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(57) ABSTRACT 
An optical metrology system is disclosed that has a mea 
Suring system configured to irradiate a metrology mark and 
record a portion of a reflected, a transmitted, or both, 
electromagnetic field and a characterization device config 
ured to determine from the recorded field a mark shape 
parameter indicative of the structure of the metrology mark, 
the characterization device comprising: a field calculation 
unit configured to calculate an expected field for reflection, 
transmission, or both, from a theoretical reference mark 
based on an algebraic eigenvalue-eigenvector representation 
of the expected field, a field derivative calculation unit 
configured to calculate a first order derivative, a higher order 
derivative, or both, of the expected field with respect to the 
mark shape parameter by first deriving analytical forms for 
corresponding derivatives of eigenvalues and eigenvectors 
of the eigenvalue-eigenvector representation, and an opti 
mization unit configured to use the outputs from the field and 
field derivative calculation units to determine an optimized 
mark shape parameter for which the expected field substan 
tially matches the recorded field. 
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Fig. 1 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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OPTICAL METROLOGY SYSTEMAND 
METROLOGY MARK CHARACTERIZATION 

DEVICE 

1. FIELD 

0001. The present invention relates to a substrate align 
ment system for a lithographic apparatus. 

2. BACKGROUND 

0002. 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 alter 
natively 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 'scan 
ning'-direction) while synchronously scanning the Substrate 
parallel or anti-parallel to this direction. It is also possible to 
transfer the pattern from the patterning device to the sub 
strate by imprinting the pattern onto the Substrate. 
0003 Alignment of a substrate relative to a projection 
system or a patterning device and other process control 
procedures can be carried by reference to optical measure 
ments of metrology marks (such as alignment marks). For 
example, an optical measurement system may be provided 
to reflect radiation from one or more metrology marks 
formed on the Substrate or patterning device. Periodic align 
ment marks, such as gratings, may be used, for example, and 
the position determined by reference to a center of symmetry 
or other characteristic property of the grating. Processing of 
the Substrate can distort the metrology marks, which can 
make it difficult for the optical measurement system to 
operate effectively. For example, where alignment marks are 
being measured, the distortion may compromise determina 
tion of the alignment mark position. Calculating how 
reflected radiation may change due to the distortion may be 
time consuming and expensive. 

3. SUMMARY 

0004. It is desirable, for example, to provide an improved 
apparatus and method for optical measurement of metrology 
marks. 

0005 According to an aspect of the invention, there is 
provided an optical metrology system, comprising a mea 
Suring system configured to irradiate a metrology mark and 
record a portion of a reflected, a transmitted, or both, 
electromagnetic field; and a characterization device config 
ured to determine from the recorded field a mark shape 
parameter indicative of the structure of the metrology mark, 
the characterization device comprising: a field calculation 
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unit configured to calculate an expected field for reflection, 
transmission, or both, from a theoretical reference mark 
based on an algebraic eigenvalue-eigenvector representation 
of the expected field, a field derivative calculation unit 
configured to calculate a first order derivative, a higher order 
derivative, or both, of the expected field with respect to the 
mark shape parameter by first deriving analytical forms for 
corresponding derivatives of eigenvalues and eigenvectors 
of the eigenvalue-eigenvector representation, and an opti 
mization unit configured to use the outputs from the field and 
field derivative calculation units to determine an optimized 
mark shape parameter for which the expected field substan 
tially matches the recorded field. 
0006. According to an aspect of the invention, there is 
provided a lithographic apparatus, comprising: an optical 
metrology system, including a measuring system configured 
to irradiate an alignment mark on a Substrate and record a 
portion of a reflected, a transmitted, or both, electromagnetic 
field, a characterization device configured to determine from 
the recorded field a mark shape parameter indicative of the 
structure of the alignment mark, the characterization device 
comprising: a field calculation unit configured to calculate 
an expected field for reflection, transmission, or both, from 
a theoretical reference mark based on an algebraic eigen 
value-eigenvector representation of the expected field, a 
field derivative calculation unit configured to calculate a first 
order derivative, a higher order derivative, or both, of the 
expected field with respect to the mark shape parameter by 
first deriving analytical forms for corresponding derivatives 
of eigenvalues and eigenvectors of the eigenvalue-eigenvec 
tor representation, and an optimization unit configured to 
use the outputs from the field and field derivative calculation 
units to determine an optimized mark shape parameter for 
which the expected field substantially matches the recorded 
field; and a Substrate position determining device configured 
to derive a position of the Substrate using the optimized mark 
shape parameter determined by the characterization device. 
0007 According to an aspect of the invention, there is 
provided a method of characterizing a metrology mark, 
comprising: irradiating a metrology mark and recording a 
portion of a reflected, a transmitted, or both, electromagnetic 
field; determining from the recorded field a mark shape 
parameter indicative of the structure of the metrology mark; 
calculating an expected field for reflection, transmission, or 
both, from a theoretical reference mark based on an alge 
braic eigenvalue-eigenvector representation of the expected 
field; calculating a first order derivative, a higher order 
derivative, or both, of the expected field with respect to the 
mark shape parameter by first deriving analytical forms for 
corresponding derivatives of eigenvalues and eigenvectors 
of the eigenvalue-eigenvector representation; and using the 
results of the calculating to determine an optimized mark 
shape parameter for which the expected field substantially 
matches the recorded field. 

