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(57) ABSTRACT

In a lithographic process in which a series of substrates are
processed in different contexts, object data (such as perfor-
mance data representing overlay measured on a set of
substrates that have been processed previously) is received.
Context data represents one or more parameters of the
lithographic process that vary between substrates within the
set. By principal component analysis or other statistical
analysis of the performance data, the set of substrates are
partitioned into two or more subsets. The first partitioning of
the substrates and the context data are used to identify one
or more relevant context parameters, being parameters of the
lithographic process that are observed to correlate most
strongly with the first partitioning. The lithographic appa-
ratus is controlled for new substrates by reference to the
identified relevant context parameters. Embodiments with
feedback control and feedforward control are described.
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METHOD & APPARATUS FOR
CONTROLLING AN INDUSTRIAL PROCESS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority of EP application
15189024.1 which was filed on Oct. 8, 2015 and EP appli-
cation 16188375.6 which was filed on Sep. 12, 2016 which
are incorporated herein in its entirety by reference.

BACKGROUND

Field of the Invention

[0002] The invention relates to methods of controlling an
industrial process by feedback based on performance param-
eters measured on processed product units. An example of
an industrial process for which the method has been devel-
oped is a lithographic process, which includes one or more
steps of transferring a pattern from a patterning device onto
a substrate using a lithographic apparatus. The invention
further relates, a control apparatus for an industrial process
and to a computer program products for causing a data
processing apparatus to implement the methods and appa-
ratus described.

Related Art

[0003] A lithographic process is one in which a litho-
graphic apparatus applies a desired pattern onto a substrate,
usually onto a target portion of the substrate, after which
various processing chemical and/or physical processing
steps work through the pattern to create functional features
of'a complex product. The accurate placement of patterns on
the substrate is a chief challenge for reducing the size of
circuit components and other products that may be produced
by lithography. In particular, the challenge of measuring
accurately the features on a substrate which have already
been laid down is a critical step in being able to position
successive layers of features in superposition accurately
enough to produce working devices with a high yield.
So-called overlay should, in general, be achieved within a
few tens of nanometers in today’s sub-micron semiconduc-
tor devices, down to a few nanometers in the most critical
layers.

[0004] Consequently, modern lithography apparatuses
involve extensive measurement or ‘mapping’ operations
before and after to the step of actually exposing or otherwise
patterning the substrate at a target location. Many ‘finger-
prints’ in the performance parameters can be identified, and
feedback loops implementing advanced process control can
be applied to improve the overall performance of the pro-
cess.

[0005] Advanced process control (APC) identifies correct-
able variation in a performance parameter such as overlay,
and applies one set of corrections to a lot (batch) of wafers.
In determining these corrections, corrections from previous
lots are taken into account in order to avoid overcorrecting
the noise in the measurements. For adequate smoothing of
current corrections with previous ones, the history of cor-
rections taken into account should match the context of the
current lot. “Context” in this regard encompasses any
parameters that identify variants arising within the same
overall industrial process. The layer ID, layer type, product
1D, product type, reticle ID and so forth are all context
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parameters that may lead to different fingerprints in the
finished performance. In addition to the individual scanners
that may be used in a high-volume manufacturing facility,
the individual tools used for each of the coating, etching, and
other steps involved in semiconductor manufacturing can
also vary from lot to lot or wafer to wafer. Each of these tools
can impose a particular error “fingerprint” on the products.
Outside the field of semiconductor manufacturing, similar
situations may arise in any industrial process.

[0006] To ensure accurate feedback control appropriate to
the particular context, different lots (batches) of product
units can be treated as separate “threads” in the APC
algorithms. Context data can be used to assign each product
unit to the correct thread. In the case of a manufacturing
plant producing usually high volumes of only a few types of
products by the same process steps, the number of different
contexts may be relatively small, and the number of product
units in each thread will be ample to allow smoothing of
noise. All of the lots having a common context can be
assigned to their own thread to optimize the feedback
correction and the ultimate performance. In case of a
foundry producing many different types of product in very
small production runs, the context may change more often,
and the number of lots having exactly the same context data
may be quite small. Using only the context data to assign lots
to different APC ‘threads’ may then result in a large number
of threads, with a small number of lots per thread. Com-
plexity of the feedback control increases, and the ability to
improve performance for low-volume products is reduced.
Combing different lots into the same threads without suffi-
cient regard to their different contexts will cause loss of
performance also.

[0007] Different wafers within a lot may in practice have
different contexts, but current control systems are not
adapted to use this different context to allow effective
per-wafer control.

[0008] A diagnostic apparatus for root cause analysis a
lithographic manufacturing facility or other industrial pro-
cess 1is described in published patent application
WO2015049087A1.

SUMMARY OF THE INVENTION

[0009] The invention aims to improve control of industrial
processes, including processes where the performance of the
process for different product units may be influenced by
different context. The invention in some embodiments aims
to improve control in processes where one or more low-
volume product lines are mixed with other product lines in
a high-volume process. The invention in some embodiments
aims to allow control in lithographic manufacturing pro-
cesses.

[0010] The invention in a first aspect provides a method of
controlling an industrial process, the method comprising:
[0011] (a) receiving object data representing one or more
parameters measured in relation to a set of product units that
have been subjected to the industrial process;

[0012] (b) receiving context data representing a plurality
of context parameters that are parameters of the industrial
process that vary between product units within the set;
[0013] (c) defining, by statistical analysis of the object
data, a first partitioning that assigns membership of the
product units of the set between two or more subsets, the
product units in each subset sharing one or more character-
istics observed in the object data;
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[0014] (d) identifying, at least in part based on the first
partitioning of the product units and the context data, a set
of one or more relevant context parameters among the
context parameters; and

[0015] (e) controlling the industrial process for new prod-
uct units at least partially by reference to the identified set of
relevant context parameters among context parameters of
the new product units.

[0016] The invention in a second aspect provides a control
system for an industrial process, the control system com-
prising:

[0017] storage for object data representing one or more
parameters measured in relation to a set of product
units that have been subjected to the industrial process;

[0018] storage for context data representing a plurality
of context parameters that are parameters of the indus-
trial process that vary between product units within the
set;

[0019] a first processor arranged to define, by statistical
analysis of the object data, a first partitioning that
assigns membership of the product units of the set
between two or more subsets, the product units in each
subset sharing one or more characteristics observed in
the object data;

[0020] a second processor arranged to use the first
partitioning of the product units and the context data to
identify a set of one or more relevant context param-
eters among the context parameters, a most relevant
context parameter being a parameter of the industrial
process that is observed to correlate most strongly with
the first partitioning;

[0021] a controller for controlling the industrial process
for new product units by reference to the identified set
of relevant context parameters among context param-
eters of the new product units.

[0022] The storage and the first and second processors can
be implemented in the same data processing apparatus. The
same data processing apparatus can optionally be pro-
grammed to serve as the controller.

[0023] In an embodiment, said industrial process com-
prises a sequence of one or more lithographic processing
steps performed on product units in the form of substrates,
each lithographic processing step comprising one or more
lithographic patterning operations followed by one or more
physical and/or chemical processing operations.

[0024] In some applications, the object data may include
performance data representing one or more performance
parameters measured on the set of product units after they
have been subject to the industrial process. The performance
parameters of subsets of previously processed product units
are then used to generate feedback corrections for new
product units, the subsets of the previously processed prod-
ucts being defined by reference to the identified relevant
context parameters.

[0025] In other applications, the object data may include
the object data relating to the set of product units includes
data representing one or more parameters measured prior to
or during performance of the industrial process on those
product units. The object data for the set of product units
includes data representing one or more parameters measured
on product units of the set prior to or during performance of
the industrial process.

[0026] Examples of such applications will be described
further below, with reference to the accompanying drawings.
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[0027] The invention further provides a computer program
product comprising machine readable instructions for caus-
ing a general purpose data processing apparatus to imple-
ment all or part of a method and control system as set forth
above.

[0028] Further features and advantages of the invention, as
well as the structure and operation of various embodiments
of the present invention, are described in detail below with
reference to the accompanying drawings. It is noted that the
invention is not limited to the specific embodiments
described herein. Such embodiments are presented herein
for illustrative purposes only. Additional embodiments will
be apparent to persons skilled in the relevant art(s) based on
the teachings contained herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0029] Embodiments of the invention will now be
described, by way of example only, with reference to the
accompanying schematic drawings in which:

[0030] FIG. 1 depicts a lithographic apparatus according
to an embodiment of the invention;

[0031] FIG. 2 shows schematically the use of the litho-
graphic apparatus of FIG. 1 together with other apparatuses
forming a manufacturing facility for semiconductor devices,
the facility including a control apparatus according to
embodiments of the present invention;

[0032] FIG. 3 illustrates schematically two known feed-
back control methods applied in a manufacturing facility of
the type shown in FIG. 2;

[0033] FIG. 4 illustrates schematically the operation of a
feedback control method in accordance with one embodi-
ment of the present disclosure;

[0034] FIG. 5 and FIG. 6 illustrate different examples of
automatic clustering of historical performance data, illus-
trating operation of the feedback control method of FIG. 4
in two example applications;

[0035] FIG. 7 is a more detailed flowchart of part of the
method of FIG. 4,

[0036] FIGS. 8 to 10 illustrate operation of the method of
FIGS. 4 and 7 in a simple experiment performed in a real
manufacturing facility;

[0037] FIG. 11 illustrates schematically data processing
hardware programmable to implement the methods and
apparatuses of the embodiments of the invention.

DETAILED DESCRIPTION OF EXEMPLARY
EMBODIMENTS

[0038] FIG. 1 schematically depicts a lithographic appa-
ratus LA according to one embodiment of the invention. The
apparatus comprises:

[0039] an illumination system (illuminator) IL. config-
ured to condition a radiation beam B (e.g. UV radiation
or EUV radiation).

