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An Expert System for Polysilicon Recipe Generation

Kuang-Kuo Lin
Department of Electrical Engineering and Computer Science
University of California, Berkeley

ABSTRACT

An expert system that generates process steps for low pressure chemical vapor deposition (LPCVD)
in-situ doped polysilicon is a component of the Berkeley Intelligent Processing System (BIPS). Inputs are
the desired physical and electrical properties of polysilicon, and priorities or limits on process temperature,
time, etc. Tabular, functional, and heuristic knowledge is employed. Outputs include machine-
independent LPCVD process parameters as well as machine-specific commands for direct control of fabri-
cation equipment. Experimental polysilicon films based on recipes generated are close to the input
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PART I: The System Preview

Chapter 1: Introduction

An integrated-circuit (IC) expert system, the Berkeley Intelligent Processing System (BIPS), has
been implemented. It is a system comprised of many smaller expert systems for the IC manufacturing
environment [1-2). The system is aimed at automating the IC manufacturing process starting from the
more abstract and front-end machine-independent design to the more specific and back-end machine-
dependent monitoring and diagnosis. In other words, BIPS provides a complete solution for an IC
manufacturing process by first generating an IC process recipe based on general semiconductor knowledge,
later translating the machine-independent recipe to machine-specific recipe for achieving the required pro-
cessing environment, and then finally mmitmingmddiagnosinéthepmcess.lhehmwledgebaseofBIPS
integrates the heuristic reasoning ability of expert systems as well as conventional quantitative aids for
analysis, design, simulation, data acquisition, and data reduction. BIPS works with quantitative data
relevant to design, fabrication, and test stored in a common INGRES database. The architecture of BIPS is
modular and hierarchical. The architecture is also designed to be easily adaptable to other IC processes. A
specific focus is now on the design and control of the low pressure chemical vapor deposition (LPCVD)
funace process. The first process examined in depth is in-situ doped polysilicon deposition.

In-situ doped polysilicon produced by low pressure chemical vapor deposition (LPCVD) simplifies
polysilicon processing by eliminating a separate doping step. It is a relatively new and complicated pro-
cess involving 11 processing parameters that control the resulting polysilicon film properties. Due to its
level of complexity and practical significance, this polysilicon process was chosen as the first application
domain of BIPS.



This report will start with a brief overview of BIPS architecture, then the report will concentrate on
describing the front-end expert system recipe generator of BIPS for the LPCVD in-situ doped polysilicon.
The inputs to the recipe generator are the desired physical and electrical properties of the polysilicon, and
priorities or limits on process temperatures, process time, etc. The outputs include machine-independent
LPCVD process parameters as well as machine-specific commands for direct control of the fabrication
equipment. |

The recipe generator partitions the knowledge base into general semiconductor knowledge and local
equipment knowledge for an easier adaptation to individual integrated circuit (IC) manufacturing environ-
ment and a better IC process design environment. In addition, the generator supports the process design by
employing diverse knowledge such as quantitative, qualitative and empirical knowledge. It also incor-
porates intelligent functions such as modular determination of the processing parameters and hypothetical
generation of different possible operating scenarios. Interactive bit-mapped graphic displays present the
engineer with all vital processing information. The recipe generator is linked to other modules of BIPS to
provide direct monitoring and diagnosis of the on-going process [12-13). The entire BIPS system is one
aspect of our current effort to incorporate expert system technology in Computer Integrated Manufacturing
(CIM) o improve both quality and productivity in IC processing.

BIPS has been developed using the Automated Reasoning Tools (ART) from Inference Corp. and
Texas Instruments (TT) Explorer workstations. The present version has approximately 12,000 lines of code

(with around 5000 lines for the recipe generator) consisting about 300 rules and 200 schema® (frames).

® A strocture within a knowledge base that relates objects or classes of objects that share certain propexties [10].



Chapter 2: An overview of the architecture

2.1 The architecture of BIPS

Within the BIPS architecture, the polysilicon design capability is partitioned into 3 modules: the

recipe generator, the recipe interpretor and the recipe supervisor.

Recipe
Box 1
Generator
Recipe (translator/compiler)
Interpretor
Box 2
Recipe (monitor/diagnosis)
Supervisor Box 3

Fig. 2.1 BIPS architecture



The recipe generator (box 1 of Fig. 2.1), which is the front end module of BIPS, accepts higher-level
goals such as the desired physical (e.g. thickness) and electrical (e.g. resistivity) properties of the polysili-
con, and priorities on processing parameters, as inputs. Then the generator will synthesize equipment-
independent recipes containing the processing conditions (such as the deposition temperatures/time,
annealing temperature/time, pressure, gas flows, etc.) from its internal semiconductor knowledge base.
The recipe generator is in one sense the reverse of many IC process simulators (such as SUPREM), which
usually derive the goals from an input deck of trial processing parameters. Recipes from the recipe genera-
tor are equipment independent and therefore are portable between different manufacturing environments.

In order to provide a complete solution down to the machine executable level to process the wafers,
the translatoricompiler module (i.c. the interpretor) (box 2 of Fig. 2.1), where most of the local equipment
knowledge base resides, maps the equipment independent recipe to equipment dependent and executable
recipe. The equipment dependent and executable recipe consists of the specific equipment knob settings
such as the temperature ramping rates and gas valves controls to achieve the required processing conditions
specified by the recipe generator.

Finally, the ability to generate an equipment executable recipe does not assure that we meet the final
objective. We therefore need to monitor the process to guarantee the achievement of the goals. Hence,
after the recipe is down-loaded to the furnace by the translator/compiler module, the monitor/diagnosis
module (i.e. the supervisor) (box 3 of Fig. 2.1) will display vital run-time processing information. It pro-
duces equipment maintenance wamings and failure diagnosis through graphical displays. All processing
information (goals, recipes and run-time data) will be compressed before storing in the INGRES* database.

* INGRES is a relstional databese system currently used in the Berkeley microfabrication laboratory.



