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its intended function within stated conditions for a specified period of time. The tool availability may be defined
as the number of hours in which the tool is producing plus the standby time divided by the total availabic hours,
wherein the availability is typically expressed as a percentage. For example, 168 hours — (facilities downtime +

equipment downtime + engineering time + setup and test time) / 168 hours x 100,

Maintainability may be defined as the probability that the process tool will be retained in or restored to
a condition in which it can perform its intended function within a specified period.  For example, appropriate
metrics for describing the retiability, availability and maintainability may include metrics such as mean time
between interrupts (MTBI), mean time between failures (MTBF), mean time between assists (MTBA), mean

time to repair'(MT'I”R), uptime, downtime and utilization.

Consequently, great cfforts are made during the operation of a semiconductor facility in quantitatively
determining the behavior of the process tools, whercin automated data gathering techniques are typically uged
due to the high number of process tools producing a correspondingly high amoumt of process information.
Recently, process tools have become more complex in that a process tool may include a plurality of functional
modules or entities, referred to as cluster or cluster tool, which may operate in a parallel and/or sequential
manner such that a produst arriving at the cluster tool may be operated therein in a plurality of process paths,
depending on the process recipe and the current tool state. The recipe may be understood as the comptier
program, rules, specifications, operations and procedures performed each time to produce a substrate that
containg functional units. Consequently, a cluster tool recipe may be understood as a set of instructions for the
processing of substrates through a sequence of integrated process modules or entities, wherein a process moedale
may be understood as a functional unit of a process tool which may perform a specific operation and may
communicate its individual process state to the environment, for instance to a manufacluring execution system
(MES). - Thus, the above-spacified tool states may also correspond to each individual entity or process module,

thereby considering each entity as an individual process tool.

. Consequently, for equipment performance reporting, the entities forming a cluster tool may be tracked
and monitored with respect to theindependent E10 states defined above, while an assessment of the cluster tool
as a whole-is not provided. Therefore, it has been proposed to evaluate the state of a cluster tool as a series of
systems in order to provide the ability for measuring the conventional E10 RAM metrics. In this approach, so-
called intended process paths are defined and considered as separate entities, wherein the overall performance of
the multi-path cluster tool ig derived from the performance of the individual process paths. As previously stated,
the states defined within the E10 standard may not allow bandling multi-path cluster tools at an overal! level but
may be applied to the individual tool entities. Consequently, reliability, for instance in the form of mean time
between failure (MTBE), availability, For instance in the form of operational uptime, and maintainability, for
instance in the form of mean time to repair {MTTR), for the varicus tool entities may be calculated, wherein

these metrics, however, do not provide a metric for the multi-path cluster tool as an entity itself.

With reference to Figures 1a-1b, the conventional technique for characterizing cluster tools on the basis

of the E10 standard will be described in more detail. Figure la schematically shows a cluster tool 150
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comprising a plurality of entities 151 and 152, wherein the entities or modules 151 may represent transportation
modules, such as foad lacks 151A, 1518 for receiving substrates, while the entity 151C may represent an unioad
lock for outputting substrates processed by the process entitics or modules 152, wherein, for instance, entities
152A and 152B may represent equivalent process chambers configured to perform substantially the same
process, such as an etch process and the like, while a process entity 152C may be configured to perform a
subsequent process, such as resist stripping, cleaning and the like. Consequently, a substrate arriving at the
cluster tool 150 may be passed through the tool 150 according to a pluralily of process paths, depending on tool-
specific conditions, such as availability of one of the entities 151, 152, and the like. Each of the entities 151, 152
may be assessed on the basis of the states as defined above, wherein an assessment of the tool 1350 as a whole
may lead to less meaningful metrics, for instance when one of the process modules 1524, 1528 is not capable of
processing substrates for a specified time period, since in principle the cluster tool 150 would be considered as
being productive at all times due to its capability of producing products on the basis of the remaining functional
entity 152, Simultancously, although being in a productive state, a failure may exist and may require equipment
maintenance, thereby rendering the present definitions of uptime and downtime less effective for the cluster tool
150, As previously discussed, the cluster tool 150 may be divided into an aggregate of “virtual tools” by
defining respective intended process paths for the cluster tool 150, wherein an automated state change data
collection on entity level is typicaily required to effectively calculate RAM metrics for a multi-path cluster tool,
such as the tool 150, especially if a plurality of tools having a more or less complex structure are used in a
manufacturing environment. For the generic tool 150, two intended process paths may be defined such that the
substrate arriving at the tool 150 may be handled by one of the load locks L51A, 1518 and may be supplied to
the eatity [52A and subsequently to the entity 152C and may finally be output by the unload lock 151C.
Similarly, a second process path may be defined by one of the load locks 1514, 1518, the module 1528, the
module 152C and the unload lock 151C. The corresponding intended process paths may be identified as IPP
and IPP2 and an operation uptime for the cluster tool 150 may be defined as follows: Operational uptime {(multi-
path cluster tool) = (2 uptime for'all intended process paths) / {(number of process paths) x (operations tire, as
defined above)}) x 100,