[0040] a support structure (e.g. a mask table) MT con-
structed to support a patterning device (e.g. a mask)
MA and connected to a first positioner PM configured
to accurately position the patterning device in accor-
dance with certain parameters;

[0041] a substrate table (e.g. a wafer table) WTa or WTh
constructed to hold a substrate (e.g. a resist-coated
wafer) W and connected to a second positioner PW
configured to accurately position the substrate in accor-
dance with certain parameters; and
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[0042] a projection system (e.g. a refractive projection
lens system) PS configured to project a pattern
imparted to the radiation beam B by patterning device
MA onto a target portion C (e.g. comprising one or
more dies) of the substrate W.

[0043] The illumination system may include various types
of optical components, such as refractive, reflective, mag-
netic, electromagnetic, electrostatic or other types of optical
components, or any combination thereof, for directing,
shaping, or controlling radiation.

[0044] The support structure supports, i.e. bears the
weight of, the patterning device. It holds the patterning
device in a manner that depends on the orientation of the
patterning device, the design of the lithographic apparatus,
and other conditions, such as for example whether or not the
patterning device is held in a vacuum environment. The
support structure can use mechanical, vacuum, electrostatic
or other clamping techniques to hold the patterning device.
The support structure may be a frame or a table, for example,
which may be fixed or movable as required. The support
structure may ensure that the patterning device is at a desired
position, for example with respect to the projection system.
Any use of the terms “reticle” or “mask” herein may be
considered synonymous with the more general term “pat-
terning device.”

[0045] The term “patterning device” used herein should be
broadly interpreted as referring to any device that can be
used to impart a radiation beam with a pattern in its
cross-section such as to create a pattern in a target portion of
the substrate. It should be noted that the pattern imparted to
the radiation beam may not exactly correspond to the desired
pattern in the target portion of the substrate, for example if
the pattern includes phase-shifting features or so called
assist features. Generally, the pattern imparted to the radia-
tion beam will correspond to a particular functional layer in
a device being created in the target portion, such as an
integrated circuit.

[0046] The patterning device may be transmissive or
reflective. Examples of patterning devices include masks,
programmable mirror arrays, and programmable LCD pan-
els. Masks are well known in lithography, and include mask
types such as binary, alternating phase-shift, and attenuated
phase-shift, as well as various hybrid mask types. An
example of a programmable mirror array employs a matrix
arrangement of small mirrors, each of which can be indi-
vidually tilted so as to reflect an incoming radiation beam in
different directions. The tilted mirrors impart a pattern in a
radiation beam which is reflected by the mirror matrix.
[0047] The term “projection system” used herein should
be broadly interpreted as encompassing any type of projec-
tion system, including refractive, reflective, catadioptric,
magnetic, electromagnetic and electrostatic optical systems,
or any combination thereof, as appropriate for the exposure
radiation being used, or for other factors such as the use of
an immersion liquid or the use of a vacuum. Any use of the
term “projection lens” herein may be considered as synony-
mous with the more general term “projection system”.
[0048] As here depicted, the apparatus is of a transmissive
type (e.g. employing a transmissive mask). Alternatively, the
apparatus may be of a reflective type (e.g. employing a
programmable mirror array of a type as referred to above, or
employing a reflective mask).

[0049] The lithographic apparatus may be of a type having
two (dual stage) or more substrate tables (and/or two or more

Oct. 25, 2018

mask tables). In such “multiple stage” machines the addi-
tional tables may be used in parallel, or preparatory steps
may be carried out on one or more tables while one or more
other tables are being used for exposure. The invention
disclosed herein can be used in a stand-alone fashion, but in
particular it can provide additional functions in the pre-
exposure measurement stage of either single- or multi-stage
apparatuses.

[0050] The lithographic apparatus may also be of a type
wherein at least a portion of the substrate may be covered by
a liquid having a relatively high refractive index, e.g. water,
so as to fill a space between the projection system and the
substrate. An immersion liquid may also be applied to other
spaces in the lithographic apparatus, for example, between
the mask and the projection system Immersion techniques
are well known in the art for increasing the numerical
aperture of projection systems. The term “immersion” as
used herein does not mean that a structure, such as a
substrate, must be submerged in liquid, but rather only
means that liquid is located between the projection system
and the substrate during exposure.

[0051] Illuminator IL receives a radiation beam from a
radiation source SO. The source and the lithographic appa-
ratus may be separate entities, for example when the source
is an excimer laser. In such cases, the source is not consid-
ered to form part of the lithographic apparatus and the
radiation beam is passed from the source SO to the illumi-
nator I, with the aid of a beam delivery system BD
comprising, for example, suitable directing mirrors and/or a
beam expander. In other cases the source may be an integral
part of the lithographic apparatus, for example when the
source is a mercury lamp. The source SO and the illuminator
1L, together with the beam delivery system BD if required,
may be referred to as a radiation system.

[0052] The illuminator I[. may comprise an adjuster AD
for adjusting the angular intensity distribution of the radia-
tion beam. Generally, at least the outer and/or inner radial
extent (commonly referred to as o-outer and o-inner, respec-
tively) of the intensity distribution in a pupil plane of the
illuminator can be adjusted. In addition, the illuminator IL.
may comprise various other components, such as an inte-
grator IN and a condenser CO. The illuminator may be used
to condition the radiation beam, to have a desired uniformity
and intensity distribution in its cross-section.

[0053] The radiation beam B is incident on the patterning
device (e.g., mask MA), which is held on the support
structure (e.g., mask table MT), and is patterned by the
patterning device. Having traversed the mask MA, the
radiation beam B passes through the projection system PS,
which focuses the beam onto a target portion C of the
substrate W. With the aid of the second positioner PW and
position sensor IF (e.g. an interferometric device, linear
encoder or capacitive sensor), the substrate table WTa/WTb
can be moved accurately, e.g. so as to position different
target portions C in the path of the radiation beam B.
Similarly, the first positioner PM and another position sensor
(which is not explicitly depicted in FIG. 1) can be used to
accurately position the mask MA with respect to the path of
the radiation beam B, e.g. after mechanical retrieval from a
mask library, or during a scan. In general, movement of the
mask table MT may be realized with the aid of a long-stroke
module (coarse positioning) and a short-stroke module (fine
positioning), which form part of the first positioner PM.
Similarly, movement of the substrate table WTa/WTb may
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be realized using a long-stroke module and a short-stroke
module, which form part of the second positioner PW. In the
case of a stepper (as opposed to a scanner) the mask table
MT may be connected to a short-stroke actuator only, or may
be fixed. Mask MA and substrate W may be aligned using
mask alignment marks M1, M2 and substrate alignment
marks P1, P2. Although the substrate alignment marks as
illustrated occupy dedicated target portions, they may be
located in spaces between target portions (these are known
as scribe-lane alignment marks). Similarly, in situations in
which more than one die is provided on the mask MA, the
mask alignment marks may be located between the dies.
[0054] The depicted apparatus could be used in at least
one of the following modes:

[0055] 1. In step mode, the mask table MT and the
substrate table WTa/WTb are kept essentially station-
ary, while an entire pattern imparted to the radiation
beam is projected onto a target portion C at one time
(i.e. a single static exposure). The substrate table WTa/
WTb is then shifted in the X and/or Y direction so that
a different target portion C can be exposed. In step
mode, the maximum size of the exposure field limits
the size of the target portion C imaged in a single static
exposure.

[0056] 2. In scan mode, the mask table MT and the
substrate table WTa/WTb are scanned synchronously
while a pattern imparted to the radiation beam is
projected onto a target portion C (i.e. a single dynamic
exposure). The velocity and direction of the substrate
table WTa/WTb relative to the mask table MT may be
determined by the (de-)magnification and image rever-
sal characteristics of the projection system PS. In scan
mode, the maximum size of the exposure field limits
the width (in the non-scanning direction) of the target
portion in a single dynamic exposure, whereas the
length of the scanning motion determines the height (in
the scanning direction) of the target portion.

[0057] 3. In another mode, the mask table MT is kept
essentially stationary holding a programmable pattern-
ing device, and the substrate table WTa/WTh is moved
or scanned while a pattern imparted to the radiation
beam is projected onto a target portion C. In this mode,
generally a pulsed radiation source is employed and the
programmable patterning device is updated as required
after each movement of the substrate table WIa/WTb
or in between successive radiation pulses during a scan.
This mode of operation can be readily applied to
maskless lithography that utilizes programmable pat-
terning device, such as a programmable mirror array of
a type as referred to above.

[0058] Combinations and/or variations on the above
described modes of use or entirely different modes of use
may also be employed.

[0059] Lithographic apparatus LA in this example is of a
so-called dual stage type which has two substrate tables WTa
and WTb and two stations—an exposure station and a
measurement station—between which the substrate tables
can be exchanged. While one substrate on one substrate
table is being exposed at the exposure station EXP, another
substrate can be loaded onto the other substrate table at the
measurement station MEA so that various preparatory steps
may be carried out. The preparatory steps may include
mapping the surface height of the substrate using a level
sensor LS and measuring the position of alignment marks on
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the substrate using an alignment sensor AS. The alignment
marks are arranged nominally in a regular grid pattern.
However, due to inaccuracies in creating the marks and also
due to deformations of the substrate that occur throughout its
processing, the marks deviate from the ideal grid. Conse-
quently, in addition to measuring position and orientation of
the substrate, the alignment sensor in practice must measure
in detail the positions of many marks across the substrate
area, if the apparatus LA is to print product features at the
correct locations with very high accuracy. The measurement
of alignment marks is therefore very time-consuming and
the provision of two substrate tables enables a substantial
increase in the throughput of the apparatus. If the position
sensor IF is not capable of measuring the position of the
substrate table while it is at the measurement station as well
as at the exposure station, a second position sensor may be
provided to enable the positions of the substrate table to be
tracked at both stations. The invention can be applied in
apparatus with only one substrate table, or with more than
two.

[0060] The apparatus further includes a lithographic appa-
ratus control unit LACU which controls all the movements
and measurements of the various actuators and sensors
described. LACU also includes signal processing and data
processing capacity to implement desired calculations rel-
evant to the operation of the apparatus. In practice, control
unit LACU will be realized as a system of many sub-units,
each handling the real-time data acquisition, processing and
control of a subsystem or component within the apparatus.
For example, one processing subsystem may be dedicated to
servo control of the substrate positioner PW. Separate units
may even handle coarse and fine actuators, or different axes.
Another unit might be dedicated to the readout of the
position sensor IF. Overall control of the apparatus may be
controlled by a central processing unit, communicating with
these sub-systems processing units, with operators and with
other apparatuses involved in the lithographic manufactur-
ing process.