2.2 The architecture of the recipe generator
The complete architecture (Fig. 2.2) of the recipe generator should consist of all of the 6 pro-
posed modules: resistivity, thickness, uniformity, grain size, stress and supporting. It should also consist

of a mixed knowledge base, a numerical interpolator and a hypothetical generator.
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Fig. 2.2 The architecture of the recipe generator
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There are 11 processing variables for the in-situ doped polysilicon LPCVD process. Thus simultane-
ous determination of all the parameters is almost an impossible task (ref. Chapter 4). The strategy of
*divide and conquer” was employed by dividing the recipe generator into 6 submodules (resistivity,
thickness, uniformity, grain size, stress and supporting) to simplify the determination of the 11 pro-
cessing parameters. Each module is responsible for a subset of the parameters and provides
sufficient interactions with the others via parameter passing. For example, the resistivity and thick-
ness submodules control the center-zone deposition temperature, while the uniformity submodule
will determine the temperature relationship between the furnace center zone and end zones®. A
detailed discussion of the modules will be given in Chapter 5.

The recipe generator has a mixed knowledge base. The knowledge base has 3 components: the
empirical knowledge base, the qualitative knowledge base and the quantitative knowledge base.
Since the in-situ doped polysilicon LPCVD process is not a well-understood one, a complete quanti-
tative solution derived entirely from first principle is infeasible. Hence for practical reasons, the
recipe generator has to rely on different types of knowledge, i.e. the empirical, the qualitative and the
quantitative, to solve the problem. In Chapter 6 the report will discuss the roles and interactions of
the knowledge bases.

A simple linear numerical interpolator was also implemented to aid the analysis of the empirical
knowledge base. A more accurate algorithm, such as the spline interpolation algorithm, will be incor-
porated into the numerical interpolator to provide more precise information. The interpolator will be
mentioned briefly in Chapter 6.

Due to the inherit properties of the problem domain, there are many non-random combinations of the

process variables that can satisfy a given set of input specifications. Therefore we have incorporated

¢ Conventional IC furnace is designed with several temperature zones for temperature controls Usually temperatures are
sctup differenily in esch zooe 10 control the growth rate of the deposition material.



a hypothetical-generating capability into the recipe generator. The recipe generator will provide
users with different possible scenarios and let the user explore altemate results. Alternatives are
presented to the user in an interactive manner intended to stimulate creative thinking. Chapter 7 will

give the implementation details of the hypothetical generator.



Chapter 3: Comparisons with conventional approaches

3.1 Synthesis vs Simulation

BIPS is m one sense the reverse of many current IC process simulators (e.é. SUPREM). Traditional
IC process CAD tools are simulation-oriented. Users must supply the processing steps for simulation and
hopefully, by trial and error, obtain the desired results. BIPS, on the other hand, is goal-oriented. It syn-
thesizes the processing steps from the given processing goals, such as the polysilicon thickness and resis-
tivity for a polysilicon deposition.

3.2 Direct link to equipment

BIPS can down-load the generated equipment executable recipes to run the process. Ad hoc fire tun-
ings of the equipment for different processing goals will be minimized. This implies a shorter turn-around
time, which is especially essential to Application Specific Integrated Circuit (ASIC) production. Also,

direct links to equipment enables monitoring and diagnosis so as to ensure on-target results.

3.3 Partition and Classification of Knowledge

The modular and hierarchical separation of the general semiconductor knowledge (which resides
mostly in the recipe generator module) and the local equipment specific knowledge (which resides mostly
in the translator/compiler module and monitor/diagnosis module) result in the following advantages:
(1) A simpler design environment: Conventionally, IC process engineers/technicians needed to be fami-

liar with general semiconductor knowledge and local equipment knowledge. Both types of
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knowledge are difficult to acquire and accumulate, and both are required for writing complicated
CAD simulation instructions to achieve the design goals [4] (sample run shown on Appendix 1, pg.
52) and for translating the confirmed simulated results to equipment executable codes for processing
the wafers (sample equipment codes shown on Appendix 2, pg. 53). BIPS generates recipes down to
the equipment settings based on the specifications of the process goals. Users can now concentrate on
the design goals rather than the intermediate processing steps to attain the final goals. BIPS has
simplified the design of a polysilicon recipe by relieving the users of the details of complicated pro-
cessing steps and the equipment-specific commands to execute the steps.

An easier diagnostic environment: Diagnosis is made easier by classifying problems into process-
related problems and equipment-related problems. Process-related problems can be referenced back
to the recipe generator module for possible correction or updating of the existing rules. Equipment-
related problems can be referenced back to the monitoring/diagnosis module for possible wamings or
maintenance actions.

An easier accommodation to frequent changes in fabrication equipment and process [3): Only a por-
tion of the entire knowledge base needs to be modified, without affecting the others, in case of
changes in general semiconductor knowledge base (module 1) or in local equipment knowledge base
(modaule 2-3).

An easier adaptation to local manufacturing environment: With only modifications needed for the

translator/compiler and monitor/diagnosis modules for different vender machines, the BIPS system

can be easily tailored to local manufacturing environments.

Preservation and integration of valuable knowledge: The valuable semiconductor knowledge and
equipment specific knowledge, that are difficult to acquire at the same time, are being integrated and
preserved in one system.
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PART II: The Implementation Details

Chapter 4: Classification of the operating parameters and determination

of the operating ranges

The 11 processing parameters (3 deposition zone temperatures, deposition time, annealing tempera-
ture, annealing time, gas flows for SiH,, PHs, N, system pressure and system geometry) for the LPCVD
in-situ doped polysilicon deposition are classified into primary parameters (such as deposition temperature,
deposition time, annealing temperature, annealing time, etc.) and secondary parameters (such as N; gas
flow, system geometry, etc.). Primary parameters are first estimated and then fine tuned with reference to
secondary parameters. Processing parameters are confined to practical and well-behaved regions in order to
reduce the search space. For example, the specified polysilicon thickness should be greater than 2000 & to
reduce the dependence of resistivity on thickness. The PHa/SiH, ratio is kept above 0.01 so that both depo-

sition rate and resistivity are less sensitive to the gas flows [5-8].

4.1 The solution space
The system inputs are (listed in order of significance):
(1) Polysilicon film thickness
(2) Polysilicon sheet-resistance (or resistivity)
(3) Polysilicon grain size

(4) Polysilicon stress
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The system owputs are (listed in order of significance):

Deposition temperatures at the 3 furnace zones: load, center and source.
Annealing temperature

Annealing time

Gas flow rate for PH3, SiHa, N2

Fumace pressure

System geometry of furnace, wafer boats, wafer spacing and loading factor.

4.2 Screening and classification of parameters

Simultaneous determination of the values for the 11 output parameters is impossible. Hence prior

screening and classification of the parameters are needed [9]. The output parameters are classified into 2

classes:

O

@

primary - deposition temperatures at 3 zones, deposition time, annealing temperature, annealing

time and PH,, SiH, flow rates.
secondary — N flow rate, fumace pressure and system geometry.