In order to determine the operation uptime, the availability of the respective intended process paths may

be determined, which may be accomplished on the basis of a truth table, such as Table la,

Table 1a
131A 151B 152A l.SZB 152¢ 151C Ire 1 IFP 2
Up :Up Up ‘Up Up Up Up Up
Down Up Up Up Up Up Up Up B
Down Down .Up Up Up Up Down Down
Up Up Down Up Up Up Down Up
Up Up Up Down tip Up Up Down
Up Up Up Up Down | Up Down Down
Up Up Up Up Up Down Down Down
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For reducing

For reducing the complexity of the cluster tool 150 for assessing the RAM metrics, the availability of

the transport system may be considered separately in a respoctive truth table:

Table 1b
I51A 1518 151C Transport 151
Up Up Up Up
Down Up Up Up
Up Down Up Up
Down | Down Up Down
Up Up Down Down

Thus, as is evident from Table 1b, the transport system 151 is up when at least the unload lock 151C is

up and at least one of the load locks 151A, [51B is up.

Figure Ib schematicaily illustrates the cluster tool 150 when virtually separated into two process path
entitics IPP1 and IPP2, wherein the plurality of transportation modules or entities 151A, 151B, 151C are
combined into an entity “transport™ 151. Thus, on the basis of the tool 130 as illustrated in Figure 1b, the
availability of the tool [50 may be established on the basis of a truth table, which presents a combination of
Tables Ia and 1b. Therefore, in Table lc, the uptimes and downtimes of the respective entities IPP1 and 1PP2,

comprising the cluster tool 150 as configured in Figure 1b, may be determined.

Table ic

1524 | 1528 152C 151 Transport PP 1 PP 2
Up Up Up Up Up Up
Up Up Up Up Up tp
Up Up Up Down Pown Down

Down iUp Up Up Down Up

Pown Down iUp Up Down Down
Up Down | Up Up Up Down
Up Up Down Up Down Down,
Up Up Up Down Down Down

As is evident from Table e, three tool configurations may result in a corresponding uptime of the entity

IPP1 and respective three tool configurations, which may differ from the former configurations, result in a

h
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with respect to reliability, availability and maintainability may be calculated on the basis of the above-specified
procedures. For example, the mean time before failure (MTBF) for the cluster tool 150 may be calculated as the
sum of the productive time for all process entities, that is, the entities 152 divided by the sum of failures during
the productive time for all entities including the transport system 151, For the above-identified uptimes of IPP1
and IPP2, the foilowing operational behavior of the cluster tcol 150 may be assumed:
Entity 151 A may have 100 productive hours with one failure, thereby resulting in an MTBF of
160 hours.
Entity 151B may have 140 productive hours and one failure may be assumed, thereby
resulting in an MTBF of 140 hours.
Entity 151C may have 140 productive hours, since TPP2 has 140 hours uptime as specified
above, and two failures are assumed, thereby resulting in an MTBF of 70 hours.
The transport system 31 may have one faiture, thereby resulting in an MTBF of 140 howrs,
Based on the above-given formula, the MTBF of the total cluster tool 150 may yield 380 hours

/ 5 failures = 76 hours.

Consequently, RAM metcics for the cluster tool 150 may be obtained on the basis of a configuration
including respective intended process paths, which may be considered as tooi entities and which may be in an up
or down state, wherein the corresponding state may be identified on the basis of the status of the individual
entities when referring fo the truth tables as established above. In the above-described measurement technique
for evaluating the state of a cluster tool, some issues may arise when applying the above-specified technique to
the production environment including a variety of complex cluster tools, since the measurement results received
by the above-specified technique may result in a reduced accuracy and thus confidence for the assessment aof
respective cluster tool states.  For example, in the above-specified technique for assessing the tool state of a
cluster tool in its entirety, the reconfiguration of a relatively purely performing cluster too! by adding high
reliable entities, such as pass through chambers and the like, would significantly increase the MTBF value,
thereby indicating an increased reliability, which may, however, be unrealistic. Fuithermore, the corresponding
metrics received by the above-specified technigue may be less accurate when respective process entities, such as
the entities 151A, 1518 performing equivalent processes, are substantially identical so as to exhibit substantially
the same performance. Furthermore, the MTBF value obtained for the cluster tool as a sipgle entity is different
from a corresponding value obtained by using the uptime of the cluster tool divided by the number of failures.
Similarly, the MTTR {mean time to repair) value calculated from the mean time between failure and downtime

differs from the downtime divided by the number of failures. It appears that the MTBF value and the MTTR
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value may be unrealistic values for the above-specified example, since 168 hours divided by the sum of 76 hours
and 24.8 hours representing the mean time between failure and the mean time to repair, respectively, yields
approximately 1.7 failure plus repair events per week for the cluster toot 150 in its entirety, wherein solely the
entity 152C had atready two failures and repairs per week, thereby causing 100% downtime to the entire cluster
tool 150. As a consequence, the measurement of cluster tool characteristics, such as reliability, availability and
maintainabiiity according to conventional techniques may yield less reliabie resuls, thereby significantly

affecting production control in a semiconductor facility.

