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60+ years ago...
Jack Kilby and Bob Noyce shared a dream
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A decade later...
Applied Materials was founded
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= And the semiconductor equipment industry was born (1967)

= SEMI was formed with 55 members to support this nascent
community (1970) and held its first SEMICON at the San
Mateo fairgrounds with 80 exhibitors and 2800 visitors (1971)

» The first SEMI Standard[s] Committee was created to define
specifications for production silicon (3”!) wafers (1973)
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Collaboration culture evolution
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Unequalled in other industries
E = Drivers have varied from the need for efficiency, the fear of extinction,
and the recognition of mutual interdependence...
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o = Domains of significant collaboration include international trade and
technical events, advocacy, standards, research and development
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SEMI Standards are the Oxygen for the Industry

Wafers & Substrates

+ Wafer sizes & specifications

* Wiafer ID, ID readers/writers

« Wafer edge profiling

« Photomask registration marking

+ Defects classification

* Substrate tracking

» Specs for GaAs wafers

+ Specs for Indium Phosphide wafers
« Silicon on insulator

« Shipping boxes

Equipment & Communications

» SECS- I, GEM, GEM300, & EDA
+ Carriers & physical interfaces

» CIM Framework

* Cluster tools

» Recipe management

» Sensor/actuator networks

* /O interfaces

» Equipment process control

» Overall Equipment Effectiveness
* Human-machine interfaces

* Mass flow controllers

* Minienvironments

» Equipment training

Microlithography

 Lithography

* Photomask & Resist
» Defect inspection

» Design data exchange
+ Reticle pads

/P semr

SEMI Standards for Fabs

DATA CENTER
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More information at www.semi.org

Safety, Ergonomics & Facilities

+ S2 Safety guidelines

» Chemical & gas distribution
* Chemical & gas testing

+ Facilities — electrical

» Facilities — atmospheric

» Ultra-pure water specs

* Fluorocarbon components
+ Stainless steel components
* Chemical hazards

+ Fire safety

Chemicals & Gases

+ Gas purity & particle specifications
» Chemical & gas testing

* Process gases & specialty gases

» Water systems

Traceability

+ Substrate and device tracking
» Device & wafer marking
» Carriers

Packaging

+ Ball grid arrays & lead frames

* Automated test equipment & probers
« Molding compounds

« Package & chip carrier tooling

» Package specifications

+ 3DS-IC packaging
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Connectivity standards evolution
In response to the insatiable demand for data
g- Node (nm) 800 600 350 250 180 130 90 45 32 22 14 10 7 3
> Process
. window (C,,)
2 Key applications SPC R2R FDC VM PdM Big Data AI/ML ...
Data generated 0.016 0.3 2.4 40 240 1000 2500
(MB/sec)
Supporting SECS-II  GEM GEM300 EDAI  EDAII E164.. EDA III
: SEMI Standards
> cimetrix
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Current gigafab context
In every minute of every day...

S —

EDA services
collect millions
of parameters...

GEM300 events

track thousands of

activities...

. 95GB
equlpment

9.6 GB
EUV data
collected

wafer move
events

Copyright © 2019 Cimetrix. All Rights Reserved.

GEM messages
coordinate hundreds
of transactions...
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Keeping score with an ROI model
Agree on relative cost and value of key factors

Costs

Materials/outside services
« Software development

« Technology development
« Hardware

» Licenses

Internal labor

* QOperations

+ Engineering

« Automation

« Information technology
Capital expenses
 Equipment

Other

o I ——— e e T

Benefits

Product material

* Yield

« Yield ramp

« Scrap reduction

Time

« Equipment/fab uptime
« Factory cycle time

* New Product Introduction time
Cost Reduction

* Qual wafers

« Hardware

+ Licenses

» Engineering labor
Other

Increase gains

-

Accelerate gains

] [ Reduce costs
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KPIs, stakeholders, applications, ...