The current preliminary system can determine a subset of the primary parameters (center zone depo-

sition temperature, deposition time, annealing temperature, annealing time and PH3, SiH, flow rates) while

leaving all secondary parameters at their “optimum" values most commonly used in our lab. An algorithm

for determining the relationship between the end zones temperature and the center zone temperature is still

under investigation and not yet implemented in the expert system.
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Also, input parameters are classified into primary (polysilicon thickness and resistivity) and secon-
dary (polysilicon grain size and stress) inputs. The current preliminary version only accepts polysilicon
thickness and resistivity (or sheet resistance) as inputs. We are not able to measure grain size and stress of

the deposited polysilicon in our lab. Modules for these two input parameters are not implemented.

4.3 Preconfinement of the operating ranges

Parameters should be confined to practical and well-behaved operating regions in order to reduce the

search space for a solution. Current operating ranges for the outputs assumed are:

(i) Deposition Temperatures: For short processing time and minimum resistivity, deposition tem-
peratures are confined to the range from 600 to 700 °C. The maximum zones temperature
difference in the fumace for achieving film thickness uniformity is 50 to 70 °C to avoid widely
varying polysilicon grain size along the furnace tube.

(ii) Annealing Temperatures: Usually the annealing temperature is from 800 °C to 1100 °C to
minimize the dopant movement from the previous processing step.

(iii) Gas Flows: To simplify the design process, the ratio of PH; flow rate to SiH, flow rate is res-
tricted to be greater than 0.01 (PH, / SiH, >= 0.01). With this restriction, the deposition rate
and resistivity of the deposited polysilicon are relatively insensitive to PH; and SiH, flow rates.
As limited by the mass flow controller in the furnace, the PH; flow must be greater than 1 |

sccm”®. Finally the SiH, flow should be greater than 100 sccm for better film coverage.

(iv) System Pressure--Since this is an LPCVD system, the operating pressure is around 300 mtorr.

¢ siandard cubic centimeter per minute
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For the inputs, to further simplify the process, we restrict the specified polysilicon thickness to be
greater than 2000 A in order to eliminate the resistivity dependence on thickness. Resistivity is restricted
within the range of the empirical data which is currently from 4.6x10™ to 1.3x10~2 Q-cm.
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Chapter S: Functionalities of the modules and their interactions

The complete plan for the recipe generator has 6 modules: resistivity, thickness, uniformity, grain
size, stress and supporting. Modules which determine the primary parameters (ref. Chapter 4) are imple-
mented first. For example, the resistivity and thickness modules which estimate the deposition
temperature/time and annealing temperature/ftime are implemented as the first two modules. Modules
responsible for secondary parameters (ref. Chapter 4) will be implemented later as they require the values
of primary parameters for fine tunings. For example, the uniformity module will determine the end zones’
temperatures after the center zone temperature is determined by the resistivity and thickness modules.

The first version of the recipe generator only implemented the resistivity and thickness modules. The
uniformity module will be implemented once the proposed algorithm, discussed very briefly in Ch. 10., is
verified by further experiments. The supporting module will be done after the uniformity module. The
grain size and stress modules will be implemented if we have appropriate equipment available to measure
the grain size and stress in the polysilicon film.

The detailed functionalities of the modules are described below:

(1) Resistivity module: determines the deposition temperature, the annealing temperature and annealing
time based on the specified input resistivity (or sheet resistance). The algorithm is a mixed approach
employing qualitative, quantitative and empirical knowledge (see Ch. 6). The system basically esti-
mates an initial operating range from empirical data, and then subsequently narrows the operating
(search) ranges by qualitative and/or quantitative criteria.

(2) Thickness module: The deposition rate of the polysilicon process is exponentially dependent on the

temperature shown below.

G=Cexp(F) G.D
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where
G=film growth rate
E=activation energy
R=universal gas constant

T=temperature
C=complicated constant depending on gas flows, system geometry, etc.

Thus once the temperatures are determined from the resistivity module and the values are passed to the
thickness module, the deposition rate and hence deposition time can be calculated based upon the input
specified thickness. Because the pre-exponential constant C in the equation shown above depends on fur-
nace geometry and gas flows at each location of the tube, it is hard to extract. Instead, we use the design
graph "deposition rate vs deposition temperatures” (Fig. 6.4) for wafers clustering at the center zone of the
tube to determine the deposition rate and hence the deposition time.

(3) Uniformity module: Because the reactants (e.g. PHj, SiHy, and etc.) are depleted along the tube, the
thickness of the deposited polysilicon will decrease along the tube if a flat temperature profile is used
for deposition. Referring to the deposition rate equation (5.1), this implies that the pre-exponential
constant C decreases with distance. Hence to maintain a uniform thickness independent of wafer
position, we need a temperature gradient to compensate for the depleted reactants, i.e. the tempera-
ture in the front-zone should be less than the temperature in the back-zone. The relationships of the
end zone temperatures (TempL--load zone temperature, TempS—source zone temperature) and the
center zone temperature (TempC) can be determined based on the prior information from the first
two modules and a proposed algorithm described very briefly in Ch. 10.

(@) Grain size module: determines the recipe based on the grain size requirement. The polysilicon grain

size is very sensitive to the deposition temperature. Thus the temperature gradient set up for a
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uniform polysilicon thickness should be kept minimal for a lesser variation of the polysilicon grain
size. Although we can use the Scanning Electron Microscopy (SEM) technique, available in our lab,
to evaluate the polysilicon grain structure, we have not devised an appropriate criterion for measur-
ing the grain size. Hence, this module is not implemented.

Stress module: determines the operating parameters given the stress input specification. Since we
have no appropriate equipment for evaluating the stress of a polysilicon film, the module is also not
implemented.

Supporting module: The recipe generated from modules (1)-(S) is far from a complete recipe, it
comesponds to only the deposition step (the most critical one) of the complete equipment-

independent recipe shown in Fig. 5.1.