In view of the situation described above, there exists a need for an enhanced technique for assessing
cluster toals, in which one or more of the problems identified above may be aveided or the cifects thereof at least

stgnificantly be reduced.

DISCLOSURE OF INVENTION

The following presents a simplified summary of the invention in order to provide a basic understanding
of some aspects of the invention. This summary is not an exhaustive overview of the invention. [t is not
intended to identify key or critical elements of the invention or to delineate the scope of the invention. [ts sole
purpose is to present some concepts in a simplified form as a prelude to the more detaifed description that is

discussed later.

Generally, the present invention is directed to a technique that enables efficient measurement and
assessment of cluster tool characteristics, such as retability, availability and maintainability. on the basis of a
plurality of different states of at least some of the entities comprising the respective cluster tool.  For this
purpose, “combined” states for the cluster tool as an entity may be defined, wherein the corresponding states of
the individual entitics may represent sub-states, the various contributions of which determine the total state of the
cluster tool. In order to appropriately combine the individual sub-states into a total state, appropriate weighting
or normalization factors may be established, which substantially determine the influence of specific sub-states on
the 1ozal cluster tool state. In some illustrative embodiments, a hicrarchy may be established for the plurality of
sub-states, i.e., for the individual states each entity of the cluster tool may take on, in order to-establish a corre-
sponding ranking in which one state may overrule other states in a sequence of states within the cluster tool.
Consequently, due to the combination of a plurality of sub-states, the total state of the cluster fool when
considered as an entity may be monitored and measured in a more accurate and reliable fashion, thereby
providing a reliable basis for determining other tool-specific metrics, wherein, in some illustrative embodiments,
corresponding measurement values may be obtained that are immediately comparable with corresponding
measurement results for single process tools, thereby addressing aspects with respect to measurement against
availability commitments of suppliers and providing a basis for data enabling a statement with respect to tool

capacity.

According to one illustrative embodiment of the present invention, a system comprises an interface
configured to receive process messages from a cluster tool having two or more enfities, wherein the process

messages are related to each of the entities. The system further comprises a state estimation unit conngcted to
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polishing chambers and the like, while the entity 251 may represent a plurality of transport modules, thereby
representing the mainframe of the cluster ool 250, Le., the platform for receiving and releasing substrates. The
cluster tool 250 may thus comprise entities 252 A and 2528, which may be considered as substantially equivalent
process chambers such that the entities 252A and 232B may be considered as paraliel modules having
substantially the same performance or capacity. Similarly, the entities 252C and 252D may be considered as
equivalent modules or parallel modules having substantially the same capacity. [t should be appreciated that the
assurmption of the same capacity or performance of parallel ¢ntities, such as the entities 252A, 2528 or 252C,
2520 is not essential to the present invention and a corresponding weighting scheme, as will be deseribed in
more detail Jater on, may take into consideration an appropriate asymmetry between parallel entities. Since
respective parallel entities, such as the eatities 2524, 2528 and 252C, 252D produce substantially the same
process output and the entities 252C, 252D operate on substrates pre-processed by the entities 2524, 2528, a
corresponding process flow may be defined, as is illustrated by the arrow 253, wherein step 1 may represent a
first step of the process fow 253, which in turn is defined by a corresponding process recipe. Similarly, step 2
may represent the process output created by the respective entities 252C, 2525, while step 3 of the process flow
253 may be represented by all transportation and substrate handling activities, which may not contribute to
changes of substrate configuration, except for any defects created during the substraie handling processes. Step
3 representing the transport and wafer handiing of the cluster tool 250, which may also be considered as the
mainframe of the cluster {ool 250, may in one illustrative embodiment be sct as the last step of the process flow
253, thereby providing enhanced visibility of the number of process steps associated with a respective cluster

tool.

Since cach of the entities 252 and 251 may be in one of a plurality of predefined enlity states, which
may be considcred as sub-states of the cluster tool when taken as a single entity, the cluster tool 230 may
therefore be considered as being in a combination of a plurality of sub-states and, hence, according 1o the present
invention, the influence of the various sub-states may be weighted by assigning corresponding weighting factors
to each of the entities 252, 251 so as to obtain an appropriate overall state of the cluster tool 250. In one
illustrative embodiment, the weighting or normalization of the individual entities 252, 251 is performed on the
basis of (he respective capacities of these entities, wherein an appropriate reference is selected for the cluster tool
250. In one illustrative embodiment, the reference capacity is selected as the minimum capacity of all steps
defined in the cluster tool 250, The corresponding minimum capacity is then set to 100% capacity of the cluster
tool 250. For example, with the cluster tool 250, the following performance data for the individual entities 252,
251 may have been established on the basis of supplier information, test runs, an averags of operation data and
the like, wherein the corresponding performance data may refer to specified process conditions:

Entity 252 A: process time 140 seconds per cycle; process size 1 substrate per cycle;
Entity 252B: process time 140 seconds per cycle; process size | substrate per cycle;
Entity 252C: process time 100 seconds per cycle; process size | substrate per oycle;
Entity 252D: process time 100 seconds per cycle; process size 1 substrate per cycle; and

Entity 251: process time 60 seconds per cycle; process size 1 substrate per cycle.
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in the state PRD. Since. in this exampie, the state of the cluster tool 250 is to be determined as a mixture of the
six E10 states, the corresponding ranking as defined in Table 2b may be used in estimating the influence of the
various states on the overall state of the cluster tool 250. For example, the state having the highest rank or
highest priority, ie., the non-scheduled state (NST}, is represented in the cluster tool 250 in the second step and
has been detected in an entity 252 having a weight of 30%, wherein step 2 has a total weight of 120%.
Consequently, the NST state “leaves” 90% of the entire tool capacity for other states, thereby imparting an
influence of 10% to the overall tool state of the tool 250, Similary, the unscheduled down state (UDT), which is
overruled by the NST state, while overruling any other state is detected in an cntity of the first step having a
waight or capacity of 25%. Consequently, the UDT state may leave only 75% to any lower ranked states. Since
already a reduced capacity of 90% is available due to the higher ranked SDT state, the influence of the USD state

may be set to 15%, ie., the difference between 90% and 73%.

A scheduted down state (SDTY is encountered in the second step having a weighting factor or capacity
of 30% since in this step a higher ranked NST state is also present with a weighting factor of 30%, the second
step including the SDT state may leave only 60% of the total capacity, since the overall capacity of the second
step is 120%. Consequently, the influence of the SDT state on the overall state of the tool 230 may be 15%,
since the higher ranked USD state already resuited in a reduced capacity of 75%. Similarly, an engineering state
(ENG) may have been detected in an entity of the first step, thereby leaving only 50% for any lower ranked state.
Thus, an influence of the ENG state on the overall state of the tool 250 may be 10%, as only 60% have been left
so far by the ligher ranked states. Furthermore, the standby state (SBY) is encountered in one entity 252 in the
first step and in one entity 252 in the thicd step, wherein the SBY state in the first step, due to the presence of
corresponding higher ranked states, may leave, in combination with these higher ranked states, only 25% for any
lower ranked states, thereby overruling any lower ranked states. Hence, the influence of the 3BY state to the
overall state is 25% as only 50% have been left by any higher ranked states as is determined in the step before.
Finally, the productive state (PRD) although encountered in a variety of entities 252 and 231 with higher
weighting factor or capacity is determined by the entity of step 1, thereby resulting in an influence of 25% of the
PRD state on the overall state of the tool 250, Consequently, on the basis of the corresponding hierarchy as

represented by, for instance, Table 22, a corresponding contribution of the individual states or sub-states on the
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overall state of the cluster tool 250 may be determined. It should be appreciated that the corresponding ranking
of Table 2a may, in other iliustrative embodiments, be altered in accordance witih other criteria, such as
company-specific requirements, or may be appropriately adapted if iess or more individual states for cach entity
252 and 251 are to be used. For.example, if one of the states specified above is to be divided into two or more
sub-states o as to provide an enhanced “state resolution,” a corresponding ranking of the respective sub-states
may be appropriately established. On the basis of the setup matrix as represented by Table 2a and a
corresponding hierarchy as represented by Table 2b, in some illustrative embodiments, a corresponding
determination of the total states may be performed, as will be deseribed in mare detail with reference to Figure

2e.

Figure 2o schematically iflusteates a system 200 configured to monitor ard measure the state of a cluster
tool and any metrics with respect to reliability, availability and maintainability of the cluster tool. Tn the
representative erbodiment shown in Figure 2¢, the cluster tool may be represented by the cluster tool 230 as
shown in Figure 2b, which also has the same configuration at a given point in fime as is also shown in Figure 2b.
The system 200 may comprise an interface 210 that is configured to communicate with the cluster tool 250 to
receive therefrom any process maessages which at least relate to the individual states of the entities 252 and 251
of the tool 250, wherein the corresponding process messages may be obtained at least within specified time slots
ta provide a desired temporal resolution in order to reliably detect any state changes of cach of' the eatities 252
and 251 of the cluster tool 250. Thus, the interface 210 is configured to obtain corresponding process messages
with a frequency that cnables the detection of any state changes within a time period thai is appropriate for
reliably assessing tool states. For instance, a time resolution of several seconds to a few minutes or even hours
may be considered appropriate, in some illusirative embodiments, for obtaining respective updated process
messages indicating the respective cwrrent states of each entity of the t6ol 250. The system 200 further
comprises a state estimation unit 280, which is connected to the interface 210, for receiving state data related to
the plurality of entities 252 and 251 of the tool 250, wherein the respective state data may be provided in any
appropriate format so as to enable the state estimation unit 280 to further manipulate the respective state data for
providing a metric of a total state of the tool 250 on the basis of a corresponding set of substrates, Le., the states

the individual entities 252, 251 may take on in the tool 250.