: Importance of the equipment model
é Key

5 Performance

/ Indicators '\

z (KPIs)

;\ai % Factory Manufacturing B o [

Stakeholders ¢ Applications I = I
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Data collection alternatives

— —

SEMI Standard Level

Spec contents, equipment capability

— — e et

Functionality

Benefit

GEM/GEM300

EDA Freeze |
(1105)

EDA Freeze Il
(0710)

EDA Common Metadata
(E164)

Factory-Specific
EDA Requirements

Full support for E40, E87, E90, E94, etc.

EDA basics — early metadata models, DCP-based
“data on demand”, multi-client access

Conditional triggers in trace requests, simple event
support, interface discovery; second-generation
metadata models

Complete coverage of GEM300 and E157 objects,
state machines, events; standard metadata model
structure, content, and names

Process-specific parameters for advanced feature
extraction for FDC, PHM, VM; mechanism- and
component-level command/response signals for

fingerprinting, tool matching; etc.

Baseline:
Supplier-specific integration costs; labor-intensive SECS data
collection management, tool characterization, software upgrade
verification, and fault model development processes

Self-documenting interface capability; quick and easy to change
data collection plans as application needs evolve; factory system
architecture flexibility

Precisely “frame” trace data depending on application
requirements; one-click connectivity; cleaner model structures with
richer event/parameter content; higher performance

Programmatically generate DCPs, configure generic tool
applications, characterize equipment behavior; simplify mapping
to factory data management systems

Dramatically increase visibility into tool and process behavior;
enable advanced “smart factory” monitoring and control
applications well beyond current capabilities
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EDA factory applications

Current leading edge

er

= Real-time throughput monitoring
= Precision FDC feature extraction
= Product time measurement

= [Lot completion estimation] L

= Fleet matching and management
= Specialty sensor access

= Sub-fab data integration/analysis
= Equipment log file processing

= Machine Learning and Al support

Wide range of stakeholder coverage
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EDA application profile

Real-time throughput monitoring

er

= e

Problem statement
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= Monitor bottleneck (e.g., litho) tool throughput performance to

know when it drifts away from “normal” for whatever reason

= This is important because any loss of throughput ripples
throughout the line

Solution components

= Monitor events and calculate process time “on the fly”

= Evaluate context to compare “equivalent” runs; flag outliers
EDA leverage

= Standard material movement and recipe execution events

= Context available at event occurrence
Key ROI factors

= Cycle time, productivity excursion MTTD (50% reduction),
equipment throughput improvement (3-5%)

( cimetrix
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Real-time throughput monitoring
SEMI E9Q state machines and model content

- - "
| SUBSTRATE
- H 3

SUBSTRATE TRANSPORT I SUBSTRATE PROCESSING
1
1
1
1

AT SOURCE
1
o ] !
3 1
d
8 IN PROCESS
12 ’
Y
AT DESTINATION o

T 1

REJECTED LO&T
1

! PROCESSING COMPLETE

\ S
3
Y

OCCUPIED

SUBSTRATE LOCATION

[E

—i— g —

B3 Substrate, E90-0707

Attributes

Parameters

ES0-0707:SubstrateObject

ES0-0707. SubstrateObject
Substrate-NoState
Substrate-NoState

[ E90-0707:Substrate Processing

T InProcess-NeedsProcessing
InProcess-ProcessingComplete
NeedsProcessing-InProcess
NeedsProcessing-ProcessingComplete
NoState-Needs Processing

”,, At Source-AtWark

= AtWork-AtDestination
{5 AtWork-At Source

5 AtWork-At\Work

{5 NoState-A Source
-/~ Software Modules

£73 JobManager

-2 MaterialManager

EE| Parameters

y Everts

Exceptions

Carier, E87-0709
=-£ag Substloc, ES0-0707

Current State
ES0-0707:5ubstrate Location
Occupied-Unoccupied
Unoccupied-Occupied
MoState-Occupied
MNoState-Unoccupied
BB Substrate, E90-0707