[0061] FIG. 2 at 200 shows the lithographic apparatus LA
in the context of an industrial manufacturing facility for
semiconductor products. Within the lithographic apparatus
(or “litho tool” 200 for short), the measurement station MEA
is shown at 202 and the exposure station EXP is shown at
204. The control unit LACU is shown at 206. Within the
manufacturing facility, apparatus 200 forms part of a “litho
cell” or “litho cluster” that contains also a coating apparatus
208 for applying photosensitive resist and other coatings to
substrate W for patterning by the apparatus 200. At the
output side of apparatus 200, a baking apparatus 210 and
developing apparatus 212 are provided for developing the
exposed pattern into a physical resist pattern.

[0062] Once the pattern has been applied and developed,
patterned substrates 220 are transferred to other processing
apparatuses such as are illustrated at 222, 224, 226. A wide
range of processing steps are implemented by various appa-
ratuses in a typical manufacturing facility. For the sake of
example, apparatus 222 in this embodiment is an etching
station, and apparatus 224 performs a post-etch annealing
step. Further physical and/or chemical processing steps are
applied in further apparatuses, 226, etc. Numerous types of
operation can be required to make a real device, such as
deposition of material, modification of surface material
characteristics (oxidation, doping, ion implantation etc.),
chemical-mechanical polishing (CMP), and so forth. The
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apparatus 226 may, in practice, represent a series of different
processing steps performed in one or more apparatuses. The
described semiconductor manufacturing process comprising
a sequence of patterning process steps is just one example of
an industrial process in which the techniques disclosed
herein may be applied. The semiconductor manufacturing
process includes a series of patterning steps. Each patterning
process step includes a patterning operation, for example a
lithographic patterning operation, and a number of other
chemical and/or physical operations.

[0063] As is well known, the manufacture of semiconduc-
tor devices involves many repetitions of such processing, to
build up device structures with appropriate materials and
patterns, layer-by-layer on the substrate. Accordingly, sub-
strates 230 arriving at the litho cluster may be newly
prepared substrates, or they may be substrates that have been
processed previously in this cluster or in another apparatus
entirely. Similarly, depending on the required processing,
substrates 232 on leaving apparatus 226 may be returned for
a subsequent patterning operation in the same litho cluster,
they may be destined for patterning operations in a different
cluster, or they may be finished products to be sent for dicing
and packaging.

[0064] Each layer of the product structure requires a
different set of process steps, and the apparatuses 226 used
at each layer may be completely different in type. Further,
even where the processing steps to be applied by the
apparatus 226 are nominally the same, in a large facility,
there may be several supposedly identical machines working
in parallel to perform the step 226 on different substrates.
Small differences in set-up or faults between these machines
can mean that they influence different substrates in different
ways. Even steps that are relatively common to each layer,
such as etching (apparatus 222) may be implemented by
several etching apparatuses that are nominally identical but
working in parallel to maximize throughput. In practice,
moreover, different layers require different etch processes,
for example chemical etches, plasma etches, according to
the details of the material to be etched, and special require-
ments such as, for example, anisotropic etching.

[0065] The previous and/or subsequent processes may be
performed in other lithography apparatuses, as just men-
tioned, and may even be performed in different types of
lithography apparatus. For example, some layers in the
device manufacturing process which are very demanding in
parameters such as resolution and overlay may be performed
in a more advanced lithography tool than other layers that
are less demanding. Therefore some layers may be exposed
in an immersion type lithography tool, while others are
exposed in a ‘dry’ tool. Some layers may be exposed in a
tool working at DUV wavelengths, while others are exposed
using EUV wavelength radiation.

[0066] Also shown in FIG. 2 is a metrology apparatus 240
which is provided for making measurements of parameters
of the products at desired stages in the manufacturing
process. A common example of a metrology station in a
modern lithographic manufacturing facility is a scatterom-
eter, for example an angle-resolved scatterometer or a spec-
troscopic scatterometer, and it may be applied to measure
properties of the developed substrates at 220 prior to etching
in the apparatus 222. Using metrology apparatus 240, it may
be determined, for example, that important performance
parameters such as overlay or critical dimension (CD) do not
meet specified accuracy requirements in the developed

Oct. 25, 2018

resist. Prior to the etching step, the opportunity exists to strip
the developed resist and reprocess the substrates 220
through the litho cluster. As is also well known, the metrol-
ogy results from the apparatus 240 can be used to maintain
accurate performance of the patterning operations in the
litho cluster, by making small adjustments over time,
thereby minimizing the risk of products being made out-of-
specification, and requiring re-work. Of course, metrology
apparatus 240 and/or other metrology apparatuses (not
shown) can be applied to measure properties of the pro-
cessed substrates 232, 234, and incoming substrates 230.

[0067] To improve performance of the manufacturing pro-
cess in parameters such as overlay, and CD, an advanced
process control (APC) system 250 is provided. APC system
250 implements a form of feedback control based on historic
performance data PDAT, which may include for example
measurements of overlay and/or CD made by metrology
apparatus 240, and on context data CDAT associated with
individual substrates. APC system 250 therefore has access
to historic performance data PDAT and which is stored in
storage 252. The context data CDAT may also be regarded
as “history” data, as it is data not obtained from the products
themselves but representing all or part of the processing
history of individual product units (wafers or other sub-
strates), or batches of product units. Arrows 254 throughout
the diagram illustrate how context data may come from any
of the apparatuses. Context data may also arrive with the
new substrates 230. For example, the context data may
record what types of process steps have been applied, which
individual apparatuses have been used in the performance of
those steps, and what parameters were applied by those
apparatuses (for example settings of temperature or pressure
case while in etching apparatus 222, or parameters such as
illumination modes, alignment recipes, etc. in the litho tool
200). The context data is stored in storage 256 for use by the
APC system 252.

[0068] The performance data PDAT may be regarded as an
example of object data used in some embodiments of the
techniques disclosed herein. Other examples of object data
may be collected and stored for used in other embodiments,
and some embodiments may use different kinds of object
data together, including performance data. While the per-
formance data is derived from measurements made (directly
or indirectly) on the product units that have previously gone
through the processing steps being controlled, other object
data ODAT may be collected in advance of or during
performance of the processing. FIG. 2 shows this other
object data optionally collected and stored in a database 260.
Such other object data may be data measured on the product
units themselves, or measured on other parts involved in the
industrial process. As one example, the object data stored in
a database 260 may comprise the alignment data conven-
tionally obtained by the lithographic apparatus 200 using the
alignment sensors AS in the measurement station 202. As
this data representing detailed measurements of positions of
marks in the X-Y plane of the substrate is obtained inher-
ently as part of the normal patterning operation, little or no
penalty is incurred by instructing the control unit 206 to
store the data in the object data storage 260. Alternatively or
in addition to the alignment data, the object data may include
height data obtained using level sensor LS, “wafer quality”
signals from the alignment sensors AS and the like. In other
embodiments, the object data may include data measured
elsewhere in the system, and not on the product units
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themselves. An example of such object data might be mask
(reticle) alignment data obtained using the mask alignment
marks M1, M2 and sensors in the substrate supports of the
lithographic apparatus of FIG. 1.

[0069] In summary, the term “object data” as used in the
introduction and claims encompasses a wide variety of data
that may be gathered in the manufacturing facility, either for
historic product units, or new product units to be processed.
In particular term “object data” as used in the introduction
and claims encompasses both the performance data PDAT
(measured from processed product units after processing and
stored in storage 252) and the other types of object data
ODAT (measured from product units or other systems before
and/or during processing and stored in storage 260).
Examples using both types of object data will be described
below with reference to FIGS. 5 and 6.

[0070] While FIG. 2 shows separate storage 252, 256, 260
for each of the context data, performance data and object
data, it will be appreciated that these different types of data
may be stored in one common storage unit, or may be
distributed over a larger number of storage units, from which
particular items of data can be retrieved when required.
Further, whilst the context data 262 is shown as emanating
from each individual apparatus 222, 224, etc. the data may
be collected through a central control system that controls
the operation of the lithocell and/or the manufacturing plant
as a whole.

[0071] Each record in the context data and performance
data storage is labeled with a unique identifier. Noting that
an individual wafer might pass repeatedly through the same
litho tool in the course of a manufacturing process, or might
pass through different tools all measuring the same marks, it
is possible collect data for the same product unit at different
stages of the manufacturing process. Each of these instances
of measurement can be treated in the analysis as an inde-
pendent product unit. In the case where there are multiple
instances of the same wafer being measured at different
stages in a complex manufacturing process, however, the
object data will include an identifier that uniquely identifies
not only the individual wafer, but the stage of processing in
which it has been measured. Typically in a lithographic
process, different instances of the same substrate will be
associated with patterning successive layers of a device
structure.

[0072] FIG. 3(a) illustrates schematically the operation of
one type of control method implemented by APC system
250. Historic performance data PDAT is received from the
storage 252, having been obtained by metrology apparatus
240 or other means from wafers 220 that have been pro-
cessed by lithographic apparatus 200 and associated appa-
ratuses of the lithocell. A feedback controller 300 analyzes
the performance parameters represented in the performance
data for recent lots, and calculates process corrections PC
which are fed to the lithographic apparatus 200. These
process corrections are added to the wafer-specific correc-
tions derived from the alignment sensors and other sensors
of the lithographic apparatus, to obtain a combined correc-
tion for the processing of each new lot.

[0073] FIG. 3(b) illustrates schematically the operation of
another type of control method implemented by a known
APC system 250. As can be seen, the general form of the
feedback control method is the same as that shown in FIG.
3(a), but in this example, context data relating to the historic
wafers and context data CTX relating to the current wafer is
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used to provide a more selective use of the performance data
PDAT. Specifically, while in the earlier example the perfor-
mance data for all historic wafers was combined in a single
stream 302, and the modified method, context data from
storage 256 used to assign the performance data for each
historic lot to one of several threads 304. These threads are
processed effectively in parallel feedback loops by feedback
controller 300, yielding multiple process corrections 306,
each based on the historic performance data of wafers in one
of the threads 304. Then, when new ?lots are received for
processing, their individual context data CTX can be used to
select which of the threads provides the appropriate context
data 306 for the current wafer.