0008 According to an aspect of the invention, there is 
provided a device manufacturing method, comprising: char 
acterizing a metrology mark formed on a Substrate by: 
irradiating a metrology mark and recording a portion of a 
reflected, a transmitted, or both, electromagnetic field; deter 
mining from the recorded field a mark shape parameter 
indicative of the structure of the metrology mark, calculating 
an expected field for reflection, transmission, or both, from 
a theoretical reference mark based on an algebraic eigen 
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value-eigenvector representation of the expected field; cal 
culating a first order derivative, a higher order derivative, or 
both, of the expected field with respect to the mark shape 
parameter by first deriving analytical forms for correspond 
ing derivatives of eigenvalues and eigenvectors of the eigen 
value-eigenvector representation; and using the results of the 
calculating to determine an optimized mark shape parameter 
for which the expected field substantially matches the 
recorded field; and aligning the Substrate using the result of 
the characterization. 

4. BRIEF DESCRIPTION OF THE DRAWINGS 

0009 Embodiments of the invention will now be 
described, by way of example only, with reference to the 
accompanying schematic drawings in which corresponding 
reference symbols indicate corresponding parts, and in 
which: 

0010 FIG. 1 depicts a lithographic apparatus according 
to an embodiment of the invention; 
0011 FIG. 2 depicts a substrate alignment system accord 
ing to an embodiment of the invention; 
0012 FIG.3 depicts a method of determining mark shape 
parameters from radiation reflected from a metrology mark 
according to an embodiment of the invention; 
0013 FIG. 4 illustrates the domains where the Rayleigh 
expansions hold; 
0014 FIG. 5 depicts a representation of a metrology 
mark in terms of RCWA parameters; and 
0.015 FIG. 6 depicts an algorithm for the enhanced 
transmittance matrix approach for the RCWA method. 

5. DETAILED DESCRIPTION 

0016 FIG. 1 schematically depicts a lithographic appa 
ratus according to one embodiment of the invention. The 
apparatus comprises: 
0017 an illumination system (illuminator) IL configured 
to condition a radiation beam B (e.g. UV radiation or DUV 
radiation); 
0018 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 accordance with certain 
parameters; 

0.019 a substrate table (e.g. a wafer table) WT con 
structed to hold a substrate (e.g. a resist-coated wafer) Wand 
connected to a second positioner PW configured to accu 
rately position the Substrate in accordance with certain 
parameters; and 
0020 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. 

0021. 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. 
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0022. 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.” 

0023 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. 

0024. 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. 
0025 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'. 
0026. 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). 
0027. The lithographic apparatus may be of a type having 
two (dual stage) or more Substrate tables (and/or two or more 
Support structures). In such “multiple stage' machines the 
additional 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. 
0028. 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, 
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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. 
0029) Referring to FIG. 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 comprising, for example, Suitable directing mir 
rors 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. 
0030 The illuminator IL 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. 
0031. 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 patterning device 
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 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 FIG. 1) can be used to accurately 
position the patterning device 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 
support structure 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 posi 
tioner PW. In the case of a stepper (as opposed to a scanner) 
the support structure MT may be connected to a short-stroke 
actuator only, or may be fixed. Patterning device MA and 
Substrate W may be aligned using patterning device align 
ment 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 
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lane alignment marks). Similarly, in situations in which 
more than one die is provided on the patterning device MA, 
the patterning device alignment marks may be located 
between the dies. 