=-¥g AtSource-AtWork
B AcquiredID
{8 Acquired|DList
{579 SubstDestination
1B SubstDestinationList
{58 SubstHistory
1B SubstHistorylist
— [ substiD
{58 SubstIDList
{58 SubstIDStatusList
{88 SubstlociD
B SubstLociDList
B substLotD
B SubstLotiDList
{8 SubstMirStatus
{3 SubstMirStatusList
{3 SubstProcStatelist
{3 SubstSource
{0 SubstSourceList
{0 SubstStateList
{7 SubstSubstLoclD
{8 SubstType
{2 Subst TypeList
{0 SubstlUsage
{8 SubstlsageList

=g Occupied-Unoceupied
- +fHY SubstLoclD
—>  -{fY SubstlocSubstiD
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Real-time throughput monitoring
E157 state machine, model content, and results

N

Execution
Started (2)

Not

S\

=R -] CimetrixGEM3D0Simulation
==} ProcessingChamberl
E] Randomizer
B RealData
5] ProcessingSubstLoc
. £33 EPTTracker
Executing | Parameters
E157-0710:ModuleProcess
> Gener_a‘ ‘v' St?p Previous State
Execution |ee=——> Active Curent State

Executing

LN

Execution
Failed (4)

Step Failed (7)

>

# E157-0710:ModuleProcess

= General Execution-Mot Executing

& GeneralExecution-Mot Executing

= Mot Bxecuting-General Execution

g StepActive-GeneralExecution

@ StepActive-GeneralExecution

= General Execution-Step Active
SEMI Object Instances

ProcessingChamber2

B% General Execution-StepActive
{58 ModulelD

— {E] ProcessJoblD

{58 ProcessJobIDList

-5 RCID

-{=l] ReclD

{E] RecipeFammeters
{58 StepCount

—>
{53 SteplD
— [ SubstratelD

-{=l] Substrate|DList

—— = —
Gantt Chart (Cycle Time)
12 \-; ; u ; ; 8 ATX Align Load
1 THE n W ATX Align Unload |
10 " = LA Load
s 2 _: : - : : . CILLA Rough
s o = . 8 LLA Pump Down
5 I T T T 5 LLA Unload
H Ll — WEK Load
@ & PN " I BK Process
5 LI, " I W BK Unload
4 B, — - mP2 Load
3 TN i 1 ] P2 Process
2 et ! — P2 Unioad
[l e e — LA Load
LA Vent
00000 01:264 02528 04192 05456 07:120 08:384 10:048 |mATX Unload
Elspsed Time (AL) AT P Load
oL .
o5 T = 7550 events per otam o wis) | ot | AsmL pas s500700 & TELACTS |
Removed 10:30 10:45

11:00 3x LOAPLOCK
8

Placed |769:30 09:45
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Real-time throughput monitoring
E40 and E94 required context information

High-level
Equipment
structure

Qomplete Equipment Structure

=B CimetrGEM300Simulation
=) ProcessingChamberl

£3 MatenalManager

™ Software Modules
&) Parameters

y Events

= E30-0307-Control

] E30-0307:Processing
Parameter Type Definitions
Units

| State Machines

4 ProcessingChamber2
=3 EFEM
JobManager 2 SubstrateAligner
Module £33 EPTTracker
= £ JobManager —ccmemmm—————

Complete Equipment Structure

B onsGeMs00smson]

=) ProcessingChamber1
ProcessingChamber2
=2 EFEM

=2 SubstrateAligner
£ EPT Tracker

E1-£7 JobManager

Camierlnput Spec
CurertPRJob
DataCollectionPlan
MidOut By Status
MtdOut Spec

ObjID

CbjType
PauseEvent

PRJob StatusList
ProcessingCidSpec
ProcessOrderMagmt
StartMethod

State

Parameters
 E94-0309:ControlJob

Pd'tnbutes

OkjID

CbjType
PauseEvent
PRJob State
PRMtINameList
PRIt Type
PRProcess Start
PRRecipeMethod
ReclD
RecVarableList