[0074] In general, it will be seen that the operator of the
manufacturing facility has to make decisions as to the
granularity of the feedback control. In the example of FIG.
3(a), no granularity is applied, and all product units pro-
cessed as a single thread. In the example of FIG. 3(5), then
differing degrees of granularity may be provided, but always
dependent on the suitable performance data and context
criteria being known. In known practice, corrections will not
normally be provided per individual wafer, but rather per lot.
In cases where it is known that the individual wafer table or
“chuck” has a strong influence on the performance, then
corrections per lot and per chuck are known to be applied.
In many cases, it will simply not be known in advance,
which parameters of the context data relevant for defining
optimum partitioning into threads, and which are not.
Accordingly, the lots may be partitioned into smaller threads
than necessary, or grouped into larger threads when in fact
a further partitioning would yield better performance.

[0075] Referring again to FIG. 2, a modified control
system is proposed, in which historic object data, for
example historic performance data, is assigned to threads
based on context data, but based on a combination of
statistical analysis of historic performance data and context
information. A statistical analysis module 270 is provided
which receives primarily the historic performance data
PDAT from storage 252 and performs a data-driven parti-
tioning of the historic product units. In a partition refining
module 272, historic context data CDAT from storage 256 is
used to refine the partitioning with reference to the context.
In this way, relevant context data can be used to assign
performance data into an appropriate thread, without unnec-
essarily proliferating the number of threads by reference to
context data that is not in fact so relevant. One benefit of
such a step is that production units whose context would
place them in a very underpopulated thread with poor
feedback performance as a result, can be assigned to a better
populated thread that still provides effective performance
improvement. While examples will firstly be described
using performance data from storage 252, it has already been
mentioned that in other examples other types of object data
ODAT from storage 260 may be used, either instead of or in
addition to performance data. Accordingly, unless the con-
text requires otherwise, references to performance data in
the present description should be understood as references to
object data more generally.

[0076] FIG. 4 is a flowchart of the method implemented by
the statistical analysis module 270 and partition refining
module 272 in one embodiment of the control method
illustrated in FIG. 2. A feedback controller 400 is shown at
the bottom of the picture, which functions in a way very
similar to the feedback controller 300 of FIG. 3(5). Historic
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performance data PDAT from storage 252 is assigned to
different threads 404, in accordance with context data CDAT
from storage 256. Feedback controller 400 produces process
corrections for multiple threads 406, and chooses the appro-
priate process correction PC for a current wafer, using the
current wafer context data CTX. Unlike the known method,
however, threads 404 are not determined purely by reference
to the historic context data, but are assigned also in light of
context criteria CC that have been derived by a method that
will now be described. These same context criteria are used
in combination with the current wafer context data CTX,
when choosing the process corrections to be applied on
future wafers. Where the control systems allow it, process
corrections can be chosen and applied on a per-wafer basis,
or they may be applied per lot if preferred. Some types of
performance data may only be available on a per-lot basis,
and frequently detailed performance measurements are not
made on every wafer. However, over many lots, wafers can
be sampled in such a way as to discriminate statistically
between different contexts on a per-wafer basis.

[0077] At step 410, a statistical analysis of the historic
performance data PDAT is performed, without reference to
the context data associated with the product units (wafers)
on which performance parameters of the industrial process
have been measured. Different forms of statistical analysis
can be envisaged, and only a couple of examples will be
mentioned for illustration here. In one example, step 410
comprises performing a multivariate analysis, for example
principal component analysis (PCA), to identify a number of
components contributing to performance parameters mea-
sured from the product units themselves (wafers in this
case). Different forms of multivariate analysis may be used,
and PCA analysis is referred to herein purely as one
example. In the specific example case of PCA, the identified
component vectors are orthogonal in the multidimensional
space. In another method, called Independent Component
Analysis (ICA), the component vectors are independent
(meaning that none of them can be written as a linear
combination of the others). The ICA technique leaves all
second and higher order cross-correlations at zero, while the
orthogonality of the PCA technique forces second order
cross-correlations to be zero but may leave non-zero higher
order cross-correlations. Step 410 and the analysis per-
formed will be referred to hereinafter as the PCA analysis for
convenience, without intending any limitation.

[0078] A detailed implementation of such statistical analy-
sis in a lithographic manufacturing facility or other indus-
trial process is described in published patent application
WO02015049087A1. The contents of the application are
hereby incorporated by reference. In the published patent
application, statistical analysis such as PCA or another
multivariate analysis is used to extract diagnostic informa-
tion from object data, which may be performance data
measured from product units after processing, and/or may
include other object data, such as positional deviations
measured using the alignment sensors prior to patterning. In
the method now described, the purpose may be different, but
the principles of the analysis and the form of the results can
be similar to those in the prior published patent application.
The diagnostic methods of the prior patent application can
be implemented of course in the manufacturing facility at
the same time as the control methods of the present appli-
cation.
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[0079] At step 412, the results of the statistical analysis are
applied to define a first partitioning of the product units
represented in the historic performance data. This partition-
ing is based on the position of each product unit in a
multidimensional space defined by the principal component
vectors, within the multidimensional space defined by the
set of performance parameters measured and represented in
the performance data PDAT. By “partitioning” we mean
assignment of membership of each of the set of product units
between two or more subsets. In a “hard” partitioning, each
product unit is either a member of a certain subset or it isn’t.
A “soft” partitioning may also be used, in which a product
unit is assigned membership values indicating degrees of
membership, or probabilities of membership of more than
one subset. The skilled reader will be able to adapt the
present teaching to allow for soft partitioning. For simplicity
of the present description, only hard partitioning will be
illustrated.

[0080] FIG. 5 illustrates figuratively the partitioning of
product units into different subsets or “clusters”, based on
the results of the statistical analysis. Performance data for a
number of product units is represented by points on a
two-dimensional graph, whose axes are principal compo-
nents PC1 and PC2 found by the statistical analysis. The
product units in this example have been assigned to three
clusters, labeled A, B and C. Thus, product unit represented
by point 502 is initially assigned to cluster A, product units
represented by points 504 and 506 are initially assigned to
cluster B, and points 508 and 510 are initially assigned to
cluster C. It should be borne in mind that this two-dimen-
sional graph is only a simplified illustration, and partitioning
may be performed based on three, four, 10 or more com-
ponents.

[0081] Considering now the different context that applies
to different product units within the population of product
units represented in the historic performance data, the dif-
ferent shapes of the data points in FIG. 5 (diamond, circle,
triangle) are used to indicate three different sub-populations.
It may be assumed that different principal components
represent error fingerprints caused by certain features or
combinations of features in the processing context of each
product unit. Consequently, it will be seen that the parti-
tioning into clusters A, B and C has successfully grouped the
majority of product units together with other members of the
same sub-population (same shape of data point). When
processing future units, only the context data will be avail-
able as a basis for controlling the processing. Therefore in
the disclosed method, further steps are taken to identify from
the statistical analysis and the historic context data, what are
the relevant context parameters, out of all the context
parameters applying to each product unit, for the purpose of
controlling for future units.

[0082] Statistical analysis step 410 and the initial parti-
tioning step 412 are performed deliberately without refer-
ence to the context data. Therefore it may be expected that
some members of a sub-population (for example statistical
outliers) may be assigned initially to the “wrong” cluster.
Examples of this can be seen in the diamond shaped data
point which has been grouped into cluster C, where the
majority of data points are triangle shaped and so have a
different context. Similarly, a couple of triangle shaped data
points 506 have been grouped in cluster B, where the
majority of points have diamond shape. Accordingly, if the
statistical analysis of the historic performance data would be
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used as the only basis for partitioning product units into
threads for the purposes of feedback control, the resulting
process corrections for a given thread might contain unde-
sirable contributions from product units having a context
different to others in the thread.

[0083] FIG. 6 illustrates another example of the type of
statistical analysis that might be applied, in particular a
mixed regression analysis. In the example of FIG. 6, the
horizontal axis represents water number within a lot, passing
through the lithographic apparatus 200. A lot may for
example include 25 wafers in a typical semiconductor
manufacturing facility. It is known that certain error finger-
prints arise from thermal effects that build during exposure
of'a lot, and dissipate again prior to exposure of the next lot.
An example of such an effect may be reticle (mask) heating,
and a feedforward control system may define reticle heating
corrections to be applied with a logarithmically increasing
intensity through the course of the lot. In order to determine
the appropriate logarithmic curve and intensity levels, sta-
tistical analysis of historic object data will generally be
performed, rather than attempting to predict the required
correction from any “first principles” calculation. As men-
tioned above the object data in such an example may be
other than performance data measured on processed product
units. It may be object data measured before or during
processing on the product units, or on other parts of the
system. An example of object data is alignment data mea-
sured from each wafer. Another example is mask alignment
data measured using marks on the patterning device (mask
or reticle) and sensors located beside the wafer on the
substrate table or associated measurement table. Mask align-
ment data may be particularly useful in the example of
identifying reticle heating fingerprints, illustrated in FIG. 6.

[0084] Analyzing the object data in terms of a reticle
heating fingerprint PRH, data points from one or more lots
may be plotted on a graph against wafer number, in the
manner shown in FIG. 6. A regression analysis can be used
to fit a logarithmic curve to the observed data in a well-
known manner. From experience, however, it may be known
that one or more context variables may also be at play, and
no single logarithmic curve can be fitted to the data set. For
such a case, it is possible to apply a mixture model. Mixture
models can be based on regression, PCA, ICA and any other
statistical model. As an example, a historic population of
product units may have been processed on a mixture of
tools, and each tool’s performance may have drifted in a
particular way over time. Provided the statistical database is
sufficiently extensive, a mixture model can identify and
separate these different contexts without prior knowledge.