0032. The depicted apparatus could be used in at least 
one of the following modes: 

0033 1. In step mode, the support structure MT and the 
substrate table WT are kept essentially stationary, 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 WT 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. 

0034 2. In scan mode, the support structure 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 support structure 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 
height (in the scanning direction) of the target portion. 

0035 3. In another mode, the support structure MT is 
kept essentially stationary holding a programmable pattern 
ing device, and the substrate table WT 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 pattern 
ing device is updated as required after each movement of the 
substrate table WT or in between successive radiation pulses 
during a scan. This mode of operation can be readily applied 
to maskless lithography that utilizes programmable pattern 
ing device. Such as a programmable mirror array of a type 
as referred to above. 

0036 Combinations and/or variations on the above 
described modes of use or entirely different modes of use 
may also be employed. 

0037 FIG. 2 schematically shows an optical metrology 
system for a lithographic apparatus according to an embodi 
ment of the invention. A measuring system 12 is provided 
that is configured to irradiate an metrology mark 10 on, for 
example, a substrate W and record at least a portion of the 
radiation reflected from it. In the discussion that follows, it 
is assumed that the radiation is reflected from the metrology 
mark 10 but the measuring system 12 could alternatively be 
configured to detect transmitted radiation. The measuring 
system 12 may comprise separate or integral components to 
respectively irradiate and record the radiation. The radiation 
may be recorded in terms of a spatial distribution of intensity 
(or optical power/flux) and/or in terms of one or more 
polarization components. 

0038. In the example below, the optical metrology system 
is used to measure alignment marks on a Substrate but it can 
also be applied in a variety of other contexts. For example, 
the optical metrology system can be applied to Scatterometry 
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for critical dimension (CD) metrology. In particular, the 
metrology System may be used for angle-resolved scatter 
ometry. 

0.039 The optical metrology system may be applied as 
part of a lithography apparatus or as part of a substrate 
processing (for example, etching or metrology) apparatus. 

0040. In the example where the metrology mark 10 is an 
alignment mark, if the form of the alignment mark 10 on the 
substrate W is known exactly, it would be possible directly 
to determine its position from the recorded reflected or 
transmitted field. Similarly, for other types of metrology 
mark, the information to be derived from measurement of 
the mark will be maximal when the form of the mark is most 
well defined. However, this may not be the case, for 
example, due to imperfect initial formation of the metrology 
mark 10 and/or because of distortion of the metrology mark 
10 during handling and/or processing of the substrate W 
between and/or during previous exposure(s). 

0041. In order to overcome this problem, a characteriza 
tion device 20 is provided that is capable of determining the 
current state of the metrology mark 10 by reference to one 
or more metrology mark shape parameters. This is achieved 
by iteratively varying a theoretical mark until a reflected or 
transmitted field calculated for the theoretical mark matches 
the measured field (or becomes acceptably close). The 
metrology mark shape parameters for which the matching 
occurs effectively characterize the metrology mark 10. 

0042. The characterization device 20 comprises a field 
calculation unit 14, a field derivative calculation unit 16 and 
an optimization unit 18. The field calculation unit 14 is 
configured to calculate an expected field for a given set of 
mark shape parameters. Detailed examples of how this 
calculation may be carried out are given further below. 
However, in each case a field solution is obtained based on 
an algebraic eigenvalue-eigenvector representation of the 
field, the differential equation to be solved incorporating the 
physical structure of the theoretical metrology mark. The 
matrix from which the eigenvalues and eigenvectors are to 
be computed correspond to a coefficient matrix of the 
differential equation. 

0043. For example, as will be described in further detail 
below, one way in which the metrology mark may be 
described is by modeling it as a plurality of layers parallel 
to the substrate W. In this representation, a matrix may be 
formed comprising Fourier components of the complex 
permittivity for each layer. 

0044) The optimization unit 18 is configured to vary the 
values of the mark shape parameters in order to match a 
calculated expected field to the field that is actually mea 
sured (i.e. to minimize a difference between the calculated 
and measured fields). In order to do this effectively, first 
and/or higher order derivatives of the field are obtained with 
respect to one or more of the mark shape parameters in order 
to implement the minimization routine. The derivatives 
provide information about how the field changes locally 
with respect to mark shape parameters. This information is 
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also known as “sensitivity' information because it relates to 
how sensitive the field is to changes in the parameters. The 
minimization routine uses the sensitivity information to 
decide how to vary the mark shape parameters in order to 
move most quickly towards the desired solution (i.e. to 
match the calculated reflected field to the measured reflected 

field). The derivatives are determined by the field derivative 
calculation unit 16. One way in which the field derivatives 
could be obtained is by calculating the field separately for 
two neighboring values of a particular mark shape param 
eter the finite difference technique. This approach is 
explained below. 