W mﬂm Tomperatures / Gas Flow rates
Unload 00:12:00 §=580C C=640C L=590C N2=2000scem
Load 00:00:00

Pump 00:00:40 N2=100sccm
Grosscheck 00:01:00

TempRecover 00:05:00 $=610C Cs550C Ls=560C
TempRamp 00:10:00 $§2636C C=630C L=624C
TempRamp 00:08:00 $z656C C=650C L=644C
TempStab 00:02:00

TempCheck

Pump 00:02:00

LeakCheck 00:01:00

Purge 00:01:00 N2:=200sccm
Pump 00:01:00

Phosphine 00:01:00 PH3z1scem
SiH4 00:01:00 SiH4=120scem
Deposit AAARNK

TempCal 00:00:10

Pump 00:01:00

Purge 00:07:00 ' N22100scem
Backfill 00:07:00 N2=5000sccm

Fig. 5.1 An intermediate equipment-independent recipe for LPCVD in-situ doped polysilicon
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This is because before executing the deposition step, the furnace has to be set up, such as unload the tube,
load the wafers, pump to the specific pressure, ramp temperature to the designated deposition temperature,
purge (pump with N»), turn on the amount of gases required, etc. Hence the recipe generated from modules
(1)-(5) have to be properly linked with all the pre-run and post-run commands by the supporting module.
Note that the supporting module will generate an equipment-independent recipe using the predefined pro-
cess primitives for the LPCVD process (shown in Fig. 5.1). Thus the final complete equipment-
independent recipe should be portable among similar manufacturing environments, at the cost of translation
and compilation to match the characteristics of specific equipment. The recipe supporting module is
designed with an open architecture in mind so that it can also link together other "partial” recipes with pre-
mnandpost-nmsetupsfaLPCVmecmsmhasthemﬂopedpolysilicondeposition.méLTO
undoped deposition, the nitride and the PSG processes (40 wt% and 80 wi%), etc. With additional work,
the supporting module can be generalized for other furnace operations as well such as oxidation, annealing,

epitaxy, etc.
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Chapter 6: A mixed knowledge base

The LPCVD in-situ doped polysilicon deposition process is not well-understood. It is difficult to
derive a recipe for the polysilicon process solely from quantitative first principles. Hence various sources
of knowledge are needed to design a polysilicon deposition process. The recipe generator employs empiri-
cal knowledge (e.g., information about local machine behavior), qualitative knowledge (e.g., the qualitative
requirements on surface morphology, process throughput, dopant movement) and quantitative knowledge

(e.g., the use of equations/simulations to compute numerical values needed for reasoning).

6.1 Empirical knowledge

Empirical experimental data, in terms of design graphs (e.g. Fig. 6.2-6.4), expresses the knowledge
of local machine behavior for a specific manufacturing environment. Empirical knowledge is one of the
principal basises for the design of IC processes, such as a LPCVD doped polysilicon process, where accu-
rate physical models are not available.

We have performed experiments to generate the necessary design graphs required for the generation
of polysilicon recipes. Twelve wafers were split into 4 sets of wafers and then polysilicon was deposited
on them at 4 different deposition temperatures (TG). These wafers were then subsequently annealed at 3
different annealing temperatures (TA). The experiments are summarized in Fig. 6.1.



waferiD: 123

started with 8 wafers (covered with 1000 A of oxide)

ANNEALING

TAx900C

10,11,12

TA=850C

TA=1850C

N/

Post-anneal measurements on:
Thickness & Resistivity

Fig. 6.1 Experiments performed to generate the empirical dwgn graphs
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Different design graphs are generated from the above experiments. The most important ones are shown

below in Fig. 6.2 to Fig. 6.4. A representation of this same data in a LISP list format is shown in Fig. 6.5.

Resistivity (Q-cm)
0.1

0.01

0.001

0.0001 -
1 1.02 1.04 1.06 1.08 1.1 1.12

/TG (x10? °K)

&.ﬁk&ﬁsﬁvﬁy(ﬂ-ﬂnbgm)n:l—.lc-[lO’T‘]ndiffamTA[ODlOSO"C]witbq:aaﬁlg,

range confined to the shaded region.



0.001

0.0001
850 900 950 1000 1050 1100

TA(O)

Fig. 6.3 Resistivity (Q-cm log scale) vs TA {°C] at different TG [635 to 700 °C] with operating range
confined to the shaded region.
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1 1.02 1.04 1.06 1.08 1.1 1.12
VTG (x10° °K)

Fig. 6.4 Deposition rate [& /min log scale] vs -k [10° °K-1)



(deffacts res—-vs-TG-family
(res-ve-TGC 000.0 (1.10133e=3 ~-4.3982) (1.08340-3 -4.6356) (1.

21.04.—3 -4.73300) (1.027746-3 —4.63049))
(res-vs-TC 900.0 (1.10133¢-3 -6.6687) (1.0834e-3 ~7.0209 (1.

1.040=-3 -6.90776) (1.027740-3 -6.5929);
(res-ve-TG 925.0 (1.10133e¢-3 -6.8124) (1.08340-3 -7.0703 (1.

21.040-3 «7.0243) (1.027740-3 -8.8034))
) (res-ve-TG 950.0 (1.10133e¢-3 -6.8401) (1.0834e~3 =7.1387) (1.

(1.040-3 =7.1309) (1.02774¢-3 -6.9836))
(res-vs=TG 1050.0 (1.10133¢-3 ~7.68211) (1.0834e~3 ~7.53138)

(1.040-3 -7.20342) (1.027740-3 -7.28758))

89)

19)

30228)
)

(detffaocts res—vs-TA-fomily

(res-vs-TA 635.0 (i1050.0

925.0 ~6.72543) (900.0 -8.66874))
(res-vs-TA 650.0 (1050.0 =7.531) (1000.0 -7.35404 (950.0 -7.
925.0 =7.13099) (900.0 -7.02092

(res-ve-TA 6685.0 (1050.0 -7.30228) (1000.

925.0 =7.22247) (900.0 -7.18219))

(res-ve-TA 682.5 (1050.0 -7.38579) (1000.

925.0 -7.05858) (900.0 -6.90776))
(res—ve-TA 700.08 (10508.0 =-7.28755) (1000.0 -7.13089) (9350.0 -6.98358)

925.0 —6.7254) (900.0 -6.59294))

(deffocts dep-rate—curve

(dep-rate-vse-TG 0.0 1.10133¢-3 3.4212

1.040-3 4.127) ( .827740-3 4.248))

Fig. 6.5 Experimental data in Lisp format

066098e~3
8668097e¢~3
266098e-3

066099e-3

-4.783
-7.182

-7.258

(1.066098e-3 -7.