[0085] Returning to FIG. 6, a mixed regression analysis,
for example, will allow two, three more individual curves to
be fitted, each associated with one sub-population in the
data. The number of populations within the database may or
may not be known or guessed in advance. In the example of
FIG. 6, we suppose it is known that two curves 602 and 604
should be fitted. One reason for this might be that a
lithographic apparatus such as the one illustrated in FIG. 1
has two chucks (substrate tables WTa and WTb), and the
reticle heating errors observed appear different, depending
on which wafer table is being used, because the sensors in
two chucks have slightly different responses. Accordingly,
the population of data points illustrated in FIG. 6 may in fact
derive from two sub-populations of product units, which are
illustrated in the drawing by circle data points 608, 610 etc.

Oct. 25, 2018

and triangle data points 612, 614 etc. The statistical analysis
step 410, with no knowledge of the different context of these
points may for example decide that data point belongs to the
sub-population on which the second logarithmic curve 604
is to be fitted, while knowledge of the context of these
product units might indicate that it belongs generally to the
sub-population more relevant for the first logarithmic curve
602.

[0086] A reticle heating correction based on such regres-
sion analysis may be something that is applied as part of a
feedforward control system within the lithographic appara-
tus, rather than being part of the advanced process control
system 250. However, the problem remains that, for new
product units, it is only the context that is known. Without
prior knowledge of the significance of a particular context
parameter (e.g. chuck ID), how is the control system to
know which are the relevant context parameters for provid-
ing a feedforward control optimized for different contexts. If
there are two populations found by the mixture model, are
they cause by different chuck IDs or some other factor? Even
if they are caused by two different chuck IDs, is it the chuck
of the present apparatus or that of a tool previously used that
is causing the difference, or a combination of both?

[0087] Another example of feedforward control is align-
ment process, already described in relation to the operation
of the lithographic apparatus of FIG. 1. Alignment data
measured per wafer is fitted with an alignment model that is
used to generate corrections to be applied during patterning
(exposure). Applying the principles of the present disclo-
sure, it might be beneficial for alignment data measured for
a new wafer to be used in a manner dependent on context
data received with the new wafer. One way would be to vary
the alignment model (potentially choosing between different
alignment models) based on the context data. Analysis of
historical alignment data with context data may identify
which context parameters are relevant for choosing the most
appropriate alignment model, per lot or even per wafer.
[0088] It should be noted that the object data used as input
for the feedback control need not comprise individual mea-
surements of position, overlay or some other parameter at
points across the substrate. In one embodiment related to
advanced process control of the type illustrated above, the
existing APC feedback controller 300 is designed to work
with performance data expressed through a parameterized
model, for example expressing error fingerprints through
coeflicients of polynomial equations. Measurements taken
from each wafer or group of wafers are considered together,
and a model is fitted. In the modified feedback controller
400, the same parameterized model can be used, and the
performance data for start wafers can be expressed in terms
of that model. Similarly in the example of alignment data,
the object data used may be parameters of a fitted alignment
model, or residuals of a fitted model, rather than raw position
data.

[0089] If the model has, for example, 10 parameters, then
the performance data for each wafer or group of wafers
becomes represented by a set of 10 values for those param-
eters, and the wafer or group of wafers can be represented
by a point in a 10-dimensional parameter space. The same
parameters can be used to express the corrections PC, and
the lithographic apparatus can be designed to respond to
these parameters, either directly or by translating them into
another model space. The skilled person will appreciate that
this is only one example of an indirect representation of
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performance data. It will be appreciated that, if 100 indi-
vidual overlay measurements may be taken across each
substrate, then to reduce these measurements to a 10-pa-
rameter model represents a substantial benefit in the com-
pression of data. In general, there is little benefit in analyzing
errors in a form that cannot be related directly or indirectly
to the parameters of the corrections available in the control
system of the lithographic apparatus or other industrial
process. Of course, in other embodiments, different models
may be defined, but the same principles may be applied.
[0090] Returning to FIG. 4, in step 414 context data CDAT
from storage 256 is used and the disclosed method to refine
the partitioning of the historic product units and their
performance data, and in particular to impose a “logical”
partitioning that is based on the statistical analysis, but
makes sense when viewed in terms of the context data. An
example of this refinement step will be described further
below in more detail.

[0091] At 416, the refinement of partitioning is concluded
and a final partitioning is defined. At 418, a set of context
criteria CC has delivered by which the product units repre-
sented in the historic performance data and new product
units can be assigned unambiguously to one of a number of
subsets, corresponding to respective threads 404 and 406 of
the feedback controller 400. The number of threads can be
far fewer than if all parameters of the context data were to
be used to define unique thread for every context. Using the
statistical analysis, only those context parameters that are in
fact associated with differences in performance need be used
as a basis for partitioning the population of historic and
future product units into threads.

[0092] The steps 410 to 418, along with the feedback
controller 400 itself, can be implemented by a combination
of computer hardware and software, connected to receive
data from the manufacturing facility of FIG. 2. The com-
puter hardware can be located in the same facility as the litho
tool and other apparatus, or it can be located remotely and
connected by telecommunications channels and/or remov-
able storage.

[0093] FIG. 7 shows in more detail steps of initial parti-
tioning and refining partitioning and a method of the type
just described. A simple experimental example that has been
implemented in a real semiconductor manufacturing facility
is illustrated in FIGS. 8 to 10, and will be described to aid
understanding.

[0094] As a first step, statistical analysis has been per-
formed using principal component analysis on a population
of historic wafers. With regard to a number of identified
principal component vectors, each product unit is given a
score, which effectively plots that product unit at a point in
a multidimensional space. These PCA score values are
received at step 700. At step 702, partitioning (clustering) is
performed based on the PCA score values, to arrive at an
initial partitioning 704. For a given number of clusters, each
product unit is assigned a probability of membership of each
cluster, and in the initial partitioning, each product unit is
simply assigned to the cluster for which it has the highest
probability. At 706, reference is made to the context data for
the same product units, to determine whether the partition-
ing makes sense also in terms of the context data. A suitable
test for this will be explained below, with reference to the
experiment of FIGS. 8 to 10.

[0095] Ifthe partitioning is already such that every cluster
is uniquely defined by specific processing conditions defined
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in the context data, the final partitioning and context criteria
CC are output at step 708. If not, then processing proceeds
to step 710, where the partitioning is revised (step 414 in
FIG. 4).

[0096] In order to refine the partitioning, at 712 the initial
partitioning as compared with the various parameters of the
context data to determine whether there is one predominant
context parameter that can explain differences between the
clusters arrived at by the statistical analysis. At 714, product
units that are in the “wrong” cluster by reference to this
dominant context parameter are identified. At 716, the
results of the statistical analysis are revisited to identify for
each of those product units the cluster which had the second
highest probability in the data-driven clustering performed
at step 702. These product units are reassigned into that next
most likely cluster, to arrive at a revised partitioning 718.

[0097] The revised partitioning is a gain tested for agree-
ment with the context data at step 706. In a case of full
agreement, the current partitioning is output at 708, with a
definition of those context criteria that are relevant for
assigning future product units to individual threads. If the
test at 706 reveals that there is still some disagreement
between the revised partitioning and the context data, steps
712 to 716 are repeated, each time moving any “wrong”
product units to the next most likely cluster.

[0098] In some situations, it may be necessary or desirable
to repeat the statistical analysis after the partition has been
revised, before identifying a next most relevant context
parameter. This option is indicated at 720 in the flowchart.
For example, this recalculation may be unnecessary in the
PCA example of FIG. 5, but desirable in a mixture model
analysis such as the mixture regression example of FIG. 6.

[0099] FIGS. 8 to 10 illustrate a simple experimental
example that has been implemented in a real semiconductor
manufacturing facility to demonstrate operation of the meth-
ods introduced above.

[0100] FIG. 8 illustrates the experimental procedure. A lot
800 comprising 25 wafers 801-825 was processed through
certain steps S1, S2, S3 I a semiconductor manufacturing
facility of the type shown in FIG. 2. In each step, a choice
between two different apparatuses (tools) was made. Step S1
was performed for some wafers with tool T1.1 and for other
wafers with a similar tool T1.2. Next the step S2 was
performed using either tool T2.1 or tool 2.2, and finally step
S3 was performed using either tool T3.1 or tool T3.2.

[0101] The patterns and procedures applied in the experi-
ment were the same in all other respects. The only context
parameters that varied are the tool choice parameters T1, T2,
T3. That is to say, in this simplified experiment, context
parameters such as product ID, reticle ID, layer ID, scanner
ID and the like were not relevant, though in a real production
situation they might be context parameters that vary, along
with any number of further context parameters. In all,
product units were processed with eight different contexts,
each having a different combinations of the available tools.
Using completely different tools for a given step is only one
example of a context parameter that may be recorded in the
context data for a given set of product units. In some cases,
a context parameter may record choices of sub-systems
within the tool. For example in the lithographic apparatus
LA of FIG. 1, a pattern may be applied using one of two
wafer tables (“chucks”) WTa or WTb). In other cases (or for
other context parameters within the same case), context
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parameters may record different settings of tools, or different
modes of operation, or different environmental conditions.
[0102] FIG. 9 illustrates performance data in the form of
overlay measurements, for eight sub-populations of wafers
processed in the example of FIG. 8. Each of these plots
represents the overlay measurements on a number of wafers,
grouped according to their processing context. The particu-
lar combination of tools used for the steps S1, S2 and S3 is
labeled beneath each plot. As a first point, it can clearly be
seen that different contexts are associated with quite differ-
ent patterns of overlay error, which may be a combination of
one or more error fingerprints associated with one or more
of the individual processing apparatuses or processing steps.
Thus, looking at the variation of error fingerprints from left
to right in FIG. 9, strong variations can be seen, while also
some commonality can be seen between the first and third
columns, and between the second and fourth columns. At the
same time, very little difference can be seen between cor-
responding plots in the upper row of pots and the lower row
of plots. By inspection of the labels, one can see from this
example that the choice of tool T2.1 or T2.2 in step S2 is the
difference between the upper plot and the lower plot and
each column. By inspection of this simple example, there-
fore, one can suspect that the tool used in step S2 is not very
relevant for overlay performance.

