip using different colors for the different surface materials. 
• Plot the doping profiles in a given region. 
• Plot a cross-sectional view along a cut line. 
• Extract a doping profile mesh along a cut line and display the carrier concentration and electric field 

meshes returned by the Poisson solver. 
• Print the values of the extracted device parameters. 
• Plot the I-V curves of the extracted devices. 

Once the user is satisfied with the nominal process/device simulation, the process can be simulated statistically. 
This is done by perturbing the process step input parameters using a normal distribution and user-supplied variances. 
The device parameters for each simulation are then stored for analysis. After a statistical simulation, the user can: 
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• Print the device parameters for a particular run. 
• Print the means, variances, maximum or minimum of the device parameters. 
• Display a histogram of a device parameter. 
• Display a scattergram comparing two device parameters. 
• Write the statistical information out to a file for further analysis. 

PREDITOR currently combines the capabilities of both PEW and FABRICS. The STEPS module was used to 
encapsulate the FABRICS simulation routines, so PREDITOR is able to provide all the process editing and 
interactive simulation capabilities of PEW as well as the statistical simulation capabilities and performance of 
FABRICS. Additional simulation routines have been written to take advantage of the flexibility of CDB and its 
extensions. Examples include a 2-D small-geometry MOSFET device model and a Poisson equation solver that 
both make use of a 2-D rectangular mesh of doping concentrations. The SAMPLE topography simulator [10] has 
also been interfaced. This required extending CDB to include piecewise linear surfaces. These same CDB 
extensions arc used to represent the geometrical structures generated by SUPREM-IV [11]. 

The modular structure of PREDITOR makes it possible to quickly add new CDB data types and new simulation 
models. For example, the SAMPLE interface was developed in only two person-weeks. This effort consisted of 
writing a piecewise linear surface model extension to CDB, and writing a wrapper for SAMPLE in order to accept 
simulation inputs from PREDITOR and store simulation results in CDB. 

3. PREDITOR Examples 
To illustrate the use of PREDITOR, a 48-stcp CMOS process was entered and the three mask levels (well, active 
area, polysilicon) for an inverter were defined using the menus and forms of the user interface. A cross-section of 
the N-channel device is shown in Figure 2. A histogram of the N-channel threshold voltage is shown in Figure 3. 
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Fig. 2: Cross-scciion (5.6̂ 1 wide) of an N-channcl 
transistor after source-drain implant. The 
gate-definition resist was not stripped so that 
it would be visible here. The resist profile 
was generated by SAMPLE 1.6A. 

Fig. 3: Histogram of N-channcl transistor threshold 
voltage. The simulation used 100 samples, 
with standard deviations of 3 degrees on all 
temperatures, and 10% on all limes, 
diffusivitics and implant doses and energies. 

4. PREDITOR Performance 
PREDITOR has been run with three example process flows to gather performance information. The processes arc: 

• NMOS - a self-aligned NMOS process with 20 simulation steps and two masks which define an 
enhancement transistor. 

• CMOS - a CMOS process with 48 simulation steps and three masks which define an inverter. 
• Bipolar - a bipolar process with 47 simulation steps and six masks which define an inverter. 

Process simulation and device parameter extraction times for the three example process flows are shown in Table 1. 
These limes arc on a DECslalion 3100. The CMOS and bipolar process simulation times are significantly larger 
than the NMOS simulation time due to the incrciiscd number of process steps, and the increased number of masks, 
which results in more regions. For each process step, database access time lakes 14-34% of the CPU time. These 
overheads may seem large until one considers that these figures are for fast analytical models which involve only the 
evaluation of simple functions. For numerical simulation, the database access lime would be insignificant. Due to 
ilic comer-sliiched data structure, tlie time to randomly access a region grows as V^ for N regions. For a typical 
CMOS inverter and industrial process How, with about 2(X) regions, the random access time to any one region is 
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0.3ms. In actual process simulation with analytical models, neighboring regions are examined one after the other, so 
the region access time is the cost of a pointer dereference. 

For statistical simulation, all temperatures were varied with a standard deviation of 3 degrees, and all times, 
diffusivities, and implant doses and energies were varied with a standard deviation of 10%. The 100-sample 
simulation times for the different process flows were: 

NMOS 28.1 sec 
CMOS 127.2 sec 
Bipolar 155.6 sec 

The distribution of N-channcl threshold voltage in the CMOS process is shown in Figure 3. 

The amount of memory used is highly dependent on the number of regions generated and the size of the attributes 
stored there. In the example process flows, only analytical doping profiles are used, so no mesh information is 
stored. The size of the database for these examples is shown in Table 2. For complete industrial process flows, a 
p-well CMOS inverter takes an average of 180KB of memory, 300KB worst-case, depending on how many regions 
are created by the mask set. An advanced bipolar inverter takes an average of 187KB of memory, 324KB 
worst-case. These figures assume analytical doping profiles. 
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NMOS 
CMOS 
Bipolar 

20 
48 
47 

0.28 
1.30 
1.57 

0.085 
0.470 
0.510 

NMOS 
CMOS 
Bipolar 

8120 
37400 
51300 

13 
34 
54 

Table 1: PREDITOR Simulation Times Table 2: Database Size for Example Processes 

5. Conclusions 
Experience with PREDITOR has been very promising. It achieves the interactive process editing functionality of 
the Process Engineer's Workbench and the statistical simulation speed of FABRICS. We have demonstrated how 
ihird-party simulators such as SAMPLE and SUPREM-IV can be integrated into the system as alternative 
simulation models. In the future work will focus on integrating more simulators and new simulation models, a more 
modular user interface, and changes to CDB, such as the use of the Hierarchical Chip Database (HCDB) to handle 
large designs. PREDITOR will also track the Technology CAD Framework standardization efforts. 
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