Tn one illustrative embodiment, the state estimation unit 280 may comprise a state matrix determination
unit 220 which may receive any state data from the interface 210 and which may also receive setup data, which
may be provided by the interface 210 or by any other external or internal source of the state estimation unit 280.
The unit 220 may be configured to establish a corresponding current state matrix for a given Point in time or a

-time slot on the basis of the setup data and the process messapes received by the interface 210 from the tool 250.
For the exemplary cluster tool 250 as described with reference to Figure 2b, the corrssponding state matrix may
include the information as illustrated in Table 2¢, which contains the respective states for each step of the cluster
tools 250 in combination with the respective weighting factors or capacities as is explained with reference to

Figure 2b,

—
o
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It should be appreciated that the information extracted by the state matrix determination unit 220 from
the setup data and the state data provided by the interface 210 may be obtained and stored in any appropriate
format, wherein the unit 220 may comprise any appropriate hardware and software resources, such as storage

means, central processing units (CPU) and the like, that are appropriately configured to extract and store the

corresponding state matrix.

The state estircation unit 280 may further comprise a siate summation unit 230 that is configured to
establish the respactive capacity or weighting factor for each state or sub-state for each process step according to
the configuration of the cluster tool 250. Corresponding weighted state data for each step of the tool 230 are
ilfustrated in Table 2d, wherein regarding any hardware and sofiware resources for extracting and storing the
respective data contained in Table 2d, the same criteria may apply as previously explained with reference to the

unit 220.

Table 2d

STEP 1 2 3 4
State cap% cap% cap%e éap %o
PRD 25% 60% 50% 140%
SBY 25% 0% 50% 0%
ENG 25% 0% 0% 0%
SDT 0% 30% 0% 0%
UDT 25% 0% 0% 0%
NST 0% 30% 0% 0%

TOTAL 100% 120% 100% 140%

The state estimation unit 280 may further comprise a state accumulation unit 240 that is configured to
provide an “accumulated” weighting factor or capacity for the plurality of states for each step, wherein, as
previously explained with reference to Figure 2b, the accumulation may be performed on the basis of the
hierarchy, as is for instance shown in Table 2a. For the above-specified example, Table Ze schematically

illustrates a corresponding accumulated state weight or capacity for each step of the cluster tool 250.
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State cap% accumulation by Step 1 P4 3 4

PRD 25% 60% 50% 140%
PRDF-SBY = S50% 60% 100% 140%
PRD+SBY+ENG = 75% 60% 100% 140% |
PRDHSBY+ENG+HSDT = 75% 90% 100% 140%
PRDH-SBY+ENGHSDTHUDT = 100% 20% 100% 140%
PRD+SBY+ENG+SDTHUDTHSNT = 100% 120% 100% 140%

As is evident from Table 2e, the weights or capacities of the respective states are summed up in each

step according to the ranking of cach of the states.

The state estimation unit 280 may further comprise a state minimum determination unit 260, which may
be configured to identify the minimum weight or capacity for each of the accumulated states when considering

all steps of the cluster tool 250. The corresponding minima provided by the unit 260 are represented in Table 2

Table 21
MIN - State cap% accumulation
25% PRD
50% PRD+SBY
60% PRD+SBY+ENG
75% PRD+SBY+ENG+SDT
0% PRD+SBY+ENGHSDT+UDT
100% PRD+SBYHENGHSDTHUDTHNST

As is evident from Table 2F, the accumulated state PRD is represented by a weight or capacity of 23%,
since this is the minimum weight or capacity for this state in all steps 1-4 with respect to Table 2e. Similarly, for
the accumulated state PRI plus SBY, the minimum weight or capacity is 50%, corresponding to the minimum
value for this state provided in step 1 according to Table Ze. For the accumulared state PRD plus SBY plus
ENG, a minimum value of 60% is determined by the unit 260, which corresponds to the respective value of step
2. Similarly, for the accumulated state PRD plus SBY plus ENG plus SDT, a value of 75% has been determined,
which corresponds to the respective value in the first step of Table 28, The value of 90% for the accumulated
state PRI plus SBY plus ENG plus SDT plus UDT corresponds to step 2 and finally the accumulated state PRD
plus SBY plus ENG plus SDT plus UDT plus NST has a value of 100% representing the minimum of steps 1-4,

for instance step 1 or step 3 of Table 2e.