[0103] In a real situation, where hundreds or thousands of
wafers may have hundreds or thousands of different pro-
cessing contexts in a multi-dimensional context space,
analysis by inspection is not generally an option. Only a full
set of context parameters is known, and it is not known
which among those context parameters are the most relevant
context parameters influencing a particular performance
parameter of interest. Where several performance param-
eters are of interest (e.g. overlay, CD, CD uniformity and so
on), different context parameters may be relevant for each
performance parameter, from among the same complete set
of context parameters. Different control systems may be
provided to correct different aspects of process performance
and/or different properties of the product units as they are
received. Therefore we seek a way to identify automatically
for each control system a set of relevant context parameters
from among all the known context parameters.

[0104] FIG. 10 illustrates how the method of FIG. 7, in
which statistical analysis of the historic performance data is
performed and then supplemented by application of context
information, can provide an automatic identification of the
relevant processing context parameters. In FIG. 10(a), we
see in graphical terms of the correlation between (i) the
initial partitioning 704 of the product units, obtained purely
by statistical analysis of the performance data in the experi-
ment of FIGS. 8 and 9 and (ii) the context data applicable to
the product units. The statistical analysis has identified four
clusters, which are represented by rows of histograms
labeled A, B, C and D. Each histogram plots the members of
that cluster against a different one of the context parameters,
T1, T2, T3. It will be seen that there are 25 wafers in the lot,
with six or seven members in each cluster. In a real high-
volume manufacturing environment, there may be hundreds
or thousands of wafers or other product units.

[0105] Identification of only four clusters is consistent
with the observation in FIG. 9, that one of the context
parameters (T2) makes no big difference to the overlay
performance. In each cluster, roughly equal numbers of
wafers have been processed by apparatuses T2.1 and T2.2.

Oct. 25, 2018

On the other hand, the choice of tool for steps S1 and S3
clearly has a strong correlation with the initial clustering.
Each of the four clusters is predominantly associated with a
particular combination of tools. Again, this is consistent with
what can be seen by inspection in FIG. 9. Yet again, to
observe such patterns by inspection is a luxury that is not
present in real processing situations, with many variables of
context, and many intermingled error fingerprints. However,
in the disclosed method, a comparison of the context data
with the data-based clustering can be used to identify
automatically the relevant context parameters from among
all the known context parameters.

[0106] In accordance with step 706, it can be identified
that one of the product units in this example is in cluster C,
spoiling the unique association between context criteria of
chuck and hard mask apparatuses. Applying the processing
of'step 710 to this example, at 712, it may be determined that
parameter T3 is the most dominant of the context param-
eters, in terms of discriminating between the clusters iden-
tified in the statistical analysis. T1, T2. As a test for
dominance, a dominance score can eb calculated. As a
simple example of a dominance score, it may be calculated,
what percentage of the members of a cluster are in the
highest column of the histogram, combined over all the
clusters. The percentage scores for each cluster may be
combined by simple averaging or in some other way. At the
foot of each column, this percentage has been entered for the
three context parameters of the experiment. In fact, the
columns of histograms have been arranged in order of the
degree of dominance identified in the statistical analysis, and
that order is T3,

[0107] With regard to parameter T3, in every cluster,
100% of the members are in a single column. Each of the
clusters contains wafers with only a single value for param-
eter T3, so there is no disagreement between the context data
and the data-driven partitioning in this parameter. The
second most dominant parameter is then the parameter T1.
A strong correlation is observed between parameter T1 and
cluster ID, but in the case of cluster C the percentage of
members in the highest column is not 100%. The dominance
score percentage is 96% across all clusters. In other words,
a violation of the unique association between cluster mem-
bership and context parameters occurs in the assignment of
this member to cluster C, which was processed by tool T1.2
when all the other wafers in cluster C were processed by tool
T1.1. This discrepancy is indicated by the oval highlight.
[0108] Referring now to FIG. 10(b), we see the revised
partitioning 718, resulting from reassigning the circled
wafer from cluster C to cluster B. This reassignment is
illustrated figuratively by ovals and arrows. Testing the
revised partitioning again at step 706, it will be found now
that this second dominant parameter is also now fully in
agreement with the revised partitioning. Furthermore, the
third context parameter T2 will be found from the statistics
to be largely irrelevant, because the histograms do not have
a single column with a high percentage of the members. For
example, a threshold percentage of 60%, 70% or 80% could
be set, below which a context parameter is judged to be
irrelevant. At each iteration of the loop shown in FIG. 7, the
percentages will change, so that a next most relevant param-
eter may be judged after any reassignment.

[0109] The example of FIGS. 8 to 10 is based on a simple
experiment with only eight possible contexts. In other
experiments, the inventors have simulated operation of the
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methods described using real manufacturing data from a real
manufacturing facility. In the associated context data, 180
different contexts could be identified. Accordingly, using the
known approach of FIG. 3(b) would have resulted in 180
individual feedback control threads. Many of these threads
would have contained only one or two lots an extended
period of working, meaning that effective feedback control
for that product type would really be impractical. Using the
method of FIGS. 4 and 7 with the same data resulted in a
partitioning of the product units into just 12 clusters, imply-
ing a more manageable number of 12 feedback control
threads. Compared with alternative feedback techniques
available in the prior art, the experiment showed that a
measurable improvement in overlay could be obtained.
Therefore, it may be expected that feedback control perfor-
mance will be improved by following the present disclosure,
in a high-mix manufacturing environment.

[0110] The skilled person will appreciate that there has
been disclosed a structured, automatic way for identifying
context parameters relevant to be used as context criteria in
defining feedback control threads. In a high-mix environ-
ment, the problem of large numbers of threads may be
addressed in this way. By providing a structured way to
identify relevant context parameters, information may
become available to allow a wafer by wafer process correc-
tion to be calculated, where previously only corrections
specific to each lot could be envisaged, optionally with
corrections specific to each chuck.

[0111] Variations may be envisaged. For example, prior to
using all possible context parameters as potentially equally
relevant, the context parameters may be weighted based on
some kind of prior knowledge, using for example a Bayesian
approach. To obtain this weighting, statistical correlations
between the context parameters and the performance param-
eters could be observed.

[0112] The steps of the methods described above can be
automated within any general purpose data processing hard-
ware (computer), so long as it has access to the performance
data and context data. The apparatus may be integrated with
existing processors such as the lithography apparatus control
unit LACU shown in FIG. 1 or an overall process control
system. The hardware can be remote from the processing
apparatus, even being located in a different country. Com-
ponents of a suitable data processing apparatus (DPA) are
shown in FIG. 12.

[0113] The apparatus may be arranged for loading a com-
puter program product comprising computer executable
code. This may enable the computer assembly, when the
computer program product is downloaded, to implement the
functions of the feedback control system as described above.

[0114] Memory 1229 connected to processor 1227 may
comprise a number of memory components like a hard disk
1261, Read Only Memory (ROM) 1262, Electrically Eras-
able Programmable Read Only Memory (EEPROM) 1263
and Random Access Memory (RAM) 1264. Not all afore-
mentioned memory components need to be present. Further-
more, it is not essential that aforementioned memory com-
ponents are physically in close proximity to the processor
1227 or to each other. They may be located at a distance
away

[0115] The processor 1227 may also be connected to some
kind of user interface, for instance a keyboard 1265 or a
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mouse 1266. A touch screen, track ball, speech converter or
other interfaces that are known to persons skilled in the art
may also be used.

[0116] The processor 1227 may be connected to a reading
unit 1267, which is arranged to read data, e.g. in the form of
computer executable code, from and under some circum-
stances store data on a data carrier, like a solid state memory
1268 or a CDROM 1269. The processor 1227 may also be
connected to a printer 1270 to print out output data on paper
as well as to a display 1271.

[0117] The processor 1227 may be connected to a com-
munications network 1272, for instance a public switched
telephone network (PSTN), a local area network (LAN), a
wide area network (WAN) etc. by means of transmitters/
receivers 1273 responsible for input/output (I/O). The pro-
cessor 1227 may be arranged to communicate with other
communication systems via the communications network
1272. In an embodiment of the invention external computers
(not shown), for instance personal computers of operators,
can log into the processor 1227 via the communications
network 1272.

[0118] The processor 1227 may be implemented as an
independent system or as a number of processing units that
operate in parallel, wherein each processing unit is arranged
to execute sub-tasks of a larger program. The processing
units may also be divided in one or more main processing
units with several sub-processing units. Some processing
units of the processor 1227 may even be located a distance
away of the other processing units and communicate via
communications network 1272. Connections between mod-
ules can be made wired or wireless.

[0119] The invention may further be described using the
following clauses:

[0120] 1. A method of controlling an industrial process
performed on a series of product units, the method com-
prising:

[0121] (a) receiving object data representing one or more
parameters measured in relation to a set of product units that
have previously been subjected to the industrial process;
[0122] (b) receiving context data representing a plurality
of context parameters that are parameters of the industrial
process that vary between product units within the set;
[0123] (c) by statistical analysis of the object data, defin-
ing a first partitioning that assigns membership of each of the
set of product units between two or more subsets, the
product units in each subset sharing one or more character-
istics observed in the performance data;

[0124] (d) using the first partitioning of the product units
and the context data to identify a set of one or more relevant
context parameters among the context parameters, a most
relevant context parameter being a parameter of the indus-
trial process that is observed to correlate most strongly with
the first partitioning;

[0125] (e) controlling the industrial process for new prod-
uct units by reference to the identified set of relevant context
parameters among context parameters of the new product
units.

[0126] 2. A method of controlling an industrial process,
the method comprising:

[0127] (a) receiving object data representing one or
more parameters measured in relation to a set of
product units that have been subjected to the industrial
process;
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[0128] (b) receiving context data representing a plural-
ity of context parameters that are parameters of the
industrial process that vary between product units
within the set;

[0129] (c) defining, by statistical analysis of the object
data, a first partitioning that assigns membership of the
product units of the set between two or more subsets,
the product units in each subset sharing one or more
characteristics observed in the object data;

[0130] (d) identifying, at least in part based on the first
partitioning of the product units and the context data, a
set of one or more relevant context parameters among
the context parameters; and

[0131] (e) controlling the industrial process for new
product units at least partially by reference to the
identified set of relevant context parameters among
context parameters of the new product units.

