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LITHOGRAPHIC APPARATUS, CONTROL METHOD AND COMPUTER PROGRAM
PRODUCT
BACKGROUND

Cross reference to related applications

[001] This application claims priority of EP application 15175164.1 which was filed on

2015-Jul-03 and which is incorporated herein in its entirety by reference.

Field of the Invention

[0002] The present disclosure relates to lithographic apparatus. The disclosure relates
in particular to the control of lithographic apparatus using height maps. The disclosure further
relates to methods of manufacturing devices by lithography, and to data processing

apparatuses and computer program products for implementing parts of such apparatus and

methods.
Background Art
[0003] A lithographic apparatus is a machine that applies a desired pattern onto a

substrate, usually onto a target portion of the substrate. A lithographic apparatus can be used,
for example, in the manufacture of integrated circuits (ICs). In that instance, a patterning
device, which is alternatively referred to as a mask or a reticle, may be used to generate a
circuit pattern to be formed on an individual layer of the IC. This pattern can be transferred
onto a target portion (e.g., comprising part of, one, or several dies) on a substrate (e.g., a
silicon wafer). Transfer of the pattern is typically via imaging onto a layer of radiation-
sensitive material (resist) provided on the substrate. In general, a single substrate will contain
a network of adjacent target portions that are successively patterned. Known lithographic
apparatus include so-called steppers, in which each target portion is irradiated by exposing an
entire pattern onto the target portion at one time, and so-called scanners, in which each target
portion is irradiated by scanning the pattern through a radiation beam in a given direction (the
“scanning”-direction) while synchronously scanning the substrate parallel or anti-parallel to
this direction.

[0004] The pattern is imaged onto the target portion of the substrate using a lenses (or
mirrors) forming a projection system. When imaging the pattern onto the substrate it is
desirable to ensure that an uppermost surface of the substrate (i.e. the surface onto which the

pattern is to be imaged) lies within the focal plane of the projection system.
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[0005] The surface of a substrate on which a pattern should be projected is never
perfectly flat, but presents many height deviations on both a large scale and smaller scale.
Failure to adjust the focus of the projection system may result in poor patterning performance
and consequently poor performance of the manufacturing process as a whole. Performance
parameters such as overlay, critical dimension (CD) and CD uniformity in particular will be
degraded by poor focus.

[0006] To measure these height deviations, level sensors are normally integrated in
the lithographic apparatus. These are optical sensors used to measure and the vertical position
of the uppermost surface of the substrate at points all across the substrate, after it has been
loaded into the lithographic apparatus. This set of measurements is stored in some suitable
form and may be referred to as a “height map”. The height map is then used when controlling
imaging of the patent onto the substrate, to ensure that the radiation sensitive resist layer on
each portion of the substrate lies in the focal plane of the projection lens. Typically the height
of a substrate support bearing the substrate will be adjusted continuously during exposure of
successive portions on a substrate. Examples of level sensors are disclosed in
US 7265364 B2, US 20100233600 A1 and US 2013128247 A. They do not need to be
described in detail herein.

[0007] A known problem in lithography is that the substrate support and/or the
substrate itself may become contaminated with microscopic particles which cause highly
localized deviations in height. These deviations become represented in the height map that is
used for control of the imaging operation. So-called “focus spots™ can thus occur, where the
normal control algorithms of the imaging operation may be unable to achieve the best focus,
resulting in poor image quality, and poor yield of functional devices. In EP 1457828 A2, a
processor is arranged to monitor for the occurrence of focus spots, by using the height map.
In order to detect focus spots reliably, the processor first calculates an average die
topography, and subtracts the average die topography from the measured height map, to
facilitate the identification of focus spots. Using the resulting information, interventions can
be planned to clean contamination from the lithographic apparatus and/or the affected
substrate. Nevertheless, until such interventions are made, the performance of the
manufacturing process is compromised. Those skilled in the art will appreciate that
maintaining throughput is critically important in high volume manufacture, and a certain

level of focus spots may have to be tolerated, for a time, at the penalty of reduced yield.

SUMMARY OF THE INVENTION
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[0008] It is desirable to improve the yield of lithographic manufacturing processes,
without adversely impacting throughput. It is further desirable that such improvement be
obtained if possible using existing lithographic apparatus and associated hardware.

[0009] The invention in a first aspect provides a lithographic apparatus for imaging a
pattern onto a substrate using an optical projection system, the apparatus being arranged to
obtain a height map representing a topographical variation across the substrate and to use the
height map when controlling imaging of the pattern onto the substrate, wherein the apparatus
is further arranged to disregard (ignore) at least partially one or more height anomalies
represented in a localized region of the height map when controlling the imaging.

[0010] A height map, in this context, means any set of data points or parameters
describing topographical variations across the surface of a substrate to which a pattern is to
be applied. Typically the height map is expressed as an array of height values, each
corresponding to a location on the substrate. However, the topographic variations (height
variations) can be expressed in any suitable form. (It will be understood that “height” is used
in the art to refer to variations of the surface position in a direction generally perpendicular to
the plane of the substrate. Height does not refer to any particular direction relative to the
surface of the earth or gravity.) Particularly in optical lithography, a height map is generally
obtained by measurement of the substrate before exposure is performed. The height map may
contain thousands of sample points in practice.

[0011] The height map is used to control actuators involved in imaging the pattern
onto the substrate. In particular, focusing of an image correctly on the resist layer of a
substrate is very closely controlled in accordance with the recorded height map.