Moreover, the state estimation unit 280 may further comprise a state redistribution unit 270, which is
adapted to assign appropriate weighting factors or capacities to each of the respective states PRD, SBY, ENG,
SDT, UDT and NST, which in combination represent the total state of the cluster tool 250, As previously

explained with reference to Figure 2b and the corresponding hierarchy, the respective influences may be
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280 may be further configured to determine a metric for a respective tool characteristic on the basis ol the cluster
state. As previously explained, the corresponding state data provided by the tool 250 and received by the
interface 210 may be gathered in any appropriate temporal sequence, wherein the corresponding cluster tool state
may be determined for each version of updated data provided by the tool 250, or, in other embodiments, the
respective updated cluster tool states may be determined as soon as a state change in one of the entities of the
cluster tool 250 is detected by the system 200. For example, in one illustrative embodiment, the system 200 may
be configured to compare the state of the tool 250 with a previously valid state, which may, for instance, be
accomplished by correspondingly comparing the state matrices provided by the unit 220 so that a corresponding
updated tool state for the cluster tool 250 may then be determined whenever the unit 220 detects a difference of
two subsequently determined state matrices, It should be appreciated that the corresponding determination of the
currently valid tool state be performed in a real-time manner or may be performed at any appropriate point in
time, as long as the interface 210 and/or the state estimation unit 280 may receive the corresponding state data or
process messages with a predefined frequency, wherein the corresponding data may be processed immediately or
in any delayed fashion according to computational resources of the state estimation unit 280. Consequently, the
dynamic behavior of the state of the tool 250 and thus the corresponding metrics for the tool characteristics may

be determined on the basis of the temporal development of the tool state of the cluster tool 250,
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weighting factors for entities steps 3 and 4 may be set to 100% or 1.0, since a failure in one of these emitie%
reduces the resulting tool capacity to 0. Consequently, during a specificd period of time represented by the
entity states as indicated in Figure Ze, four individual failures oceurred, that is, two failures in the first step, one
failure in the second step and one failure in the third step. In one illustrative embodiment, the corresponding
weighted failures may be calculated on the basis of the individual weighting factors, thereby disregarding any
additional capacity losses caused by the simultancous occwrrence of any failures in one of the steps 1-4. For
example, in the example shown, cach of the failures in step | may be weighted by 0.2, thereby resuliing in an
overall weighted failure count of 0.4 for step |. Simifarly, the single failure in step 2 is weighted by 0.3, while

the single failure in step 3 is weighted by 1.0, thereby resulting in an overall failure count of £.7.

In other embodiments, the simultaneous occurrence of failures may be appropriately taken into
consideration by correspondingly redefining the weighting factors. For example, a simultaneous occurrence of
the failures in step 1 may result in a capacity loss of 60% so that the corresponding weighting factor should be
0.6 for the simultaneous occurrence of two failures in step | instead of 0.4 as the sum of the individual failure
weights. In some illustrative embodiments, the determination of the failure weights may be performed on the
basis of weighting factors that are established in correspondence with the temporal occurrence of the respective
failure states so that, for instance, for an overlapping time perfod with a simuitaneous occurrence of two or maore
failure states, the weighting factor may be adapted and may then be re-adjusted when one or more of the failure
states have clapsed while one or more of the other failure states may still be present.  Consequently, highly
consistent failure counts may be established for the cluster tool 250 to more precisely determine respective tool
characteristics, which are based on a total failure count for the respective cluster tool. For example, in
conventional techniques as previously described with reference to Figures la-1b, respective entity fatlures are
simply added, thereby resulting in non-comprehensive metrics for respective tool characteristics, such as

reliability and the like, in which the failare count is used for assessing the toal characteristics.

Figure 2f schematically illustrates a cluster tool, such as the cluster tool 150 as shown in Figure la,
whersin the virtual configuration of the ol 150 is obtained in accordance with the principles of one ilustrative
embodiment of the present invention, wherein capacity weighted entity states are provided. In order to compare
the results obtained by the present invention with corresponding results as previously described for the toot 150,
a tespective configuration described by the truth table 1c may be selected, whersin the entity 132A is up, the
entity 1528 is down, the entity 152C is up and the transport 151 is up, resubting in IPP1 being up and I[PP2 being
down, In Figure 2f, the tool 150 is illustrated with three steps, wherein the respective capacity weights are
selected, since corresponding values may not be available from the conventional examples. Based on the
respective  weighting  factor, the corresponding procedure for obtaining a state matrix, performing a
corresponding summation of capacity weights per state and step, determining respective capacities for
accumulated states, selecting a minimum capacity weight for each accumulated state and [nally determining the
respective influences on the total cluster state by redistributing the corresponding weighting factors, as is
explained in detail with reference to Figure 2e, may also be applied to the tool 150 as illustrated in Figure 2f,
Consequently, the following cluster state may be obtained: PRI 75%, SBY 0%, ENG 0%, SDT 0%, UDT 25%
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and NST 0%. Based on the up times and down times of 100 hours and 140 hours for {PP1 and IPP2, a respective

operating scheme may be assumed as is represented in Table 24

Table 2i

152A 132¢ 151 PPl THVIE 152b 152¢ 151 PpP2 TIVIE
SBY UuDT unT DOWN 4.0 unT UDT | UDT DOWN 14.0
PRD PRD PRD UP 12.0 PRI PRD PRD up 12.0
SBY uonT SBY DOWN 14.0 EMNG upr sBY DOWN 14.0
PRD PRD PRD up 48.0 PRD PRD PRD ur 48.0
UDT PRD PRD DOWN 40.0 PRD PRI PRD up 40,0
PRD PRD PRD up - 40.0 PRI PRD PRD up 40,0
up 100.00 up 140.0
DOWN 658.0 DOWN 28.0