-7.68211) (1000.0 ~7.29342) (950.0 —6.84009)

13969)

® -7.2934%0) (950.0 ~7.25589)
0 -7.29342) (956.0 -7.19544)

1.08340e~3 3.684) (1.066098¢-3 3.798)
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General functions to perform 2D and 3D interpolations, in addition to simple table-lookup routines,
are implemented to manipulate any general empirical data. The following ART rules (Fig. 6.6) will interpo-
late x values for any general (single or multi-valued) curves given the y value. Currently a linear interpola-
tion algorithm is used but will be upgraded to a spline interpolation algorithm in the near future.

(defrule interpoliote-x-2
(decliare (sclience 6))

(viewpoint @?vp
find x 7graph—none ?
not (?graph-nome 7?2 ¥1
?g9raph=name 7z $7 (?x2 ?yz 2?:1
not (probed-x ?grcph-nono ?2 ?xz ?x1 )
f=1 <= iptobod-x 7graph—-name 7?2 (S?probod-x
?t=-2 <~ (x=1ist ?graph=name 2?2z ($7x-1ist))

(or (and (test (> ?y1 ?y)
test > ?y ?yz )
(ond (test > ?y
test (> ?yz ?y

)
-
(O‘D?VS sl ( tient (- ?x1 ?x2) (- ?y1 ?y2
bind 1x (on1 S 0 ratonets Cay 2oyt Y
retract 7f-1)
assert (probed-x ?graph-name ?2z ($?probed-x ?x2 ?x1)))
retroct 71-2)
) assert (x-1lst ?2graph—nome 72 ($7?x-1lst ?x)))
)

Fig. 6.6 An interpolation rule



6.2 Qualitative knowledge

Some of the important qualitative input parameters for polysilicon deposition are: process time,
minimum substrate dopant movement, film morphology, polysilicon grain size and film stress. Only pro-
cess time, film morphology and minimum substrate movement are used as the current subset of qualitative
parameters. Currently the specification of the qualitative input parameters is mandatory for an output
recipe. However the specification will be made optional in the future for those who want only a default
recipe.

By specifying the priorities on the requirements of the above-mentioned parameters (Fig. 6.7), quali-
tative knowledge is used to guide the recipe generator to
(1) choose the appropriate design path/submodule
(2) use the correct design graph(s) within each chosen path/submodule
(3) reduce the search space for recipes.

For example (see Fig. 6.2), when "film morphology” (i.e. grain size) is selected as the first priority,
recipes will have Tg <= Tgmia'. When "minimum process time" is selected as first priority, the recipes will
have Tg >= Tgmin - Ranges of T, will also be further restricted by user-specified maximum tolerable sub-
strate movement when the substrate dopant movement is the biggest concem® (see Fig. 6.3). [T =deposi-

tion temperature, To=annealing temperatures]

* T Guin (sce Fig. 6.2) is the deposition temperature st which the resistivity is minimum. It is chosen as the separating
boundary for two different deposition regions, TG > TGmin 2nd Tg < Temin.
# T Amin (see Fig. 6.3) is the minimum snnealing temperature for minimum dopant movement.
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comymand window
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89 wul-reny-sespond 1-2808 In RECPE-1
Walcome-o
visapoint lemics em rece-1
Poly Expent System
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My [ob Is 10 assist you 1 design
a poly recipe for a Doped In-Sw
RECPE-1 LPCVD Poly Deposition
Hepe you will enjoy wosking wih me
and Good Luckl
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To find the depsaliion tewp (TG)
and to erveaiing termp (TA)
| roed youw to rark Be Ivpertance of e
tstomtng G
(1) Law snasiing levperense
) Boter poly fim qualty :
T Theso 18 @ eubseuent eutdeten stap)
(3 Shorter procsesing Sme (I you're in a huvy) 2
Rartt criweria sceording o eppdiossion 3
Rek 1matve by 12463

Fig. 6.7 Qualitative specifications




Also, subsequent submodules responsible for determining the process variables will always
“remember” that a higher deposition temperature is required for a shorter deposition time, whereas if "film

morphology" is chosen as first priority, a lower deposition temperature is preferred (Fig. 6.8).

ASKING FOR PERMISSION

Since you toid me the resistivity le: 8.50-4 ochm-om

1 found that the following depostition temperature (TG):
$35C to 700C

can satisly your requirement.

You may chooss any TG witkin the suggestad range by selecting:

... sssscecsss

mMmudeolhmbym
SUGGESTED TG

11 BUT since you slso told me that througput ls the
most important criterion, | suggest that we use only TG greater than:

Fig. 6.8 Trimming of operating range
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6.3 Quantitative knowledge

Numerical values derived from accurate physical models can provide useful information during the
design. With this in mind, the recipe generator was designed with the capability to incorporate numerical
equations and for a future interface to simulation tools like SUPREM.

An example of the use of quantitative knowledge is when "minimum substrate dopant movement” is
specified as the first priority. In order to specify a reduced operating range for the annealing temperature,
which has the biggest influence on dopant movement, the system has to know the dopant type and the max-
imum allowed dopant movement (measured in microns). To do this, the system uses the diffusion
coefficient equation (which determines the diffusion constant at different temperatures using Do [frequency
factor] and E [activation energy]),

D= D,ei"a' ©.1)
and the simple diffusion equation (which gives an estimate of the drift of dopant given the diffusion con-
stant D and time t).

Xeiffoaed = 2 VDU 6.2)

These simple equations are used to demonstrate the usefulness of a mixed knowledge base. More sophisti-
cated and accurate models (such as the Fick’s diffusion equations), and/or simulation can be used to obtain

more accurate results.



6.4 Partition of knowledge base in recipe generator

The recipe generator partitions the three different types of knowledge into different text files so that
they can be modified and compiled separately without affecting others. An example is the experimental
data shown in Fig. 6.5 (in Lisp format) can be easily replaced by individual local data at different manufac-

turing facilities.
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Chapter 7: Hypothetical generation of recipes

Different discrete possible scenarios are hypothesized from the infinite and continuous solution space
based on a logarithmic algorithm, resulting in a dynamic discretization of the solution space. More
hypothetical solutions are generated in the rapidly varying regions and less in the slowly varying regions as
a consequence of this dynamic discretization. F‘uﬁl recipes are optimized through user feedback [10]. Fig.