[0012] In the context of the present disclosure, “height anomaly” refers to an
anomalous height feature present on the substrate and represented in the height map. This
includes for example surface features caused by contamination on the substrate back and/or
front side. These height anomalies, or “focus spots™, will be represented in the height map
and may for example occupy a small region of sample points within the height map. The
height anomalies can be identified by the disclosed apparatus using the height map prior to
applying the pattern. The resulting information can be used to reduce the impact on yield,
prior to any physical intervention. For the avoidance of doubt, “height anomaly” in the
present disclosure does not relate for example to anomalous measurement signals, which do
not accurately represent the surface height at all. Mechanisms to detect and correct

anomalous measurement signals are known and disclosed for example in US 2013128247 A.
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[0013] Embodiments of the invention can be arranged to use the height measurements
to identify anomalies caused by contamination and to remove the effect of these in the
focusing. The action of identifying anomalies can be performed using the height map itself.
Alternatively, it could be performed using data in some other form, including raw
measurement signals, or some processed version of the height map. It could be performed
using measurements obtained separately. The function of disregarding (at least partially)
height anomalies can be achieved by modifying the height map before it is used, or in some
other way.
[0014] Embodiments of the invention can be arranged to disregard height values in
the region of height anomaly completely, for example interpolating new height values from
neighboring sample points. Alternatively, more sophisticated behaviors may be implemented.
For example, height values in the height anomaly region can be used with reduced weighting,
rather than disregarded completely. Alternatively, a model of the height anomaly can be
calculated, and subtracted from the measured values in the region of the height anomaly.
[0015] In one embodiment, the invention provides a lithographic apparatus for
imaging a pattern onto a substrate using an optical projection system, the apparatus including:
- a level sensor operable prior to applying said pattern for obtaining
measurement signals related to a height of the substrate surface at many locations
across the substrate;
- a processor for using said measurement signals to derive data representing a
height map of the substrate; and
- a controller arranged to use said height map data to control focusing of said
projection system when applying said pattern to the substrate at one or more target
locations,
wherein said processor and controller are further arranged to use the
measurement signals directly or indirectly to identify height anomalies on the
substrate surface, and to disregard at least partially the height anomalies when
controlling focusing of the projection system.
[0016] The invention further provides a method of manufacturing a device, the device
being formed in multiple layers on a substrate, the method to form a layer comprising
applying a pattern onto the substrate, and subjecting the substrate to one or more chemical
and/or physical processing steps to form device features in accordance with the applied
pattern, wherein for at least one of said layers the step of applying the pattern comprises:

- obtaining a height map of the substrate; and
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- using said height map to control imaging of the pattern to the substrate, while at least
partially disregarding height anomalies.

[0017] The invention further provides a method of controlling imaging of a pattern on

a substrate comprising the steps of:

- obtaining a height map of the substrate; and

- using said height map to control the imaging of the pattern to the substrate,

while at least partially ignoring a height anomaly represented in the obtained height map.

[0018] In some embodiments, the height anomalies are identified by processing the

height map. For example, in some embodiments the height anomalies are identified using a

shape recognition model.

[0019] In some embodiments, a modified version of the height map is produced in

which the height anomalies are at least partially removed, and the modified version of the

height map is used in controlling said imaging. In other embodiments, anomaly map data is

produced specifying locations of the identified height anomalies, and the anomaly map data

together is used together with the height map to control imaging of the pattern on the

substrate so as to reduce the influence of the height map at the specified locations.

[0020] The invention yet further provides a computer program product comprising

machine-readable instructions for controlling a lithographic apparatus to implement the first

aspect of the invention as set forth above.

[0021] The invention yet further provides a computer program product comprising

machine-readable instructions for causing a lithographic apparatus to implement the method

according to the invention as set forth above.

[0022] Such computer program products may for example take the form of

instructions stored in a non-transient storage medium.

[0023] These and other aspects and advantages of the invention will be understood by

the skilled reader from a consideration of the drawings and description of embodiments

which follows.

BRIEF DESCRIPTION OF THE DRAWINGS
[0024] Embodiments of the invention will now be described, by way of example only,
with reference to the accompanying drawings in which:

Figure 1 depicts a lithographic apparatus according to an embodiment of the

invention;
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Figure 2 illustrates schematically measurement and exposure processes in the
apparatus of Figure 1;

Figure 3 depicts schematically the operation of an optical level sensor in side
view (a) in the presence of contamination on a substrate and (b) in the presence of
contamination beneath a substrate;

Figure 4 illustrates schematically (a) a height map showing a height anomaly
and (b) a resulting focus height profile in a lithographic apparatus operating according
to the prior art;

Figure 5 illustrates in side view the influence of height anomalies on focusing
performance in the apparatus according to the prior art, in the case of (a)
contamination on the substrate and (b) contamination beneath the substrate;

Figure 6 is a flowchart of a method of manufacturing a device according to a
first embodiment of the present invention;

Figure 7 is a flowchart of a method of manufacturing a device according to a
second embodiment of the present invention;

Figure 8 illustrates schematically (a) a height map showing a height anomaly
and (b) a resulting focus height profile in a lithographic apparatus operating according
to an embodiment of the present invention;

Figure 9 illustrates in side view the influence of height anomalies on focusing
performance in the apparatus operating according to an embodiment of the present
invention, in the case of (a) contamination on the substrate and (b) contamination
beneath the substrate;

Figure 10 illustrates steps in a first example method of disregarding a height
anomaly; and

Figure 11 illustrates steps in a second example method of disregarding a

height anomaly.