TOTAL 168.0 TOTAL 168.0

As previously illustrated, the corresponding process sequence may result in an uptime of 71.4% and a
corresponding downtime of 28.6% for the tool 130 when considerad as an entity according to the conventional
technique. As is evident from Table 2i, one failure occurs in entity 152A, two failures may oceur in entity 152C
and one failure may ocecur in the transport, while one failure also occurs in entity 152B. Consequently, as
previously explainad, the mean time between failures is 76.0 hours with a total of five failures. Coulrary to these
values, determining the respective cluster tol states for the respective time slots as indicated by Table 2i, fe,
applying the above-specified procedure according to illustrative embodiments for cach time slot and
accumulating the respective cluster tool states, as is previously explained with reference to Figure Zc, the
following metrics for the individual sub-states comprising the state of the tool 1530 are obtained: TPRD 130.0
hours, SBY 0.0 hours, ENG 0.0 hours, SDT 0.0 hours, UDT 38.0 hours and NST 0.0 howrs. Consequently, a
productive time, Le, an uptime, of 77.4% is obtained, while the downtime, in this case an unscheduled

downtime, {5 22.6%.

Furthermore, the corresponding weighting factors for any failures in step 1 are 0.25, while the
respective weighting factors in step 2 and step 3 are 1.0. Consequently, the weighted failure count, i.e., failures
in step 1 each having a failure weight of 0.25, two failures in step 2 with a failure weight of 1.0 and one failure in
step 3 with a failure weight of 1.0 yields a weighted failure couat of 3.5, Consequently, carresponding metrics
indicating reliability, such as MTBF, MUTBF {meaa uptime between failure} and MTTR may be determined,
thereby vielding: MTBF (productive time/faiture count) 37.14 hours, MUTBF (uptime/failure count} 37.14
hours and MTTR (downtime/failure count) 10.86 hours.

For example, the corresponding mean time before failure determined on the basis of the conventional
technique vields 76.0 hours, thereby also indicating a significant deviation to the corresponding results according

to the present invention. Morcover, a high degree of cousistency of the resuits of the present invention is

jo ]
nd



PRD 40.0 PRD PR]) PRD 40.0 PRD PRD 40.0 PRO PR])
PRO 40.0 UP 100.00 UP 140.0

WO 2007/078792 PCT/US2006/047608

indicated by evaluating the availability defined by 1 ~ (MTTRAMTTRAMUTBF)), vielding 0.774, which is

identical to the uptime of 77.4% previously obtained.

As a result, the present invention provides an enhanced technique for measuring and monitoring cluster
tool states, thereby providing the potential for measuring tool characteristics, such as reliability, availability and
maintainability, wherein, in some illustrative embodiments, standard E10 states may be used for representing a
corresponding cluster tool state. For this purpose, weighted entity states may be combined to provide a
representation of the cluster tool state, wherein a respective combination, that is aggregation or accumulation of
entity states, may be performed on the basis of an appropriately defined hierarchy structure of the entity states.
Furthermore, in some llustrative embodiments, respective failures indicated by corresponding entity states may
also be weighted on the basis of appropriate weighting factors, thereby providing a high degree of consistency in
view of numerical values of tool characteristics. In one iliustrative embodiment, the weighting factor may be
determined on the basis of the capacity of the individual entities, wherein the capacity may be determined on any
appropriate performance data, such as averaged cycle times fora plurality of operations, supplier-specific data or
the corresponding capacity values may be dynamically adapted depending on operating conditions. Moreover,
any number of sub-states may be handled by the systems and methods provided herein, while in conventional
techniques only up and down states may be used, For the cluster description of the conventional technigque, a
truth table with up to 2" rows for a cluster tool with n entities may be required, whereas the present invention
may use a setup matrix with n rows only. Furthermore, the present invention may take into consideration the
capacity surplus of parallel entities in favor of the cluster tool, that is, two parallel chambers with 70% capacity
result in a capacity loss of 30% when one of the chambers fails, wherein, in the conventional technique, a
capacity loss of 50% is used. Consequently, a high degree of comprehensiveness with respect to the
representation of & cluster tool in combination with a modest effort in cluster matrix modeling may be achieved,
wherein measurement of availability, reliability and maintainability may result in more accurate metrics

compared to conventional techniques.