£

(-2 E40-0709:ProcessJob
E]---y Events

[+-E3 SEMI Object Instances
[+-£r2 MateralManager

.= Cafhumrs Madilas

ControlJob
CarrierlnputSpec
attribute

ProcessJob
PRMtINameList
attribute

cimetrix



Va3 SAld “H_-OdWID . DOEWID . 393UU0)S8I3S | 323

32]3 . I3l

WID srifd

SISz

JEWID . 198U

WID

EDA application profile

Precision FDC feature extraction

= Problem statement

= Multivariate statistics used to develop reduced-dimension

i—

e —

equipment fault models for equipment operating points

=" i

= Fault model accuracy depends on calculating “features” using

trace data collected during key recipe steps

= Solution components
= Multivariate analysis tools

= Context evaluation for grouping fault models into equivalence

classes (“threads”)

= EDA leverage

Ese T e, =

= Conditional triggers, context data in metadata model, multi-client
access for effective model development

= Key ROI factors

= Delta yield (25% fewer excursions), lower false alarm rate

(50%), rapid excursion detection (50% MTTD, severity

reduction), scrap, equipment uptime, engineering efficiency

PCA Score Plot
ored accoedng to onign

el sz By qualty index

1 [ ]
e P B>
-4 ]

-I{’n;;," ""?{'-,_}_'c _‘r:j;(.\, @13_..:_ .

- el L EWR
, e ®
' B ° id‘ ® o

Settling time (ts)

§F 5
; £ :
i
z £
G §
£ £
\

Fall time (tf)
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ata collection alternatives
Fault Detection and Classification (FDC)
[m]
S
= SEMI Standard Level Functionality Benefit
'm
/ 5 GEM/GEM300 Fault models difficult to chang_e after initial development if data collection Baseline
9 requirements change
a EDA Ereeze | Easy to change equipment data c_oIIectlon plar'ls as fault models evolve Engineering labor reduction: improved fault
m and require new data;
f (1105) . : models and lower false alarm rate
o Model development environment can be separate from production system
/|E " . . T » . : Even better fault models; reduced MTTD
/|5 Use conditional triggers to precisely “frame” trace data while reducing .
/ |S EDA Freeze Il . i (mean time to detect) of fault or process
[ |5 overall data collection needs; Incorporate sub-fab component/subsystem L .
o (0710) . excursion; little or no data post-processing
T data into fault models X
o required
% Include standard recipe step-level transition events for highly targeted
A EDA Common Metadata trace data collection; Faster tool characterization and fault model
(E164) Automate initial equipment characterization process by using metadata development time
model to generate required data collection plans
Incorporate previously unavailable equipment signals in fault models;
' i Factory-Spemﬂc Update data collection plans and fault models _automatlcally after process TBD (Not yet applicable)
o EDA Requirements and recipe changes;
8 Include recipe setpoints in the equipment metadata models
=
5 \\ = s @
: ( cimetrix
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ROI factors and FDC false alarm costs
Hypothetical megafab

W '

36935 500

= Factor values
= Number of tools - 2000
= Hour of tool time - $2200 (average raw and finished wafer value)
= Qual wafer cost - $250
= Hour of engineering/tech time - $150

= Cost of false alarms
= Tool time to resolve (incl. 0.5 hour metrology) - 5 hours
= Qual wafers required - 6
Engineering/tech time required - 2 hours
Cost per false alarm = 4.5*%2200 + 6*250 + 2*150 = $11,700
False alarm rate - 2 per tool per year
Total false alarm cost = $11,700*2000*2 = $46.80M

» Benefit of advanced data collection
= Reduction in false alarm rate - 50%
= Annual savings = $23.4M
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ROI factors and process excursion costs

Hypothetical megafab

W '

36935 500

= Factor values
= Wafer value - $10,000 (average cost of WIP)
= Hour of engineering/tech time - $150

= Cost of process excursions
= Wafers per excursion — 500
= Delta yield per excursion - 3%
= Engineering time required to resolve — 160 hours
= Cost per excursion = 500*%10,000*.03 + 160*150 = $174,000
= Excursion rate — 24 per year
= Total excursion cost = $174,000*%24 = $4.12M