DETAILED DESCRIPTION OF EXEMPLARY EMBODIMENTS

[0025] Before describing embodiments of the invention in detail, it is instructive to
present an example environment in which embodiments of the present invention may be
implemented.

[0026] Figure 1 schematically depicts a lithographic apparatus LLA. The apparatus
includes an illumination system (illuminator) IL. configured to condition a radiation beam B

(e.g., UV radiation or DUV radiation), a patterning device support or support structure (e.g., a
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mask table) MT constructed 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 accordance
with certain parameters; a substrate table (e.g., a wafer table) WT 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 accordance with certain parameters; and 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., including one
or more dies) of the substrate W.

[0027] The illumination system may include various types of optical components,
such as refractive, reflective, magnetic, electromagnetic, electrostatic or other types of optical
components, or any combination thereof, for directing, shaping, or controlling radiation.
[0028] The patterning device support 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 patterning device support can use mechanical, vacuum,
electrostatic or other clamping techniques to hold the patterning device. The patterning
device support may be a frame or a table, for example, which may be fixed or movable as
required. The patterning device support 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 “patterning
device.”

[0029] 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. Generally, the pattern
imparted to the radiation beam will correspond to a particular functional layer in a device
being created in the target portion, such as an integrated circuit.

[0030] The patterning device may be transmissive or reflective. Examples of
patterning devices include masks, programmable mirror arrays, and programmable LCD
panels. Masks are well known in lithography An example of a programmable mirror array
employs a matrix arrangement of small mirrors, each of which can be individually tilted so as
to reflect an incoming radiation beam in different directions

[0031] The term “projection system” used herein should be broadly interpreted as
encompassing any type of projection system, including refractive, reflective, catadioptric,

magnetic, electromagnetic and electrostatic optical systems, or any combination thereof, as
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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 synonymous with the more general term “projection system”.

[0032] 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).
[0033] 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.

[0034] Referring to Figure 1, the illuminator IL. receives a radiation beam from a
radiation source SO. The source and the lithographic apparatus may be separate entities, for
example when the source is an excimer laser. In such cases, the source is not considered to
form part of the lithographic apparatus and the radiation beam is passed from the source SO
to the illuminator IL with the aid of a beam delivery system BD including, 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 IL, together with the beam delivery system BD if required,
may be referred to as a radiation system.

[0035] The illuminator IL. may include an adjuster AD for adjusting the angular
intensity distribution of the radiation beam. Generally, at least the outer and/or inner radial
extent (commonly referred to as o-outer and o-inner, respectively) of the intensity
distribution in a pupil plane of the illuminator can be adjusted. In addition, the illuminator IL
may include various other components, such as an integrator 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.

[0036] The radiation beam B is incident on the patterning device (e.g., mask) MA,
which is held on the patterning device support (e.g., mask table MT), and is patterned by the
patterning device. Having traversed the patterning device (e.g., 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 IFF

(e.g., an interferometric device, linear encoder, 2-D encoder or capacitive sensor), the
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substrate table WT 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 Fligure 1) can be used to accurately position the
patterning device (e.g., 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
patterning device support (e.g., 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 WT may 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 patterning device support (e.g.,
mask table) MT may be connected to a short-stroke actuator only, or may be fixed.

[0037] Patterning device (e.g., 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 patterning device (e.g., mask)
MA, the mask alignment marks may be located between the dies. Small alignment markers
may also be included within dies, in amongst the device features, in which case it is desirable
that the markers be as small as possible and not require any different imaging or process
conditions than adjacent features.

[0038] The depicted apparatus could be used in a variety of modes. In a scan mode,
the patterning device support (e.g., mask table) MT and the substrate table WT 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
WT relative to the patterning device support (e.g., mask table) MT may be determined by the
(de-)magnification and image reversal 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 length (in the scanning direction) of the target portion. Other
types of lithographic apparatus and modes of operation are possible, as is well-known in the
art. For example, a step mode is known. In so-called “maskless” lithography, a programmable
patterning device is held stationary but with a changing pattern, and the substrate table W is
moved or scanned. Each target portion is commonly referred to as a “field”, and contains one

or more product dies in the finished product.
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[0039] Combinations and/or variations on the above described modes of use or
entirely different modes of use may also be employed.

[0040] Lithographic apparatus LA in this example is of a so-called dual stage type
which has two substrate tables WTa, WTb and two stations — an exposure station EXP and a
measurement station MEA — between which the substrate tables can be exchanged. While
one substrate on one substrate table is being exposed at the exposure station, another
substrate can be loaded onto the other substrate table at the measurement station and various
preparatory steps 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 markers on
the substrate using an alignment sensor AS.

A lithographic apparatus control unit LACU 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 relevant 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 IFF. Overall control of the apparatus may be controlled by a central processing
unit, communicating with these subsystem, with operators and with other apparatuses
involved in the lithographic manufacturing process. Some data processing functions may be
performed on processors external to the lithographic apparatus, using suitable communication
links (not shown).

[0041] Figure 2 illustrates the steps to expose target portions (e.g. dies) on a substrate
W in the dual stage apparatus of Fligure 1. The process according to conventional practice
will be described first.