0045 Finite Difference Technique 
0046 According to the finite difference technique, the 
sensitivity of the reflected field R to changes in a parameter 
or parameters Ap and/or Aq is given by expressions of the 
following nature (analogous expressions exist for the trans 
mitted intensity T): 

dR R(p + Ap) - R p - Ap) 
ap 2Ap 

of R. R(p + Ap) - Rip) + R(p-Ap) 
6p2 (Ap) 

R(p + Ap, q + Aq) - R(p + Ap, q - Aq) - 
of R R(p - Ap, q + Aq) + R(p - Ap, q - Ag) 
a pap 4ApAq 

0047. This technique is independent of the method that is 
selected to compute the fields R. As can be seen, even for 
first and second order derivatives with respect to one param 
eter only, two field evaluations (each requiring solutions of 
eigenvalue problems) are needed. For mixed second order 
derivatives, the number of needed solutions doubles to four. 
In general, derivatives with respect to more variables and/or 
higher order derivatives will require further solutions of the 
eigenvalue-eigenvector problem. Optimization using deriva 
tives calculated in this way may require a considerable 
amount of time and/or computational resources. 

0048. According to an embodiment, an improved appa 
ratus is provided in which the field derivative calculation 
unit 16 is configured to calculate the required field deriva 
tives by first deriving analytical forms for corresponding 
derivatives of eigenvalues and eigenvectors of the eigen 
value-eigenvector representation of the electromagnetic 
field. The field derivatives can then be obtained directly 
without having to solve the eigenvalue-eigenvector problem 
many times for each derivative calculation. The character 
ization device can therefore be implemented with more 
modest computer hardware and/or be configured to operate 
more quickly. 

0049) Details of how the eigenvalue and eigenvector 
derivatives can be found are given below for the specific 
example of the Rigorous Coupled-Wave Analysis (RCWA) 
approach to calculating the sensitivity. 

0050. Where the metrology mark is an alignment mark, 
for example, the position of the substrate W (or other 
component to be aligned) may now be determined by a 
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Substrate position determining device 22, based on the 
optimized mark shape parameters. 

0051 FIG. 3 illustrates how the process may be carried 
out according to an embodiment of the invention. In box 30, 
a user inputs mark shape parameters that define the metrol 
ogy mark 10 as it was Supposed to initially have been written 
to the substrate (i.e. free of any distortion). Alternatively or 
additionally, information might be available about how the 
substrate W has been processed since the mark was initially 
written and, therefore, how the mark might be expected to 
have been distorted. A more accurate set of shape parameters 
may, in this case, be input via box 32. Calibration measure 
ments may be used, for example, to determine typical values 
for mark shape parameters after particular processing 
sequences. Additionally or alternatively, means may be 
provided for carrying out a rough estimation of the mark 
distortion in order to obtain improved mark shape param 
eters. Starting with improved mark shape parameters is 
useful because it reduces the risk of the optimization unit 18 
failing to find the best match with the reflected or transmitted 
field because it falls into a local non-optimal minimum in 
mark shape parameter space. 

0.052 The initial mark shape parameters are input from 
box 30 or box 32 to a field calculation step 34 in which the 
expected field is calculated. The resulting field is compared 
in step 36 with the measured reflected field input from the 
measuring device 12. A difference is forwarded to a judging 
step 38. If it is judged that the difference is smaller than a 
certain threshold (branch 40 "YES) then the mark shape 
parameters are output as optimized mark shape parameters 
and effectively characterize the metrology mark. Where the 
metrology mark is an alignment mark, the mark shape 
parameters may be forwarded to a Substrate position deter 
mining step 42, which determines a position of the Substrate 
W on the basis of these parameters. If it is judged, on the 
other hand, that the difference is larger than a certain 
threshold (branch 44 “NO”) then the mark shape param 
eters are updated in step 46 and fed back to the calculation 
step 34 where the process is repeated until an acceptable 
match between the calculated and measured fields is 
obtained. The updating step 46 uses the field derivatives 
calculated by the field derivative calculation unit 16 to 
determine how to update the mark shape parameters. A 
number of possible approaches may be used for the optimi 
Zation process. For example the following methods may be 
used: “steepest descent' (which uses only first order deriva 
tives) and “Newton’s method’ (which uses also second 
order derivatives). 
0053 Field Calculation Overview—Eigenvalue-Eigen 
vector Representation 