= Benefit of advanced data collection

= Reduction in # and severity (yield loss) of process excursions — 25%

= Annual savings = $1.72M

( cimetrix
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EDA application profile
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Product Time Measurement (E168)

: = Problem statement

: = Find systemic problems in equipment and factory throughput and "o i

; identify root causes L0 I A e
/ ;', . — ]/x—' PrEces;or

= Solution components |

; = Event processor that analyzes material movement events at all 1

a substrate during lot processing, with absolute and relative ﬁp
timestamps and durations for each | |

g = Standard “time element” definitions (using SEMI E168) allow

calculation of detailed “active” and “wait” time elements

EDA Leverage

= Substrate tracking events directly support this function but are not
usually collected sufficiently using GEM to support this need

41013U0

| AsmL Pas 55007008 TELACTS |
10:45 11:00 3x LOADLOCK

= All other events required to classify all time segments in a
substrate’s life cycle are mandated by metadata model standards

Key Performance Indicators (KPI) Affected
= Increased equipment productivity and reduced process variability

MGG a0k
]
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Where does the time go?
Egquipment perspective... (OEE metrics)

= i - - " — — LT o, A
h

NONSCHEDULED Legend

TIME Undefined

I Wait

Exception

Equipment Total Time . P .
Downtime Machine Failure

l

Maintenance
i N B | cogneeringTime
anons

Time Waiting for Setup
Equipment
Uptime Change Lot / Setup
Standby for Operator

Manufacturing
Time

|

Standby for Material
Engineering for Sale
y v Productive Time

SEMI E10, E58, and E79 (and supporting GEM300 standards)

(C cimetrix
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Where does the time go?
Product perspective... (WTW/PTM metrics)

— . = ~ —i— - e S Tt e

Total time required for a single operation - cycle time (E168)

End of Prior Module Process Tracking (E‘I:?Tll‘_ Operation
Operation | Completed
(Lot level E87) I 1 (Lot level E8T)
Wait Time Wait Time Wait Time ! : Wait Time
| ' !
v

(03)
Buisseooud 1504

YIOM3LUE1H)0RUOIWID SMet.33I3 - 123UL0DYAT SAId MHRIIOJWID . OOEWID . 123UU0I5I3S

' t ! t
1 Active Time Active Time | Active Time
I I
: : 1st Wafer Leaves Last Wafer Arrives
NN 1 1IFOUP Back in FOUP
’ Q :‘ AMHS -: t Substrate Tracking (E90) ‘t
= : T :
= N\ .
_ SEMI E168 (and supporting GEM300 standards) (# cimetrix
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EDA application profile

Specialty sensor data access

er

Problem statement

T T T T T T
408.83 408.90 408.92 408.94 408.96 4089

= Reduce effort required to parse complex sensor data on equipment
local file systems and merge it with the EDA-collected FDC data

= Sensors include OES, RGA, pyrometers, NDIR, Mass spec, high-

frequency RF, QCM, ...
Solution components

= Format conversion, data compression, new EDA metadata types

and interface modules
EDA leverage

= Multi-client capability, powerful DCP structure, model-based

interfaces
Key ROI factors

= Tool availability, test wafer usage, engineering effort
= Presented at eMDC Conference (Taiwan)

( cimetrix
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Specialty sensor data access
RGA Samples during ALD Process (for one wafer)
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EDA application profile

Fleet matching and management

_ - e = = “ ABELTA
il — e T T =
= N, — -

er

= Problem statement

= Maintain large sets of similar equipment at same operating point
to maximize lot scheduling flexibility (i.e., no “dedicated” tools)

= Tools drift apart over time, especially when manual adjustments
are made

= Solution components
= Capture equipment configuration and status information

= Track behavior of key equipment mechanisms, independent of
process recipe

= EDA leverage
= Metadata model content at sensor/actuator command level
= Access vector of important equipment constants

= Key ROI factors
= Cycle time (dispatching flexibility), equipment uptime, yield ramp

( cimetrix
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EDA application profile P