[0042] On the left hand side within a dotted box are steps performed at a
measurement station MEA, while the right hand side shows steps performed at the exposure
station EXP. From time to time, one of the substrate tables WTa, WTb will be at the
exposure station, while the other is at the measurement station. For the purposes of this
description, it is assumed that a substrate W has already been loaded into the exposure
station. At step 200, a new substrate W’ is loaded to the measurement station of the
apparatus by a mechanism not shown. These two substrates are processed in parallel in order

to increase the throughput of the lithographic apparatus.
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[0043] Referring initially to the newly-loaded substrate W’, this may be a previously
unprocessed substrate, prepared with a new photo resist for first time exposure in the
apparatus. In general, however, the lithography process described will be merely one step in
a series of exposure and processing steps, so that substrate W’ has been through this
apparatus and/or other lithography apparatuses, several times already, and may have
subsequent processes to undergo as well. Particularly for the problem of improving patterning
performance, the task is to ensure that new patterns are applied with optimum focus on a
substrate that has already been subjected to one or more cycles of patterning and processing.
These processing steps progressively introduce distortions (local height deviations) in the
substrate that are then measured and corrected for, to achieve satisfactory focus performance.
Local height deviations are introduced also by deformation of the substrate caused when
clamping it to the specific substrate table. These deformations are very slight, but significant
when extremely high performance is required.

[0044] The previous and/or subsequent patterning step may be performed in other
lithography apparatuses, as just mentioned, 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.

[0045] At 202, alignment measurements using the substrate marks P1 etc. and image
sensors (not shown) are used to measure and record alignment of the substrate relative to
substrate table WTa/W'Tb. In addition, several alignment marks across the substrate W’ will
be measured using alignment sensor AS. These measurements are used in one embodiment to
establish a “wafer grid”, which maps very accurately positional deviations of marks across
the substrate, including any distortion relative to a nominal rectangular grid.

[0046] At step 204, a map of wafer height (Z) against X-Y position is measured using
the level sensor LS. The height map will be used to achieve accurate focusing of the exposed
pattern. The height map may be expressed in different forms, but generally represents local
deviations of the surface height from a nominal plane of the substrate. It will be understood
that “height” in this context refers to position perpendicular to the plane of the substrate, and

does not refer to the direction of Earth or gravity.
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[0047] When substrate W’ was loaded, recipe data 206 were received, defining the
exposures to be performed, and also properties of the wafer and the patterns previously made
and to be made upon it. To these recipe data are added the measurements of wafer position,
wafer grid and height map that were made at 202, 204, so that a complete set of recipe and
measurement data 208 can be passed to the exposure station EXP. As will be explained
below, in the novel methods described herein, the recipe and measurement data may be
modified and/or supplemented with prior knowledge affecting how the height map is to be
used to control imaging of the pattern onto the substrate when height anomalies are identified
at one or more regions across each substrate.

[0048] At 210, wafers W’ and W are swapped, so that the measured substrate W’
becomes the substrate W entering the exposure station EXP. In the example apparatus of
Figure 1, this swapping is performed by exchanging the supports WTa and WTb within the
apparatus, so that the substrates W, W’ remain accurately clamped and positioned on those
supports, to preserve relative alignment between the substrate tables and substrates
themselves. Accordingly, once the tables have been swapped, determining the relative
position between projection system PS and substrate table WTb (formerly WTa) is all that is
necessary to make use of the measurement information 202, 204 for the substrate W
(formerly W’) in control of the exposure steps. At step 212, reticle alignment is performed
using the mask alignment marks M1, M2. In steps 214, 216, 218, scanning motions and
radiation pulses are applied at successive target locations across the substrate W, in order to
complete the exposure of a number of patterns.

[0049] By using the alignment data and height map obtained at the measuring station
in the performance of the exposure steps, these patterns are accurately imaged and accurately
aligned with respect to the desired locations and with respect to features previously laid down
on the same substrate. The exposed substrate, now labeled W” is unloaded from the
apparatus at step 220, to undergo etching or other processes, in accordance with the exposed
pattern.

[0050] Figure 3 (a) illustrates schematically the operation of level sensor LS in an
example of the lithographic apparatus LLA. One of the substrate supports is labeled W'T, and
carries a substrate W. The level sensor LS is in this example an optical sensor, comprising a
source side optics LSS, and detector optics LSD. In operation, source side optics LSS
generates one or more beams of light 310 that impinge onto a substrate W. Substrate W
typically has different layers formed on it, and typically many more layers than are illustrated

here. A top layer will normally be the resist layer 312 in which a pattern is to be formed.
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Below that will be an anti-reflective coating and below that will be potentially many layers of
device features formed in different layouts and materials.

[0051] The beam of light 310 is reflected by the substrate and detected by detector
side optics LSD to obtain a signal S(x,y) from which a measurement of the surface height at a
position (x,y) on the substrate can be derived. By measuring height at numerous positions
across the substrate, a height map h(x,y) can be obtained by a suitable processor (not shown),
and used in the exposure station to control focus and other parameters in the operation of the
lithographic apparatus. The details of these optics for level sensing, as well as the associated
signal processing, are known in the art and described for example in the prior publications
mentioned in the introduction. They will not be described herein in detail. The radiation used
in the present examples may be monochromatic, polychromatic and/or broadband. It may be
P- or S-polarized, circularly polarized and/or unpolarized.

[0052] The height map h(x,y) can take any suitable form. In a simple embodiment,
the height map comprises a two-dimensional array of sample values indexed by the X and Y
coordinates of position across the substrate. In other embodiments, the height values could be
expressed by parametric curves, fitted to measured sample values.