0054) One way in which the eigenvalue-eigenvector rep 
resentation may be set up, and a solution obtained for the 
diffracted radiation (either reflected or transmitted), is by 
using the RCWA method (M. G. Moharam and T. K. 
Gaylord, “Rigorous coupled-wave analysis of planar-grating 
diffraction”, J. Opt. Soc. Am 71, 811-818 (1981)). This 
method obtains a direct solution of Maxwell's equations for 
diffraction by grating structures. A key feature of this 
particular method is that the grating domain is divided into 
thin horizontal layers with piecewise constant refractive 
indices in order to use Fourier expansion techniques. An 
enhanced transmittance matrix approach has been developed 
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(M. G. Moharam and T. K. Gaylord, “Stable implementation 
of the rigorous coupled-wave analysis for Surface-relief 
gratings: enhanced transmittance matrix approach”. J. Opt. 
Soc. Am. A 12, 1077-1086 (1995)), which is a stable way for 
the RCWA method to solve diffraction problems for multi 
layer grating profiles. Further improvements were described 
in Lifeng Li, "Use of Fourier series in the analysis of 
discontinuous periodic structures”. J. Opt. Soc. Am. A 13, 
1870-1876 (1996), relating to TM polarization and included 
introducing a correction to the Fourier factorization rules for 
truncated series. At least partly as a result of these improve 
ments, RCWA is an easy to use algorithm, which is appli 
cable to a wide range of multi-layer grating structures. 
0.055 An alternative to RCWA is the C method (see L. Li, 
J. Chandezon, G. Granet and J. Plumey, “Rigorous and 
efficient grating-analysis method made easy for optical 
engineers'. Appl. Opt. 28, 304-313 (1999)). This approach 
uses the fact that if the interface were a flat line, the field 
solution would be given by the two Rayleigh expansions for 
the entire domain. The C method proceeds by conceptually 
flattening the interface to a flat line by using a specially 
adapted coordinate system. Since the C method has similar 
features to the RCWA method, the progress made with the 
RCWA algorithm can also be exploited to implement the C 
method. For example, the mathematics introduced by Lifeng 
Li (see above) to solve convergence issues for the RCWA 
algorithm are also applicable to the C method. 
0056 General Diffraction Grating Theory 
0057 General diffraction grating theory is relevant for 
both RCWA and the C method. A grating structure may be 
periodic in the X direction (i.e. parallel to the substrate W) 
with period A and constant along y (i.e. parallel to the 
Substrate surface but perpendicular to X). A linearly polar 
ized plane wave, defined with free-space wavelength wo 
may be incident upon the grating structure at arbitrary angles 
0 and (p. The electromagnetic fields are assumed to be 
time-harmonic and satisfy Maxwell's equations, which can 
be simplified by assuming the grating materials are linear, 
homogeneous, isotropic, non-magnetic, time-invariant and 
Source-free. Due to the periodicity of the grating, the Floquet 
condition can be imposed, which introduces a phase differ 
ence originating from the incident field. Since the grating 
structure is independent of the y coordinate, the field will 
also not depend on y. Both the periodicity and the y 
independency enables the restriction of the computational 
domain to a 2D domain. 

0.058. The way in which RCWA and the C method solve 
this mathematical problem is different from a physical point 
of view, though they still keep important similarities as will 
be shown later. The application of the RCWA method to the 
present problem is described first. 
0059) RCWA 
0060 For notational convenience, a restriction is made to 
planar diffraction. The theory of planar diffraction can easily 
be extended to conical diffraction. 

0061 For the TE polarization case, the electric field only 
has a y component. Above and below the grating profile 56 
(regions 50 and 54 respectively in FIG. 4), the material 
properties do not change and therefore the Solution of the 
time-harmonic Maxwell equations can be described by the 
Rayleigh expansion: 
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with 

k = kont siné - n(of A), 

k1 = (kini-ki,)', 
22 1.2 x 1.2 KH = (köni - k) 

0062) Here, E, and Ely denote the y-component of the 
electric field of the media above and below the grating, 
respectively. In a similar way, n and n are the refractive 
indices. The reflected and transmitted field amplitudes R. 
and T are unknowns, one or both of which will correspond 
to the signal to be detected by the metrology mark measuring 
system. For example, the reflected intensity may be mea 
sured, which can expressed as R*R. The thickness of the 
grating structure is given by D and ko is the wave number in 
WaCl. 