Sub-fab data integration/analysis i s
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Problem statement

= Reduce effort required to extract, transform, and use detailed
data from important sub-fab systems (e.g., dry pumps)

Solution components

= Sub-fab data gateway

= Process equipment context data collection

= Algorithms for failure prediction and yield correlation analysis
EDA leverage

= Multi-client capability, shared metadata models
Key ROI factors

= Delta yield (failure prevention), equipment uptime (pump
PDM improvement), scrap rate, engineering efficiency

Va3 SAld Helo
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External sensor integration example

Typical approach (and challenges)

Factory @ @

: Systems

Process
Engineering
APC, FDC Database
~ SOA ] [
/\/1 g >
o’ Equipment —
Integration '-BC;"
Server
< A >

FE ;
Sensor
Interface

Equipment
Controller

Process
Tool

e e

Sensor Integration Challenges

1. Finding a sensor that works
2.Sampling/process synchronization
3. Dealing with multiple timestamps
4.Scaling and units conversion

5. Applying factory naming convention
6. Associating context and sensor data
7. Ensuring statistical validity

8. Aligning results in process database

(C cimetrix
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External sensor integration example
Sub-fab data integration/analysis

o
=
= -— = = T I e S ke T
o E NN EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE
b f =
: FICS / MES :
oy To factory-level systems : 5 .
7 Process-specific : ( : :
g applications : Factory-level Process :
m . EDA Client Apps Engi ; H
o \/ H ngineering .
5 [ GEM ] [ EDA } EDA Client : (DOE, FDC, PHM, ..) Database ] i
H Y H
f Essssssssssssssssssnfennnnnnnnnnnnnnnnnnnnnnnnnnnnnnd
HTTP '
m HTTP T HTTP
)
m OEM Tool Vs ~
i y
g EDA Client 7
o e :
= - T — ! Public | Ssr:tl;t Sensor Integration Challenges
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Shared equipment model
External sensors appear in same structure
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Full EQuipment Model
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Shared equipment model
Context information (required subset)

Skeletal Equipment Model
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Equipment and sub-fab integration
For subsystems with native EDA interfaces
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Process Specific
Applications
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EDA application profile

Egquipment log file processing
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Problem statement

= Access important information in equipment log files with minimal
investment in custom software

I04WID . OC

)va3 SAid

= Leverage existing data collection management infrastructure
components to seamlessly integrate log file data

Solution components
= Data source model that maps log file tags to EDA metadata

3703 ..1J3uU0
|

OJWID STTd

= Log file processor (push or pull file from equipment)

= EDA server that processes DCPs for “recent history”
EDA leverage

= Metadata model and DCP architecture concepts
Key ROI factors

= Software engineering efficiency (minimal custom code), equipment
uptime (rapid failure recovery), equipment engineering efficiency
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Issues with equipment log files
Their formats are custom designs

— =

= Optimized for ease of creation
= NOT consumption

= Type of information included varies
= Mixture of events, parameters, alarms
= Mixture of critical data and “just in case” stuff
= Parameter values often stored in native, binary form

= Format may change throughout the log
= Not just a simple set of identical records
= Multiple sections, headers, record layouts, even files
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Issues with equipment log files
They disappear over time

W '

er

= Usually circular file system
= Fixed limits for file sizes and number
= When limits are reached, oldest files are overwritten

= Retention period may vary with activity
= And available storage space
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Issues with equipment log files
They reside on the tool

= Part of the local file/directory system
= Access methods dictated by platform technology

= Special permissions may be required to keep from
invalidating tool warranty

= They depend on the tool’s clock
= So the timestamps are almost always wrong...

= May be able to correct reports if offset from factory
reference clock is tracked continuously
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: Equipment Log File Processing
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EDA factory applications { |

Future possibilities
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= Recipe-driven DCP generation

= Automated tool characterization

= Specialty sensor data repository [re-]sampling
= Equipment mechanism fingerprinting

= Post-PM tool auto-requalification

= Wafer-less process requalification

» Process-specific control strategies

= Disparate data source aggregation
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