[0053] A graph 314 of h(x,y) in Figure 3 (a) represents height values in a single slice,
for example extending in the Y direction with a certain X value. Most of the substrate
surface, height variations are relatively gentle, both in extent and their degree of localization
(spatial frequency). In the illustration, however, a particle of contamination 316 is present on
the substrate surface. A height anomaly 318 is therefore present which can be recognized in
the height map. From the point of view of controlling the imaging of patterns into the resist
layer on the substrate, these height anomalies are regarded as undesirable “focus spots”.
[0054] Similarly, in Figure 3 (b) a particle of contamination 326 is present beneath
the substrate. This particle may have been present on the substrate support W'T' before the
substrate was loaded. Alternatively, the particle may be something that has adhered to the
backside of the substrate before it is loaded into the apparatus. In either case, the height map
graph 324 reveals again a height anomaly 328.

[0055] Figure 4 (a) illustrates a portion of the height map using different levels of
shading to represent height values on a X-Y plot. In other words, the image comprises a
number of rectangular pixels, and the shade of each pixel represents the height deviation
measured at a certain X, Y position. In the illustration, only a few levels of shading can be
discriminated, due to the limitation of patent drawings. In a real example the height map can

represent the contours of the surface much more finely. The portion of the height map within
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dashed outline 402 may represent the area of one target portion or field to which the pattern is
to be applied by the lithographic apparatus LA. Over most of the field area, indicated as
region A, height variations are relatively low and gentle. On the other hand, at region B, a
height anomaly can be recognized because of the more extreme height variations that are
confined within a small localized region.

[0056] Referring now to Figure 5(a), we see in a schematic side view the influence of
a height anomaly, e.g. contamination, on the formation of a correctly focused image in the
resist layer 312. A dotted box 502 represents schematically the location of an aerial image of
the patterning device MA. In a stepping type lithographic apparatus, the size of the aerial
image 502 would correspond to the size of the entire field. In a scanning type of lithographic
apparatus, the aerial image 502 corresponds to a narrow band or “slit” that scans across the
area of the field as the patterning device and the substrate perform synchronized movements
in relation to the projection system PS. A representation of this slit is the dotted box 404 in
Figure 4 (b). The scanning motion is indicated by the broad white arrow in Figure 4(b).
Referring again to Figure 5 (a), it will be appreciated that the aerial image 502 shown in
cross-section may be being viewed in the X-7 plane or in the Y-Z plane. In either case, the
various subsystems of the lithographic apparatus control the imaging of the pattern onto the
substrate so that the aerial image 502 lies as accurately as possible at the location 502°, to
imprint the image reliably in the resist layer 312.

[0057] Because the aerial image at any given time has a significant extent in each of
the X and Y directions, the control of the positioning and orientation of the aerial image 502
is performed on the basis of a moving average of the height values represented in the height
map at the location currently being imaged. In the case of a stepping method, a static average
is produced. Any short-scale height anomalies can influence this average over a wide area,
and so undermine the control of focusing in particular, and imaging in general.

[0058] Returning to Figure 4 (b), this is a plot of the focus height profile across the
field during the scanning operation, when using conventional control techniques. For the
upper part of the field (as seen in the diagram), the smooth height variations in region a cause
no problem for the focus control function which has to average the height values across the
slit 404. On the other hand, when scanning reaches the lower portion of the field, the height
anomaly in region B causes the average focus height to rise across the entire slit 404.
Consequently, in region C, a relatively large portion of the field deviates from the ideal focus.
[0059] At the left hand side of Figure 5 (a), we see the consequences of this, in the

case of the contaminant particle 316 present on the substrate surface. When the height
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anomaly in a height map 402 is used for controlling the formation of the aerial image 5027,
the aerial image is positioned out of the plane of the resist layer 312. Poor focusing, and
consequently poor formation of the pattern in the resist material, results in poor performance
in applying the pattern to the resist in this region. This is represented by the region labeled
NOK, in contrast to the normal performance location labeled OK and shown at the right hand
side. Figure 5 (b) shows that similar consequences arise, when a contaminant particle 326 is
located beneath the substrate W.

[0060] Figures 4 and 5 thereby illustrate the loss of imaging performance, particularly
focusing performance, that can result from height anomalies in conventional control methods.
A modification of the control of a lithographic apparatus will now be described, as
implemented for example in the apparatus of Figure 1.

[0061] Figure 6 shows in schematic flowchart form a device manufacturing method
according to an embodiment of the present disclosure. For example, a modified control
program may be loaded into the lithographic apparatus control unit LACU in order to
implement the steps that follow. Not illustrated in this figure are various off-line setup
procedures that may be undertaken.

[0062] In the “online” manufacturing process, at 601 a substrate (for example a
semiconductor wafer) is loaded into the measurement station MEA of the lithographic
apparatus and at 602 the level sensor is used in the manner described in Figure 4 (a) and (b)
to obtain measurement signals S(x,y) related to a height of the substrate surface at many
locations across the substrate. At 603 a processor (for example a main processor of the
control unit LACU or a separate processor associated with the height mapping function)
receives the measurement signals S(x,y).

[0063] At 604 the processor derives a height value for each point on the substrate by
converting said measurement signals into local height values using a suitable algorithm. In
this way, a height map is obtained, having a form similar to that shown in Figure 4 (a), but
extending over the whole substrate. At this stage, anomalous signals caused, for example, by
noise in the apparatus may be detected and eliminated, so that the height map accurately
represents the physical features across the wafer.