0063 RCWA connects these two Rayleigh expansions by 
introducing K thin horizontal layers in the grating domain 
(see FIG. 5) where the permittivity distribution e is approxi 
mated by a piecewise constant function of X only. Note that 
for TE polarization, Maxwell's equations imply the presence 
of both X and Z components of the magnetic field. Then, the 
time-harmonic Maxwell equations merge into one equation 
for each layer i (i=2. . . . , K+1), namely 

32 2 e(x) 32 
as E, (x,z) = -ko, --E, (x, 3) - as Eiy(v. 3), 

0064) for -A/2sxs A/2 and D,<z<D, where E, is the 
electric field inside layer i. For all other layers i (i=2,..., 
K+1), the (relative) permittivity and the electric field can be 
Fourier expanded. 

8;(x) =X, ei, explic2 | Anx), 

0065. If these expansions are substituted into the above 
equation, truncated to 2N-1 terms, and Z'=koZ is introduced, 
the result will be an ordinary differential equation of the 
second order, 

A. S.G.) = A.S.; (3), 

0.066 with coefficient matrix A:=K. -E, Matrix E is a 
Toeplitz matrix containing the Fourier components of the 
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complex relative permittivity in layer i. Matrix K is a 
diagonal matrix with elements k/k (-Nsins N) on its 
diagonal and S is a vector consisting of the unknown 
functions S, (Z). The general solution of this truncated 
system is given by the eigenvalues and eigenvectors of 
matrix A. 

S; (3) = X. wit(ciexp-koqiu (3,-D-1)+ c, expkoqi (3-D))). 
= 

0067. Here, w, are eigenvectors of A. The scalars q, are 
the roots of the eigenvalues of matrix A, with a positive real 
part. The coefficients C," and C, are still unknown. 
0068 To implement the boundary conditions, an expres 
sion for the X component of the magnetic field should also 
be available. According to Maxwell's equations, this com 
ponent can be expressed in terms of E, as 

1 (i. 
H(X, <) = ... Ey(x, 2). 

0069. Now, the fields within two subsequent layers are 
connected by the boundary condition at the interface, which 
states that the tangential field components are continuous. 
When also the Rayleigh expansions are truncated up to 
2N+1 terms, K+1 systems of equations are obtained for each 
interface. The coefficients c," and c, can be eliminated 
Such that one matrix equation is obtained for the unknown 
reflected and transmitted field amplitudes. The equation that 
is solved by the standard or enhanced transmittance matrix 
approach is given by 

all-r + R = 
idon 1 cosé -i. 

K-1 

| | || V - VX VX - V. jYK-2 

0070) where W, consists of column vectors w, Q, is a 
diagonal matrix consisting of elements q, and Vi=WQ, 
which is the result of the above Maxwell equation. Vector do 
is an all-zero vector except for element N+1 which equals 1. 
The diagonal matrices Y and Y consist of elements 
ki/ko and kk.2/ko, respectively. The only matrix that 
contains layer thickness information is X, which is a diago 
nal matrix with entries equal to exp(-kod q). 
0071. In a similar way, for TM polarization, the final 
matrix equation becomes 

do 
-- R= an le 
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-continued 
K-1 

| | || V - VX, W, X, -V. jZK-2 

0072 The only differences compared to TE polarization 
is that for TM polarization matrices W. and Q, are computed 
for matrix A:=P'(KEK-I), where P, is the Toeplitz 
matrix containing the Fourier coefficients of the reciprocal 
permittivity. Also matrix V, is defined differently, namely 
Vi:=PWQ, Note, that in the definition of matrix A, the 
correct Fourier factorization rules derived by Li (see above) 
have been used. Further, because of a slightly different 
Rayleigh expansion, diagonal matrices Z and ZK2 are 
introduced with elements ki/kon, and kk.2/konk. 
0.073 Solving the above equations directly is unstable for 
thick layers because the inverse matrix of X, has to be 
computed. However, the enhanced transmittance matrix 
approach may be used, and the resulting algorithm is sum 
marized for both polarizations in FIG. 6. 