7.1 shows that 4 different possible recipes (recipe 2-5) are generated from the root recipe (recipe 1). Con-

tents of any recipes can be viewed by an expanding command.

viewpoint lattice from recipe-1
RECIPE-2 3
RECIPES .'g
RECIPE-1
T RECIPE4
: RECIPES
EIP.]ND
v ;
H RECIPE-2
v possibie-dep-temp 635C
RECWE1 dep-time 163.4 min
asnnsal-temp (972.0C)
rank-betier-{lim-quailty 1 annsal-time 30.0 min
rank-shortartime 2 rank-better-fiim-quatity 1
rank-lower-annesi-temp 3 rank-shorter-time 2
Sii4 100.0 socen 3
\ PH3 1.0 scem SiH4 100.0 scem
PH3 1.0 scem

Fig. 7.1 Hypothetical generation of possible polysilicon recipes
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7.1. An infinite and continuous solution space

Due to the number of design parameters involved, there are an infinite number of non-random com-
binations of the design parameters that can satisfy a given set of input specifications. Our strategy is to
seek a smaller solution space from the infinite search space by prior classification of the operating parame-
ters and by limiting our eons:detanm to more practical and well-behaved operating regions (Ch. 4), by
modular design (Ch. 5), and by qualitative criteria specifications (Ch. 6). -However, the final confined solu-
tion space (see Fig. 6.2-6.4), being intrinsically continuous and real-numbered in nature, still contains an
infinite number of possible solutions. For example in Fig. 6.2, we know that if resistivity is specified at
8.5x10~* Q-cm, and if process time has the highest priority during the design, the deposition temperature
(TG) will be confined to any value between 665 and 700 °C. Each deposition temperature will have a
corresponding deposition time, annealing temperature (TA), etc., to form an infinite number of recipes
within that operating range. Thus, we need to devise an algorithm to limit and discretize the solution space
without sacrificing useful information.

7.2. The discretization algorithm

The discretization algorithm, by definition, will extract finite sets of solutions from the infinite solu-

tion space. The algorithm we devised has the following capabilities,

(i) Selection of key parameter to discretize--The choice of the key parameter (e.g. TG or TA) to
be discretized, with other parameters (such as deposition time, annealing temperature, etc.) to
be derived from the key parameter, depends on the qualitative priorities described. The choice
of "film morphology"/"process time" as first priority will have TG discretized, while the choice
of "minimum-dopant-movement" as first priority will have TA discretized (TG=deposition

temperature, TA=annealing temperature).
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(i) Dynamic discretization—Because the initial infinite and continuous solution space is logarithm
based, the algorithm will produce more solutions at the rapidly-varying regions and less in the
slowly-varying regions. For example in the rule "TG-vp-seq-generator” (Fig. 7.2) that discre-
tizes the deposition temperature (TG) when processing time is stated as first pricrity, a recipe
is generated at an interval of 0.4*(?TG-vp-max - min ) starting from 7TG-vp-min. The Lisp
variable "?7TG-vp-max(min)" is the maximum (minimum) temperature in the confined solution
space. The variable “?min", which is dynamically changing it’s value, is the maximum of the
Lisp list "TG-vp-seq” which is also dynamically appended by the lastest value of "Imin". A
pictorial explanation is shown below,

Dynamic discretization

i T

“TCepmin” “ITo-vp-omr

(defrule TG-vp-seq-generator—i-proc-time
declare (salience 0))
rank shorter-proc=time 1)
find TG-vp-seq)
?2f=1 <~ (TG-vp-seq $?TG-seq ?ain)
TG-vp-nax ?TG-vp-max)
test (> (= ?TG-vp-max ?min) 5.0))
>

bind Pnext-min (+ ?min (¢ 0.4 (-~ ?TG-vp-max ?™ain))))
go.oort (TG-vp-seq $?T7G-seq ?ain 2next-min))
retract ?f-!g

(defrule TG-vp-seq-generctor-2-proc-tine
idoeloro (salience 0))
rank shorter-proc—time 1)
-1 <- iflnd TG-vp-segq)
?21=2 <= (TG-vp-s0eq $7TG~-seq ?nin)
iTc-vp-nox ?7G-vp-max)
test (< (-~ ?TG-vp-max ?min) 5.0))
=>
bind ?next-min (+ ?ain (s 0.6 (- ?2TG-vp-max ?min))))
assert (TG-vp—-seq $?2TG-seq 7?ain ?next-min ?TG-vp-max))
retract 2f-1 7¢-2)

Fig. 7.2 Rules for dynamic discretization



The consequence is that more solutions are generated in the higher temperature region (a more
rapidly varying zone in log-scale, refer to Fig. 6.2-6.4) than the lower temperature region (less vary-
ing zone). The dynamic discretization scaling factor 0.4 is currently static and somewhat arbitrary
(to be explained in (jii) below). |

(iii) Synthesis of practically distinct solutions-- discretized solutions should have sufficiently
separated values to produce practically distinct end results. For example, recipes with deposi-
tion temperatures differing by 5 °C will essentially produce the same measurements, but not
for a difference greater than 5 °C (a 10 °C difference is need for annealing). These rules of
thumb are reflected in the rules shown in Fig. 7.2. The dynamic discretization scaling factor is
also fine tuned to 0.4 to ensure sufficiently separated values for each discretized solution.

(iv) Retention of vital information-- the algorithm inherits all the vital information (design history)
of the initial solution space via the ART intemnal programming capability to handle hypotheti-

cal reasoning (see section 7.3).

7.3. Generation of discrete recipes via ART programming capabilities

ART can reason about hypothetical situations, such as possible future moves in a game of
chess. It can do this by constructing a branching tree of viewpoints, each node of which would
represent an assumption about the next move to make. When reasoning within one of these
viewpoints, ART would be able to "see” all the assumptions leading to that specific situation. Other
assumptions, leading to other sitations, would be invisible to it. ART would operate only on the
facts and assumptions pertinent to that "hypothetical world."

A viewpoint in ART is defined as a way to store facts about different situations in such a way

that ART will not accidentally mix facts from one situation with facts from another [10].
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The simplest intemal ART commands for generating "children” viewpoints from "parent”
viewpoint are "sprout” or "hypothesize” through a "defrule” statement (i.e. a rule). The commands
enable the "children” viewpoints to inherit all of the properties (e.g. the design history) of its “parent”
viewpoint. The "children” viewpoint however can have its own properties different from the "root”
viewpoint. The following rule "generate-TG-viewpoint™ (Fig. 7.3) generates hypothetical worlds for
each of the discrete TG (key/indexing parameter) stored in the Lisp list "TG-vp-seq”, which is
derived from the discretization algorithm. Other parameters needed to form a complete recipe, such
as deposition time, annealing temperature, etc., will be derived in each of the hypothetical "children”
viewpoint.