[0064] At 605, the height map is examined to detect any height anomalies, also
known as “focus spots” in the prior art. This step may be performed by spatial frequency
filtering and/or pattern recognition in one or two dimensions. Simple examples will be
illustrated below, with reference to TFigures 10 and 11. Techniques known from

EP 1457828 A2 can be applied, for example. The well-known MatLab® software provides an
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image processing toolbox with many alternative algorithms of shape recognition. By
whatever means, the processor identifies regions of the height map, such as region B in
Figure 4 (a), and identifies these as height anomalies that are to be disregarded in controlling
the imaging process.

[0065] At step 606, in this example, a modified height map h’(x,y) is produced, in
which the height anomalies have been removed and replaced with values derived from height
values at positions neighboring and/or adjacent to the identified height anomaly region. The
processor in other words disregards (ignores) or discounts height values from the identified
height anomaly region(s) and performs an interpolation or extrapolation of height values over
this region, based on measurements made in one or more neighboring regions.

[0066] At step 607, the modified height map h’(x,y) is ‘delivered’ to lithographic
apparatus control unit LACU (or, if the processor performing the steps is already part of the
control unit, the modified height map is delivered to the appropriate function for controlling
exposure). The modified height map is used while the substrate is in the exposure station
EXP, to control focusing of the projection system.

[0067] After the pattern has been applied to all fields on the substrate, at 608 the resist
layer carrying the transferred pattern is developed and then subjected to whatever chemical
and physical processes are required to form the device features in the underlying material.
The process steps will vary depending on the application. After step 608, the device may be
finished at step 609 or it may return to step 601 for patterning and processing further layers
via step 610. For each repetition, the process may identify a different set of regions as height
anomalies, and may apply the same or different algorithms and corrections to reduce the
influence of those height anomalies on control of the exposure. For some layers, where focus
is not critical, the apparatus may be controlled in a conventional way, without identifying
height anomalies.

[0068] In a case where a particular region exhibits height anomaly each time the same
substrate is loaded into the lithographic apparatus, it may be because that height anomaly is
caused by contamination adhered to the back surface of the substrate. In another case, a
height anomaly may appear at the same position on different substrates, indicating that
contamination may be present on the substrate support. Information on height anomalies
detected in step 605 may therefore be useful, when accumulated and analyzed statistically,
for monitoring contamination levels and triggering (manually or automatically) interventions

for maintenance and cleaning of the apparatus and/or the substrate.
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[0069] Other implementations are possible, as already mentioned. Note that the
function of identifying height anomalies can be implemented before, during or after the
conversion from raw signal S to height values h. Modifying control of the imaging operation
can also be achieved different ways.

[0070] Figure 7 illustrates an alternative example in which the identification of height
anomalies. Information on the nature and location of height anomalies is used to influence the
manner in which the height map is used to control focus, as an alternative to or in addition to
modifying the height map itself. The process in Figure 7 comprises steps 701 to 710 which
correspond very closely to the steps 601 to 610 illustrated in Figure 6. These steps will not be
described again in detail. The aim again is to use knowledge of identified height anomalies to
reduce the influence of the height anomalies in controlling imaging operations to apply the
pattern to the substrate. In the prior example (Figure 6), this is done by modifying the height
map data to eliminate or reduce the height anomalies, and then using the modified height map
in the conventional focus control process. In the Figure 7 example, at step 706 the (possibly
unmodified) height map is delivered to the lithographic apparatus control unit LACU together
with separate data identifying locations and/or other properties of regions where a height
anomaly has been detected. This separate data may be referred to as an “anomaly map”,
without limitation as to any particular form of expression of the data. A modified focus
control function 707 controls the exposure station of the lithographic apparatus to control
focusing based on the height map data, while using the anomaly map to reduce the influence
of the height map data in the identified height anomaly regions.

[0071] As mentioned, the form of the anomaly map can be freely chosen. As a simple
example, a binary mask M(X,y) may be created. The mask is an array of pixel values or other
function of location (x, y), whose value determines how much weight is given to height map
data h(x,y) at that location in calculating the optimum focus. So, for example, mask M(x,y)
may be a simple binary function so that a ‘0’ will cause a corresponding height map entry to
be ignored by the focus control. In this way, the prior knowledge encoded in function M(X,y)
can be used to identify height values that are in a height anomaly region. The modified focus
control step 707 ensures that these measurements are ignored in the averaging process,
thereby avoiding disturbance of the aerial image by local height anomalies. Instead of a
simple binary mask, a graduated weighting function could be provided. In that case, the
influence of the height anomaly on the imaging may be reduced, without being eliminated

entirely.
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[0072] It may be an advantage of the Figure 6 method, that the focus control process
607, which is a critical real-time process in any lithographic apparatus, is not disturbed, and
improved focus is achieved by prior processing of the height map. On the other hand, the
method of Figure 7 may allow more direct optimization of the focus, taking into account
other factors if desired. If desired, both types of process can be used together, either in the
same exposure, or when exposing different layers on the same substrate.