[0132] 3. A method according to any of the clauses 1 or 2,
wherein the number of identified relevant context param-
eters used in step (e) is less than the number of context
parameters identified in the received context data, so that
some product units subjected to different variations of the
industrial process are grouped together for controlling the
industrial process in step (e).

[0133] 4. A method according to any of the clauses 1 to 3,
wherein step (d) comprises:

[0134] (d1) using the first partitioning of the product units
and the context data to identify a most relevant context
parameter being a parameter of the industrial process that is
observed to correlate most strongly with the first partition-
ing;

[0135] (d2) using the most relevant context parameter to
define a revised partitioning by re-assigning product units to
a different subset if necessary to enforce a partitioning with
respect to the most relevant context parameter;

[0136] (d3) repeating step (d1) using the revised partition-
ing to identify a next most relevant context parameter;
[0137] (d4) repeating step (d2) using the next most rel-
evant context parameter to further revised the first partition-
ing, wherein steps (d3) and (d4) are performed one or more
times to identify a desired set of relevant context parameters.
[0138] 5. A method according to clause 4, wherein in step
(c) each product unit is assigned to a subset having a highest
probability according to the statistical analysis, and in step
(d2) product units are re-assigned by placing them in a
subset having a next highest probability according to the
statistical analysis.

[0139] 6. A method according to any of the preceding
clauses, wherein the received object data for each product
unit defines a vector representing that product unit in a
multi-dimensional space, and wherein in step (c) the statis-
tical analysis comprises a multivariate analysis to decom-
pose the set of said vectors representing said product units
in said multidimensional space into one or more component
vectors, each of said component vectors representing one of
said shared characteristics.

[0140] 7. A method according to any of the preceding
clauses, wherein the first partitioning is performed so as to
minimize distance between members of each subset within
a multidimensional space identified by said statistical analy-
sis.

[0141] 8. A method according to any of the preceding
clauses, wherein the received object data for each product
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unit is derived from one or more parameters measured on the
product unit at points spatially distributed across the product
unit.

[0142] 9. A method according to any of the preceding
clauses, wherein the object data includes performance data
representing one or more performance parameters measured
on the set of product units after they have been subject to the
industrial process.

[0143] 10. A method as according to clause 9, wherein in
step (e) the performance parameters of subsets of previously
processed product units are used to generate feedback cor-
rections for new product units, the subsets of the previously
processed products being defined by reference to the iden-
tified relevant context parameters.

[0144] 11. A method according to any of the clauses 8 or
10, wherein said performance parameters include one or
more of overlay, critical dimension, side wall angle, wafer
quality, focus.

[0145] 12. A method according to any of the clauses 9, 10
or 11, wherein the received object data comprises param-
eters of a process model calculated using the measured
performance parameters.

[0146] 13. A method according to clause 12, wherein the
process model is the same as a process model used to
generate the feedback corrections in step (e).

[0147] 14. A method according to any of the preceding
clauses, wherein the object data relating to the set of product
units includes data representing one or more parameters
measured prior to or during performance of the industrial
process on those product units.

[0148] 15. A method according to clause 14, wherein the
object data for the set of product units includes data repre-
senting one or more parameters measured on product units
of the set prior to or during performance of the industrial
process.

[0149] 16. A method according to any of the preceding
clauses, wherein in step (e) feedforward corrections are
generated and applied in processing of the new product units
to modify a feedforward control by reference to the identi-
fied relevant context parameters among context parameters
of the new product units.

[0150] 17. A method according to any of the preceding
clauses, wherein in step (e) object data of the new product
units is used to generate feedforward corrections for new
product units, the manner of generating the feedforward
corrections being defined by reference to the identified
relevant context parameters among context parameters of
the new product units.

[0151] 18. A method according to any of the preceding
clauses, wherein the product units are processed in lots and
wherein the relevant context parameters include context
parameters that vary for individual product units and not
only for the lot as a whole.

[0152] 19. A method according to any of the preceding
clauses, wherein wherein in step (c) the statistical analysis
comprises a mixture model analysis.

[0153] 20. A method according to any of the preceding
clauses, wherein said industrial process comprises a
sequence of one or more patterning process steps performed
on product units in the form of substrates, each patterning
process step comprising one or more patterning operations
followed by one or more physical and/or chemical process-
ing operations.
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[0154] 21. A control system for an industrial process
performed on a series of product units, the control system
comprising:

[0155] storage for object data representing one or more
parameters measured in relation to a set of product
units that have previously been subjected to the indus-
trial process;

[0156] storage for context data representing a plurality
of context parameters that are parameters of the indus-
trial process that vary between product units within the
set;

[0157] a first processor arranged to define, by statistical
analysis of the object data, a first partitioning that
assigns membership of each of the set of product units
between two or more subsets, the product units in each
subset sharing one or more characteristics observed in
the performance data;

[0158] a second processor arranged to use the first
partitioning of the product units and the context data to
identify a set of one or more relevant context param-
eters among the context parameters, a most relevant
context parameter being a parameter of the industrial
process that is observed to correlate most strongly with
the first partitioning;

[0159] a controller for controlling the industrial process
for new product units by reference to the identified set
of relevant context parameters among context param-
eters of the new product units.

[0160] 22. A control system for an industrial process, the
control system comprising:

[0161] storage for object data representing one or more
parameters measured in relation to a set of product
units that have been subjected to the industrial process;

[0162] storage for context data representing a plurality
of context parameters that are parameters of the indus-
trial process that vary between product units within the
set;

[0163] a first processor arranged to define, by statistical
analysis of the object data, a first partitioning that
assigns membership of the product units of the set
between two or more subsets, the product units in each
subset sharing one or more characteristics observed in
the object data;

[0164] a second processor arranged to use the first
partitioning of the product units and the context data to
identify a set of one or more relevant context param-
eters among the context parameters; and

[0165] a controller for controlling the industrial process
for new product units at least partially by reference to
the identified set of relevant context parameters among
context parameters of the new product units.

[0166] 23. A control system according to any of the
clauses 21 or 22, wherein the number of identified relevant
context parameters used in step (e) is less than the number
of context parameters identified in the received context data,
so that some product units subjected to different variations
of the industrial process are grouped together for controlling
the industrial process by said controller.

[0167] 24. A control system according to any of the
clauses 21 to 23, wherein the second processor is arranged
for:

[0168] (d1) using the first partitioning of the product units
and the context data to identify a most relevant context
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parameter being a parameter of the industrial process that is
observed to correlate most strongly with the first partition-
ing;

[0169] (d2) using the most relevant context parameter to
define a revised partitioning by re-assigning product units to
a different subset if necessary to enforce a partitioning with
respect to the most relevant context parameter;

[0170] (d3) repeating step (d1) using the revised partition-
ing to identify a next most relevant context parameter;
[0171] (d4) repeating step (d2) using the next most rel-
evant context parameter to further revised the first partition-
ing,

[0172] wherein steps (d3) and (d4) are performed one or
more times to identify a desired set of relevant context
parameters.

[0173] 25. A control system according to clause 24,
wherein the first processor is arranged such that each prod-
uct unit is assigned to a subset having a highest probability
according to the statistical analysis, and the second proces-
sor is arranged so that in step (d2) product units are
re-assigned by placing them in a subset having a next highest
probability according to the statistical analysis.

[0174] 26. A control system according to any of the
clauses 21 to 25 wherein the stored object data for each
product unit defines a vector representing that product unit
in a multi-dimensional space, and wherein in the first
processor the statistical analysis comprises a multivariate
analysis to decompose the set of said vectors representing
said product units in said multidimensional space into one or
more component vectors, each of said component vectors
representing one of said shared characteristics.

[0175] 27. A control system according to any of the
clauses 21 to 26, wherein the first partitioning is performed
so as to minimize distance between members of each subset
within a multidimensional space identified by said statistical
analysis.

[0176] 28. A control system according to any of the
clauses 21 to 27, wherein the stored object data for each
product unit is derived from one or more parameters mea-
sured on the product unit at points spatially distributed
across the product unit.

[0177] 29. A control system according to any of the
clauses 21 to 28, wherein the object data includes perfor-
mance data representing one or more performance param-
eters measured on the set of product units after they have
been subject to the industrial process.

[0178] 30. A control system according to clause 29,
wherein in the controller the performance parameters of
subsets of previously processed product units are used to
generate feedback corrections for new product units, the
subsets of the previously processed products being defined
by reference to the identified relevant context parameters.
[0179] 31. A control system according to any of the
clauses 29 or 30 wherein said performance parameters
include one or more of overlay, critical dimension, side wall
angle, wafer quality, focus.

[0180] 32. A control system according to any of the
clauses 29, 30 or 31, wherein the received object data
comprises parameters of a process model calculated using
the measured performance parameters.

[0181] 33. A control system according to clause 32
wherein the process model is the same as a process model
used to generate the feedback corrections in the controller.
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[0182] 34. A control system according to any of the
clauses 21 to 33 wherein the object data relating to the set
of product units includes data representing one or more
parameters measured prior to or during performance of the
industrial process on those product units.

[0183] 35. A control system according to clause 34,
wherein the object data for the set of product units includes
data representing one or more parameters measured on
product units of the set prior to or during performance of the
industrial process.

[0184] 36. A control system according to any of the
clauses 21 to 35, wherein in the controller feedforward
corrections are generated and applied in processing of the
new product units to modify a feedforward control by
reference to the identified relevant context parameters
among context parameters of the new product units.
[0185] 37. A control system according to any of the
clauses 21 to 36, wherein in the controller object data of the
new product units is used to generate feedforward correc-
tions for new product units, the manner of generating the
feedforward corrections being defined by reference to the
identified relevant context parameters among context
parameters of the new product units.

[0186] 38. A control system according to any of the
clauses 21 to 37, wherein the product units are processed in
lots and wherein the relevant context parameters include
context parameters that vary for individual product units and
not only for the lot as a whole.