(defrule generate~TG-viewpoint
declare (salience 9)
or (rank better=filim—quality 1)
ronk shorter—proc—time 1))
{not (find TG-vp-seq))
_ (TG=vp-seq $77G-vp-seq)
->
(tor choice in$ ?TG-vp-seq do

(hyngz::::o(po,.ib'._fc mchoice))

Fig. 7.3 Rule for generating viewpoints

We use "hypothesize" instead of "sprout” because "hypothesize” has. more "knowledge mainte-
nance” capabilities to avoid storing duplicate and/or contradictory facts in any individual viewpoint
(refer to [10] for more details). Also the "hypothesize” command is more flexible for future reason-
ing with generated hypothetical viewpoints, such as optimization of the recommended recipes.
Future implementation of an explanation facility for the actions taken by the system also depends
upon the inheritance links between the "parent” and "children” viewpoints. The "hypothesize” com-

mand is believed to be more flexible and reliable than the simple "sprout” command.
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7.4. Optimization of the generated recipes

The recipe generator will automatically compute and present the best system-proposed recipe
to the user, based upon the qualitative criteria (Fig. 7.4). As usual, the recipe with the lowest TG will
be chosen as the default optimal recipe if "film quality” is moét crucial (vice versa if "process time"
is critical). Default optimization of recipes with "minimal substrate dopant movement" is somewhat
different--instead of chosing the recipe with the lowest TA (which gives least dopant movement), the
optimization depends on the second most important qualitative criterion ("film quality” or "process
time") because all the annealing temperatures (i.e. the TAs) in the hypothetical recipes satisfy the
user specified minimum dopant movement (see section 6.3). Thus, with "film quality” as the second
criterion, the recipe with the lowest TG is selected (vice versa if "process time" is the second cri-
terion).

Users are free to reject a system-recommended recipe. They can single out the parameters for
modifications (e.g. TG, TA, deposition time (1G), gas flows, etc.) and ask the system to provide
recipes (if any) which satisfy altered constraints. An example (Fig. 7.5) is that a user may want
recipes with deposition time less that the recommended 163 minutes despite the utmost criteria is
"film quality” (perhaps he has a date!). nwsystemwillwamhﬂu'oughalltheviewpoinéwimdepo-

sition time less than 150 minutes (user specified) and then let the user select a final recipe.
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Fig. 7.5 User reaction to the default optimal parameters
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7.5. Future enhancements
Proposed possible enhancements are:

(1) Multiple feedback constraints--Currently, the users can only reject one parameter. In the
future, the users should be able to specify multiple constraints (e.8. TG < 650 °C, tG < 150
mins, TA < 1000 °C, etc.) and have the system filter the recipes that satisfy the multiple feed-
back constraints. This can be done by using the ART "defcontradiction” or "poison™ com-
mands that will "kill" all the viewpoints (hypothetical recipes) that do not satisfy the feedback
conditions.

(2) The scrolling mode--Currently, final filtered recipes after users’ feedback are scrolled in-turn
in a single window (Fig. 7.4). Final filtered recipes that appear in the viewpoint-lattice net-
work® (Fig. 7.1) should be made mouse-sensitive for selection. Also, each recipe (box) in the
network can be tagged with further comments/suggestions by the system to help users in their
final decision. The final recipes can also be, as an alternative, tabulated and appended with a
"merit factor” for selection. The "merit factor” is generated by system to help users to select a

final recipe.

*Currenily, the network is not mouse-selectable/editable.
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Chapter 8: The system interfaces: user-interface and equipment interface

8.1 The user interface

Traditional keyboard entries are very inconvenient and vulnerable to errors for IC processing person-
nel wearing protective hand gloves. Nevertheless, process personnel need frequent interaction with the
computers for information processing. Thus a good user interface should present the user maximum infor-
mation with minimum input effort. As a result, most of the use.r interactions in BIPS are via a pointing
device (mouse), which is believed to be less vulnerable to errors than keyboard entries in an IC manufac-
turing environment. Voice input” will also be considered in future work [11).

BIPS summarizes and condenses useful information in bit-mapped graphical displays and menus.
The window system of the user interface is designed with a hierarchical information display (e.g. pop-up
menu) to prevent overloading users with excessive information. Also the system should not display only
one set of predetermined information but should be flexible to accommodate wider sets of information
under users® guidance.

‘Nwmmm-hmm“mbmhphnmmmmm*m&wdmianymmnm@
genenate more contamination particles through the utterance of the processing personnel.
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Figures 8.1-8.3 shows some examples of the current user interface.

Aganca
7 anb-tor-ihickness 1000 In RECPE-1

7 sead-pady ticimess 1010 I RECIPE-1

viempoind baics ko mcpe-|

Halie, iy name b BPS.
by job s 10 assist you © dssign
a poly recipe ler a Dopsd In-8u
LPCYD Paly Depoaiion

Haps s vl ongy wdEng o S
and Gaod Luck!

esplansron

on the right window.
Input must be greater than 2000 A to
eliminate resistivity dependence on thickness.

Polysllicon fiim thickness

What Is ihe required poly thickness?

4000 A

Fig. 8.1 Screen layout and keyboard input for polysilicon thickness
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8.2 The equipment interface

The recipe generator can interface with other modules of BIPS, namely the translator/compiler and
the monitoring/diagnosis modules. With this linking capability, the user can design, down-load, monitor
and diagnose the polysilicon process directly from a single graphic workstation.