[0073] Whatever method is used, Figures 8 and 9 illustrate the improved imaging
performance of the apparatus and methods disclosed herein, relative to the conventional
methods seen in Figures 4 and 5. In Figure 8 (a), the modified height map 802 is shown,
corresponding to the height map of Figure 4 (a) but with the height values in identified height
anomaly region B removed. In Figure 8 (b) we see the focus height profile that is achieved
when the height values in the height anomaly region are ignored (or replaced). In Figure 9,
we see that the aerial image 902 achieved using the modified height map and/or the height
map and anomaly map, is not disturbed so much by the presence of the height anomaly
(contamination). Just as in Figure 5, poor focusing, and consequently poor formation of the
pattern in the resist material, is represented by the region labeled NOK, in contrast to the
normal performance location labeled OK and shown at the right hand side. Even though in
the immediate vicinity of the contamination the focusing may be disturbed (NOK), the
regions in which imaging is successfully achieved represent a greater portion of the field area
than using the known technique. In practical and commercial terms, a greater proportion of
the devices on the substrate will be formed with satisfactory performance. Particularly in the
case where the field contains a number of smaller device areas, this improvement may result
in a greater yield of functional devices at the end of the manufacturing process.

[0074] Figures 10 and 11 illustrate in detail processing of height values to discard
height anomalies. In Figure 10 (a) a one-dimensional slice of two dimensional height map
h(x,y) is shown, comprising a series of height value samples, to which a curve has been fitted
for the sake of illustration only. By high-pass filtering and/or pattern recognition a height
anomaly is identified in region 1002. A portion of an anomaly map 1004 is illustrated, in
which dark patches indicate the identified height anomaly regions. At Figure 10(b) we see the
height map data with the height values identified via circles, which are within height anomaly
regions (pixels) 1006. These are the ones that are to be discarded. At (c) we see an example
of modified height map data h’(x,y) in which new height values 1006’ have been interpolated
from the surrounding samples. Interpolation may be by any suitable technique, for example

linear interpolation, bicubic interpolation etc.
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[0075] The precise method of filtering to identify height anomalies is a matter of
design choice. A 2-D low pass filter can be used. Alternatively, height anomaly may be
defined to include any sample (pixel) which exceeds the height of pixels in a closely
surrounding region by a predetermined amount. In Figure 11 a more sophisticated approach is
applied to obtain a modified height map. Firstly, as illustrated at (a), a mathematical model
1102 of an expected height anomaly is defined which may have a fixed size, or size defined
by parameters such as height, extent in X and extent in Y (a single extent value may be
sufficient as typical focus spots have similar extent in both X and Y). Then at (b) pattern
matching is applied, fitting one or more instances of the anomaly model to height anomalies
found in height map h(x,y). In the case where the anomaly model has one or more variable
parameters, these parameters are adjusted to make best fit of the observed height anomaly at
each location. Then at (c), instead of simply discarding height values in the anomaly, the
fitted anomaly model is subtracted from the measured height values to obtain modified height
map h’(x,y). The processing in this example is more complicated than in the example of
Figure 10. On the other hand, assuming that height anomalies have a well-defined and
predictable form, the method of Figure 11 has the benefit of preserving as much as possible
underlying height information. That is to say, the values that are modified in the modified
height map are not merely interpolated from neighboring pixels, but retain in theory some
information from the measurement(s) taken within the anomaly region.

[0076] The identified anomaly region can also be used to correct an overlay map. An
overlay map comprises for example a two-dimensional vector plot wherein each vector
indicates the overlay size and direction, i.e. the misalignment size and direction between two
patterned layers. The height anomaly may have an influence on the measured overlay at that
location. For example, in the case that in a first layer no height anomaly is identified and in a
subsequent layer a height anomaly is identified, the measured overlay may exhibit an overlay
anomaly region at the location of the height anomaly in which region the overlay vectors
(values) deviate from the surrounding overlay vectors mainly in size. In the same way as
described above, the overlay map iwht the overlay anomaly region can be modified, for
example by at least partially ignoring an overlay anomaly, by replacing the measured overlay
(values or vectors) in the overlay anomaly region by the overlay measured at a location
adjacent to or neighboring the overlay anomaly region, by subtracting a modeled height
anomaly from overlay values and/or vectors in the overlay map, or by using different, e.g.
reduced, weighting (factors) for the measured overlay (values or vectors) in the overlay

anomaly region. Similarly other parameter maps may include such an anomaly region that
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corresponds to the height anomaly region, for example a map of critical dimension (CD)
values, and these parameter maps may be modified in similar ways as described above.

[0077] In each of the described methods, the techniques for focus spot monitoring
described in the prior patent application EP 1457828 A2 can be applied to improve the
reliability and accuracy of detection. That is to say, one option to improve accuracy is to
calculate an average die topography from the height map, and subtract this from the height
map, as a preliminary step in the identification of height anomalies. The benefit of this is that,
in the event that the product itself has localized height anomalies due to the layout and
processing of functional device features in previous processing steps, these can be
disregarded to avoid falsely identifying them as focus spots caused by contamination or the
like.

[0078] Similarly, any of the techniques of the prior publications mentioned in the
introduction can be applied to improve level sensing performance and imaging performance,
in addition to the techniques disclosed herein. For example, the technique of
US 2013128247 A can be used to eliminate anomalous measurement samples before the
height map is calculated.

[0079] In conclusion, the present disclosure provides methods enabling improved
focusing and improved patterning performance, during the lithographic manufacturing
process. The present method reduces the influence of height anomalies, such as those caused
by contamination above and/or below the substrate. Furthermore, the novel method requires
no change in the hardware of a lithography system and does not require any input data
measurements other than those conventionally provided as part of the lithographic
manufacturing process. The method may include generating more accurate height maps
(meaning simply height maps modified to achieve more optimal focusing of critical features),
and/or to modify the way height map data is used in the actual focus control process.