[0187] 39. A control system according to any of the
clauses 21 to 38, wherein in the first processor the statistical
analysis comprises a mixture model analysis.

[0188] 40. A control system according to any of the
clauses 21 to 39, wherein said industrial process comprises
a sequence of one or more patterning process steps per-
formed on product units in the form of substrates, each
patterning process step comprising one or more patterning
operations followed by one or more physical and/or chemi-
cal processing operations.

[0189] 41. A computer program product comprising
machine readable instructions for causing a general purpose
data processing apparatus to perform the steps (a) to (d) of
a method according to any of the clauses 1 to 20.

[0190] 42. A computer program product comprising
machine readable instructions for causing a general purpose
data processing apparatus to perform the steps (a) to (e) of
a method as according to any of the clauses 1 to 20 for
controlling an industrial process.

[0191] 43. A computer program product comprising
machine readable instructions for causing a general purpose
data processing apparatus to implement the storage and the
first and second processors of a control system according to
any of the clauses 21 to 40.

[0192] 44. A computer program product comprising
machine readable instructions for causing a general purpose
data processing apparatus to implement a control system
according to any of the clauses 1 to 20.

[0193] 45. A lithographic system including a control sys-
tem according to any of the clauses 21 to 40.

[0194] The computer system can be any signal processing
system with analogue and/or digital and/or software tech-
nology arranged to perform the functions discussed here.
[0195] Although specific reference may be made in this
text to the use of lithographic apparatus in the manufacture
of ICs, it should be understood that the lithographic appa-
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ratus described herein may have other applications, such as
the manufacture of integrated optical systems, guidance and
detection patterns for magnetic domain memories, flat-panel
displays, liquid-crystal displays (LCDs), thin-film magnetic
heads, etc. As in the example of lithography. The set of
measurements that is subjected to statistical analysis can be
measurements made for different product units, and/or dif-
ferent instances of measuring the same product units.
Although specific reference may have been made above to
the use of embodiments of the invention in the context of
optical lithography, it will be appreciated that the invention
may be used in other types of lithography, for example
imprint lithography, and where the context allows, is not
limited to optical lithography. In imprint lithography a
topography in a patterning device defines the pattern created
on a substrate. The topography of the patterning device may
be pressed into a layer of resist supplied to the substrate
whereupon the resist is cured by applying electromagnetic
radiation, heat, pressure or a combination thereof. The
patterning device is moved out of the resist leaving a pattern
in it after the resist is cured.

[0196] The terms ‘“radiation” and “beam” used herein
encompass all types of electromagnetic radiation, including
ultraviolet (UV) radiation (e.g. having a wavelength of or
about 365, 248, 193, 157 or 126 nm) and extreme ultra-
violet (EUV) radiation (e.g. having a wavelength in the
range of 5-20 nm), as well as particle beams, such as ion
beams or electron beams.

[0197] As already mentioned, the invention may be
applied in industrial processing applications quite separate
from lithography. It will be understood that “high-mix”
manufacturing applications, where different product units
are subject to generally similar processing, but with differ-
ences in the individual units and/or their handling. Examples
might be in production of optical components, automotive
manufacture, and any number of other volume manufactur-
ing situations.

[0198] The descriptions above are intended to be illustra-
tive, not limiting. Thus, it will be apparent to one skilled in
the art that modifications may be made to the invention as
described without departing from the spirit and scope of the
claims set out below. In addition, it should be appreciated
that structural features or method steps shown or described
in any one embodiment herein can be used in other embodi-
ments as well.

1. A method of controlling an industrial process, the
method comprising:
receiving object data representing one or more parameters
measured in relation to a set of product units that have
been subjected to the industrial process;

receiving context data representing a plurality of context
parameters that are parameters of the industrial process
that vary between product units within the set;

defining, by statistical analysis of the object data, a first
partitioning that assigns membership of the product
units of the set between two or more subsets, the
product units in each subset sharing one or more
characteristics observed in the object data;

identifying, at least in part based on the first partitioning
of the product units and the context data, a set of one
or more relevant context parameters among the context
parameters; and
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controlling the industrial process for new product units at
least partially by reference to the identified set of
relevant context parameters among context parameters
of the new product units.

2. The method as claimed in claim 1, wherein the number
of identified relevant context parameters used to control the
industrial process for the new product units is less than the
number of context parameters identified in the received
context data, so that some product units subjected to differ-
ent variations of the industrial process are grouped together
for the control of the industrial process for the new product
units.

3. The method as claimed in claim 1, wherein identifying
the set of one or more relevant context parameters com-
prises:

(1) using the first partitioning of the product units and the
context data to identify a most relevant context param-
eter being a parameter of the industrial process that is
observed to correlate most strongly with the first par-
titioning;

(2) using the most relevant context parameter to define a
revised partitioning by re-assigning product units to a
different subset if necessary to enforce a partitioning
with respect to the most relevant context parameter;

(3) repeating step (1) using the revised partitioning to
identify a next most relevant context parameter;

(4) repeating step (2) using the next most relevant context
parameter to further revise the first partitioning,

wherein steps (3) and (4) are performed one or more times
to identify a desired set of relevant context parameters.

4. The method as claimed in claim 3, wherein in defining
the first partitioning each product unit is assigned to a subset
having a highest probability according to the statistical
analysis, and in step (2) product units are re-assigned by
placing them in a subset having a next highest probability
according to the statistical analysis.

5. The method as claimed in claim 1, wherein the received
object data for each product unit defines a vector represent-
ing that product unit in a multi-dimensional space, and
wherein in defining the first partitioning the statistical analy-
sis comprises a multivariate analysis to decompose the set of
the vectors representing the product units in the multidi-
mensional space into one or more component vectors, each
of the component vectors representing one of the shared
characteristics.

6. The method as claimed in claim 1, wherein the first
partitioning is performed so as to minimize distance between
members of each subset within a multidimensional space
identified by the statistical analysis.

7. The method as claimed in claim 1, wherein the received
object data for each product unit is derived from one or more
parameters measured on the product unit at points spatially
distributed across the product unit.

8. The method as claimed in claim 1, wherein the object
data includes performance data representing one or more
performance parameters measured on the set of product
units after they have been subject to the industrial process.

9. The method as claimed in claim 8, wherein in control-
ling the industrial process for the new product units the
performance parameters of subsets of previously processed
product units are used to generate feedback corrections for
new product units, the subsets of the previously processed
products being defined by reference to the identified relevant
context parameters.
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10. The method as claimed in claim 8, wherein the
performance parameters include one or more selected from:
overlay, critical dimension, side wall angle, wafer quality,
and/or focus.

11. The method as claimed in claim 8, wherein the
received object data comprises parameters of a process
model calculated using the measured performance param-
eters.

12. The method as claimed in claim 1, wherein in con-
trolling the industrial process for the new product units
feedforward corrections are generated and applied in pro-
cessing of the new product units to modify a feedforward
control by reference to the identified relevant context param-
eters among context parameters of the new product units.

13. The method as claimed claim 1, wherein in controlling
the industrial process for the new product units object data
of the new product units is used to generate feedforward
corrections for new product units, the manner of generating
the feedforward corrections being defined by reference to
the identified relevant context parameters among context
parameters of the new product units.

14. A control system for an industrial process, the control
system comprising:

storage for object data representing one or more param-

eters measured in relation to a set of product units that
have been subjected to the industrial process;

storage for context data representing a plurality of context

parameters that are parameters of the industrial process
that vary between product units within the set; and

a processor system configured to:

define, by statistical analysis of the object data, a first
partitioning that assigns membership of the product
units of the set between two or more subsets, the
product units in each subset sharing one or more
characteristics observed in the object data;

use the first partitioning of the product units and the
context data to identify a set of one or more relevant
context parameters among the context parameters;
and

control the industrial process for new product units at
least partially by reference to the identified set of
relevant context parameters among context param-
eters of the new product units.

15. A non-transitory computer program product compris-
ing machine readable instructions configured to cause a data
processing apparatus to at least:

receive object data representing one or more parameters

measured in relation to a set of product units that have
been subjected to an industrial process;

receive context data representing a plurality of context

parameters that are parameters of the industrial process
that vary between product units within the set;
define, by statistical analysis of the object data, a first
partitioning that assigns membership of the product
units of the set between two or more subsets, the
product units in each subset sharing one or more
characteristics observed in the object data; and

identify, at least in part based on the first partitioning of
the product units and the context data, a set of one or
more relevant context parameters among the context
parameters for use in control of the industrial process
for new product units.

16. The computer program product of claim 15, wherein
the instructions are further configured to cause the data
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processing apparatus to control the industrial process for
new product units at least partially by reference to the
identified set of relevant context parameters among context
parameters of the new product units.

17. The computer program product of claim 16, wherein
the number of identified relevant context parameters for use
in control of the industrial process for the new product units
is less than the number of context parameters identified in
the received context data, so that some product units sub-
jected to different variations of the industrial process are
grouped together for the control of the industrial process for
the new product units.

18. The computer program product of claim 15, wherein
the instructions configured to identify the set of one or more
relevant context parameters are further configured to at least:

(1) using the first partitioning of the product units and the

context data to identify a most relevant context param-
eter being a parameter of the industrial process that is
observed to correlate most strongly with the first par-
titioning;

(2) using the most relevant context parameter to define a

revised partitioning by re-assigning product units to a
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different subset if necessary to enforce a partitioning
with respect to the most relevant context parameter;

(3) repeating step (1) using the revised partitioning to

identify a next most relevant context parameter;

(4) repeating step (2) using the next most relevant context

parameter to further revise the first partitioning,
wherein steps (3) and (4) are performed one or more times
to identify a desired set of relevant context parameters.

19. The computer program product of claim 15, wherein
the received object data for each product unit defines a
vector representing that product unit in a multi-dimensional
space, and wherein in definition of the first partitioning the
statistical analysis comprises a multivariate analysis to
decompose the set of the vectors representing the product
units in the multidimensional space into one or more com-
ponent vectors, each of the component vectors representing
one of the shared characteristics.

20. The computer program product of claim 15, wherein
the first partitioning is performed so as to minimize distance
between members of each subset within a multidimensional
space identified by the statistical analysis.
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