The particular embodiments disclosed above are illustrative only, as the invention may be modified and
practiced in different but equivalent manners apparent to those skifled in the art having the benefit of the
teachings herein. For example, the process steps set forth above may be performed in a different order.
Furthermore, no limitations are intended to the detaiis of construction or design herein showwn, other than as
described in the claims below. [t is therefore evident that the particular ernbodiments disclosed above may be
altered or modified and all such variations are considered within the scope and spirit of the invention.

Accordingly, the protection sought herein is as set forth in the claims below.
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automatically determning a netric for a current total

state of said cluster tool on the basis of a

functional capacity of each entity and said process

nmessages, wherein said plurality of avail able states

conprises a productive state, a standby state, an

engi neering state, a schedul ed down state, an

unschedul ed down state and a non-schedul ed state, and

whergimatigailyl dgkumiaing tynafic &vai dualkheost atesofani@ dancesh! on
e 0t | erarchy, and wherein said hierarchy has a ..
the b2 L R G coo BTG RO B R e S SrLonsS; froaning o
weibbiled @apargty oodenchf s08id pweslty (o RHGReSineRNil QR ichMiy Raving the
]“prodqctlve state, a standby state, an engineering
OWEHLLARACILY ISR AT BEBHn state, an unschedul ed down

state and a non-schedul ed state. 2. The nethod of

claiml, wherein said netric of said current tota
6. st akhe ofthoHeolcklabn f, wowtini siid vesghtaf cymkinedpr eadh entity s

alk ej seciated.with a respective one of said
el PSR 20 SRR SR or RaRE RS bR oot e
nungenof substtdtensintitmabdly gspeadiin eaddnauayvai | abl e state to
said current total state. 3. The nethod of claiml,
further conprising neasuring at | east one of
7. reliabhdthddor @it 6 aihdrteymar LitALNARLdbfiYe OF T
basi s of said net??gh%?(%ﬁ@ngﬂ??gﬁ%ﬁ%%?gﬁmgﬁﬁt%ﬁjEﬂﬁcume
on thrp, pasipetfisaid pogcesy messades. furt her conprisi ng deterni ni ng
an updated netric for said total state for an
operation tinme interval defined by a state change of
8. at A megbdonepeningty. 5. A nethod, conprising:
recei ving process nesgang froma cluster tool used in
a NETUFHCPOPERQ PrEEREE™ 4 Alstes 1ok Hsedni gy pardacturing process
line G UM REE BEM MhiBatfRl C S LRt B8] said @l HecS kdls t&hprising a
tool comprising a plurality of entities: ©
pluralify 9feliteal |y determining a nmetric for a current total
st . Sai .. .00l . the basis of .a., »
U T eSS PL ph R PR ohifey PR MuBos Ty sluetsgioot on
the bresodgdiwictiamd caletitnb hgichemiéy ghd edd papas inteysakor; agach of

sai,d.plurality of entities, wherein an entity haying

¢ nd TR 8 Ce LR il Pt d eirdsola idpelie ot Lamprvang b o
for eweh kagkyaihddoinMsSor WREERIsttpS ahdl aWedi I €6 faBiRAL: te¥cl OF said

each entity i.s determ ned on the basis of a cycle tine
plurglgy of cailiissi faidrqsesowrps detpraidie entdcess Bow Lhthsghnsaid eluster
100l Of substrates sinultaneously processed in each entity.

7. The nethod of claim6, further conprising

dynam cal ly updating said cycle tine on the basis of

sakd. praces ssages. 8. A.nethod, conprising: . _
O 7 adls Bl STER 3 EBion sboo B e, S PO B i lor
of availntEla Bﬂfa&@bm‘ udigg m@[&ia_‘é&hbfl[’ﬂilﬁ:!e“!dr@izﬁ[ﬂr daftt ﬁf:tfr@%@ said total state.

comuni cating wth said cluster tool, said cluster

tool conprising a plurality of entities:

10. autpiRLirealdryidgtoe W[fbt%hpgiicﬁhi%'i'ﬁ]' Qyab g.rrarﬂd?é‘{)f e p]tupat!iﬂl of
state of said cluster tool on't & 'basi's or° a
availpplg statesrathecapacingyrds fmac wwesttto thyshastcrivaiiyd apnodesise state,
, S, o d€fdNing a setyp matrix for said
o sl B hosine s bR AR UL G PP s
and eaghschadiilédstaad col ums for process steps and a
wei ght ed capacity for each of said plurality of
entities, said process steps determ ning a process
flow through said cluster tool. 9. The nethod of
claim8, further conprising defining a hierarchy of
said plurality of availabj®e states and using said
hi erarchy for determ ning said nmetric of said tota
state. 10. The nethod of claim9, wherein said
hi erarchy has a ranking of said plurality of avail able
states in the following order fromlowest to highest
priority: a productive state, a standby state, an
engi neering state, a schedul ed down state, an