[0080] An embodiment of the invention may be implemented using a computer
program containing one or more sequences of machine-readable instructions describing
methods of controlling the lithographic apparatus using height map data as described above.
This computer program may be executed for example within the control unit LACU of Figure
2, or some other processor or controller. There may also be provided a non-transient data
storage medium (e.g., semiconductor memory, magnetic or optical disk) having such a
computer program stored therein.

[0081] The terms “radiation” and “beam” used herein encompass all types of

electromagnetic radiation, including ultraviolet (UV) radiation (e.g., having a wavelength of
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or about 365, 355, 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.

[0082] The term “lens”, where the context allows, may refer to any one or
combination of various types of optical components, including refractive, reflective,
magnetic, electromagnetic and electrostatic optical components.

[0083] The breadth and scope of the present invention should not be limited by any of
the above-described exemplary embodiments, but should be defined only in accordance with

the following claims and their equivalents.
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CLAIMS

1. A lithographic apparatus for imaging a pattern onto a substrate using an
optical projection system, the apparatus being arranged to obtain a height map representing a
topographical variation across the substrate and the apparatus comprising a controller
arranged to use the height map in controlling imaging of the pattern onto the substrate,
wherein the apparatus is further arranged to ignore at least partially a height anomaly

represented in a localized region of the height map when controlling the imaging.

2. A lithographic apparatus as claimed in claim 1 wherein the apparatus is

arranged to identify said height anomaly from the obtained height map.

3. A lithographic apparatus as claimed in claim 1 or 2 wherein the apparatus is

arranged to identify the height anomaly by a shape recognition model.

4. A lithographic apparatus as claimed in any preceding claim wherein the
apparatus is arranged to produce a modified version of the height map in which the height
anomaly is at least partially removed, and to use the modified version of the height map in

controlling imaging of the pattern on the substrate.

5. A lithographic apparatus as claimed in any preceding claim wherein the
apparatus is arranged to produce a modified version of the height map in which height values
in a height anomaly region are replaced by values derived from height values at locations

neighboring the height anomaly region.

6. A lithographic apparatus as claimed in any preceding claim wherein the
apparatus is arranged to produce a modified version of the height map in which a modeled

height anomaly is subtracted from height values in the height anomaly region.

7. A lithographic apparatus as claimed in any preceding claim wherein the
apparatus is arranged to produce a modified version of the height map in which a reduced

weighting is applied to height values in the height anomaly region.
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8. A lithographic apparatus as claimed in claim 1, 2 or 3 wherein the apparatus is
arranged to supply to the controller anomaly map data that specifies locations of the
identified height anomaly, and the controller is arranged to use the anomaly data together
with the height map data in controlling imaging of the pattern on the substrate while reducing

the influence of height map data at the specified locations.

0. A lithographic apparatus as claimed in any preceding claim further comprising
a level sensing arrangement arranged to obtain the height map by measuring the substrate

after the substrate has been loaded into the lithographic apparatus.

10. A method of controlling imaging of a pattern on a substrate comprising the
steps of:
- obtaining a height map of the substrate; and
- using said height map to control the imaging of the pattern to the substrate, while at

least partially ignoring a height anomaly represented in the obtained height map.

11. A method as claimed in claim 10 wherein the step of using said height map
comprises producing a modified version of the height map in which a representation of the
height anomaly is at least partially removed, and using the modified version of the height

map in controlling said imaging.

12. A method as claimed in claim 10 wherein the step of using said height map
comprises producing a modified version of the height map in which height values in a height
anomaly region of the height map are replaced by values derived from height values at

locations neighboring the height anomaly region.

13. A method as claimed in claim 10 wherein the step of using said height map
comprises producing a modified version of the height map in which a modeled height

anomaly is subtracted from height values in the height map.

14. A method as claimed in claim 10 wherein the step of using said height map
comprises producing a modified version of the height map in which a reduced weighting is

applied to height values in the height anomaly region.
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15. A method as claimed in any of claims 10 to 14 wherein the step of using said
height map comprises producing anomaly map data specifying locations of the identified
height anomaly, and using the anomaly map data together with the height map to control
imaging of the pattern on the substrate so as to reduce the influence of the height map at the

specified locations.

16. A method as claimed in any of claims 10 to 15 further comprising the steps of
producing an overlay map and using the height map and the identified height anomaly region
to identify an overlay anomaly region, and producing a modified version of the overlay map
by any one of the following steps:

- at least partially ignoring an overlay anomaly, or

- replacing overlay values or vectors in the overlay anomaly region of the overlay map
by values or vectors derived from overlay values or vectors at locations neighboring the
overlay anomaly region; or

- subtracting a modeled height anomaly from overlay values or vectors in the overlay
map; or

- applying a reduced weighting to overlay values or vectors in the overlay anomaly

region.

17. A computer program product comprising machine-readable instructions for

causing a lithographic apparatus to implement the method of any of claims 10 to 16.

18. A lithographic apparatus for imaging a pattern onto a substrate using an
optical projection system, the apparatus including:

- a level sensor operable, prior to applying said pattern, to obtain measurement
signals related to a height of the substrate surface at many locations across the substrate;

- a processor arranged to use said measurement signals to derive data
representing a height map of the substrate; and

- a controller arranged to use said height map data to control focusing of said
projection system when applying said pattern to the substrate at one or more target locations,

wherein said processor and controller are further arranged to use the measurement
signals directly or indirectly to identify a height anomaly on the substrate surface, and to
disregard at least partially the height anomaly when controlling focusing of the projection

system.
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