The machine-independent recipe derived from the general semiconductor knowledge base of the
recipe generator will first be translated to a machine-specific and executable ~xecipe by the translator
module. The compiler module will then double check for possible syntax errors and safety violations in the
final machine executable recipe. If the machine-level recipe is error-free, it will be down-loaded to the fur-
nace. Finally the monitor/diagnosis modules of BIPS will take over and provide the necessary monitoring
and diagnosis of the process execution at the equipment level (Fig 8.4-8.5). Process data during the entire
process (¢.g. design goals, the recipe, run-time data, measurements, etc.) is compressed before storing in
the INGRES database. Future enhancements of the monitoring/diagnosis module include retrieving data

from the INGRES database for redisplay of previous data, and better data compression techniques [12-13].
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PART III: The System Status

Chapter 9: Preliminary evaluation of the recipe generator

9.1 Experimental results

Wafers have been processed in our laboratory according to several recipes developed by the prelim-
inary version of BIPS, which contains only the resistivity and thickness submodules. Measured parameters,
taken from wafers deposited at the center-zone of the furnace and averaged over S distinct locations on
each of the wafers, are in reasonable agreement with the initial goals (Table 1). Recipes should improve
after the uniformity module is implemented. Recipes derived from the same input thickness and resistivity
may have deposition times differing by a factor of 2 (recipe 1 & 2), depending on the pricrities chosen dur-
ing the design. Annealing temperatures from different recipes, targeted for the same input specifications,
can differ by as much as 70 °C (recipe 3 & 4). The results suggest that through the recipe generator one
may design processes with higher throughput and/or lower processing temperatures, as may be desirable
for VLSI production.



Target: Target:
-4
Reslstivity = 7.3x10 ohm-cm Reslistivity = 8.9x10 ohm-cm
[} [}
Thickness = 4000 A Thickness = 2000 A
Reclpes Generated: 1 2 Recipes Generated: 3 4
' ° o o )
Deposition Temp = 638 C 676 C Deposttion Temp = 635 C 650 C
Deposition Time = 130 mins 77 mins Deposition Time = 65 mins 50 mins
o ' ° o
Annealing Temp = 95 C 50 C Annealing Temp = 970 C 800 C
Annealing Time s 30 mins 30 mins Annealing Time s 30 mins 30 mins
Measurements: Moasuremsnts:
-4 -4 -4 -4
Resistivity = 6.5x10 7.23x10 Reslstivily = 6.7x10 8.36x10
ohm-cm chm-cm ohm-cm ohm-cm
o ° ’ o o
Thickness = 4850 A 2570 A Thickness = 2020 A 1480 A

TABLE 1: Experimental Results— Wafers are processed at center zone of furnace.

Results are averages of 5 readings from ditferent locatlons on each wafer.

-sv-



9.2 Computer time

With complete graphical interface turned on (i.e. when the viewpoint-lattice network and the agenda®
are on), the system can generate recipes within 3 to 5 minutes. With viewpoint network and "agenda”
nnnedoﬁ'.recifmcanbedesignedwiﬂﬁnaminme.meﬁmetogmmte a recipe is much faster than a typ-

ical lab user in our lab.

9.3 Other observations

The system is capable of handling a larger design matrix, which is usually very difficult to be acquire
and handle by a single typical process personnel. Valuable experience has been gained from the imple-
mentation of BIPS system and this experience will be helpful for future enhancements of the current
modules, for implementation of other modules, and for other systems.

® "Agenda” is a specific window showing the rule firings during the execution of the program.
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Chapter 10: Future plans--a system level overview

10.1 Implementing uniformity and supporting modules.

The knowledge base of the preliminary version of the recipe generator was based partly on the
empirical measurements on two 4" wafers. These wafers were clustered at the center zone of the 3 zone
Tylan furnace used in our lab, with 48 wafers acting as dummy wafers.

The preliminary experimental results based on the recipes generated indicate that the resistivity is
within an average of 10% of the targeted value. The thickness has a greater average deviation of around 20
to 30% from the targeted value. The disagreement between the designed recipes and experimental results,
we speculate, is due to the depletion of gas reactants (e.g. SiH,, PHa, etc.) along the furnace tube, which we

currently have not yet taken into account (see Ch. 9 for experimental xesults).'

In a real manufacturing environment, the LPCVD process is done in batch mode with 50 to 100
wafers per run. Uniform results (e.g. thickness and resistivity) are desired for all wafers in the same tube.
The standard industrial requirement is a maximum of 5% deviation for both the latitudinal uniformity (in-
wafer uniformity) and the longitudinal uniformity (wafer-to-wafer uniformity).

‘We have done experiments to investigate the effects of reactant depletion on the uniformity of thick-
ness and resistivity for wafers at different locations in the furnace tube. We found that the longitudinal uni-
formity of polysilicon thickness is the biggest problem.

We initially tried to apply a conventional fluid dynamic approach [14] to solve the uniformity prob-
lem. We found that the fluid dynamic approach is not suitable for a manufacturing environment because it

is too complicated, too computationally intensive, and geometry dependent.
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Our approach, which is still under investigation, has the following characteristics:

(a) The algorithm has mixed knowledge, and techniques consisting of empirical data, heuristics and a
simple physical model.

() The algorithm is less computationally intensive. It has no differential equations and thus is more suit-

able for expert system application.

(c) The algorithm is more general. It should be "quasi-geometry and equipment-independent”. The prin-
ciple should be adaptable to other LPCVD processes such as the Nitride or P-glass process, etc.
We believe that our approach should be more portable between different fabrication lines. We plan
to implement the algorithm once it is fully verified. The supporting module will be implemented immedi-
ately after the uniformity module.

| 102 Explanation facility

Explanation facility, such as answering the "why" type of questions, has not been incorporated into
the current system. Simple documentations for help and answering "why" questions will be implemented in

short future since it is very important for training purposes.

10.3 Interface to other process simulators

We would like to verify the generated recipe with a process simulator. The problem is not simple
because we have to synthesize the input data for the simulator from the recipe. This problem is complicated
and requires experience (see Appendix 1, pg. 52). Moreover, we are not aware of any existing process
simulators that models the LPCVD in-situ doped polysilicon deposition because the problem is currently
not well understood (which is therefore excellent for expert system application). Thus a compromise tenta-
tive proposal is to model the in-situ process by an undoped process followed by a dopant implantation or
diffusion, which we will investigate in detail later [4].
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PART IV: Conclusions and References

Chapter 11: Summary

An expert system that generates the processing steps for LPCVD in-situ doped polysilicon is
described. Empirical, functional, and heuristic knowledge is employed. The system incorporates intelligent
functions such as hypothetical generation and modular determination of parameters. Recipes generated can
be translated and compiled to machine-specific commands for direct equipment control. Vital input/output
information is presented using interactive bit-mapped graphics. The system has designed recipes which
offer trade-offs between processing temperature and throughput. Recipes were verified by experiments and
produced results in reasonable agreement with initial design goals.
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Appendix 1: SUPREM sample run on NMOS Silicon Gate
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Appendix 2: Tylan recipe for polysilicon deposition
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