0074 The main feature of the enhanced transmittance 
matrix approach is that a Substitution is used for the trans 
mitted field amplitudes, namely T=Aki'Xk. TK, and 
similar substitutions for T, i=K, K-1,..., 2. This substi 
tution avoids the computation of X, and therefore removes 
the reason for instabilities. The transmitted field amplitudes 
can be computed by T=Ak'Xk. . . . A 'X-T2. 
0075) When the reflected and transmitted field ampli 
tudes have been found by solving the final step of the 
enhanced transmittance matrix approach, the diffraction 
efficiencies can be computed as follows: 

DE=CRR, DE=CTT, 

0.076 where C, and C, depend on the polarization but are 
otherwise constants. 

0.077 C Method 
0078. The C method uses the fact that if the interface 
were a flat line, the field solution would be given by the two 
Rayleigh expansions (see equations for Ely and Ery above) 
for the entire domain. As mentioned above, the basic feature 
of the C method is to flatten the interface to a flat line using 
a specially devised coordinate system. The involved coor 
dinate transformation that is used for interfaces which are 
described by a function Z=a(X), is given by: 

0079. This coordinate transformation is substituted into 
the Rayleigh expansion to produce the generalized Rayleigh 
expansion: 

F(u, v) = X. An exp(-ikanu - ipw) 
ic-& 

0080 with p another unknown. Since the second deriva 
tive has to be computed with respect to w because of the 
Helmholtz equation, p will be a kind of eigenvalue. The 
basic characteristic of this generalized Rayleigh expansion is 
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that it is valid everywhere in the domain. So, by determining 
A and p, the solution is obtained. 
0081. By introducing the generalized version of the Ray 
leigh expansion and the coordinate transformation into the 
time-harmonic Maxwell equations and use of Fourier expan 
sions for the interface, again an eigenvalue system is 
obtained. However, for the C method an eigenvalue system 
is obtained for each medium instead of each layer. Again, the 
reflected and transmitted field amplitudes are found by using 
the boundary conditions, which state that the tangential 
components of the field should be continuous. 
0082 Corresponding Features 
0083. Both the RCWA and the C method convert the 
problem into an algebraic eigenvalue system that has to be 
solved to obtain the far field. Solving this eigenvalue system 
is computationally challenging and the speed of the overall 
process is determined by this computation. The particular 
way the eigenvalue system emerges from the C method is 
different from that of the RCWA algorithm. The essential 
resemblance for both methods is that both methods try to 
eliminate the dependency of the medium properties on 
directions other than the direction in which the periodicity 
can be found. Whereas RCWA cuts its region into slices, the 
C method uses a coordinate transformation to obtain this. 
The result of this difference is that, in general, RCWA uses 
many layers to obtain Sufficient accuracy, while the C 
method encounters more extended systems, but only one for 
each medium. Other processes may be possible, which yield 
analogous eigenvalue systems. 
0084 Analytical Approach for Computing the Sensitivity 
0085 For both the RCWA and the C method, the final 
algorithms show only matrix multiplications, which in sim 
pler systems makes differentiation easy to apply. Unfortu 
nately, in the present situation, some of the matrices involve 
eigenvalues and eigenvectors of the type mentioned in 
previous sections, which makes straightforward differentia 
tion of these matrices difficult or impossible. This is why the 
finite difference method has been preferred. 
0086 According to an embodiment, it has been recog 
nized that an analytical approach is possible and provides a 
more computationally efficient approach. The approach is 
based on calculating the eigenvalue and eigenvector deriva 
tives directly and is described below in relation to the RCWA 
method (as an example). 
0087. Eigenvalue and Eigenvector Derivatives 
0088 Assume that the eigenvalues that occur in the 
RCWA algorithm are distinct, that is z, ifiej. Except for 
homogeneous layers, this assumption seems to be fair. The 
general eigenvalue system with matrix A, eigenvalue matrix 
A and eigenvector matrix W is given by 

AW-WA 

0089. Differentiating the eigensystem with respect to a 
certain parameter p, yields 

0090 where" denotes a first derivative. The eigenvector 
derivatives can be projected onto the basis consisting of its 
own eigenvectors, that is W'=WC with C as coefficient 
matrix (this is possible because the matrix A of which the 
eigenvalues and eigenvectors are computed is “non-defect': 
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that is, if matrix A has dimension n, it also has n independent 
eigenvectors). Inserting this expansion into the above equa 
tion and premultiplying by the inverse eigenvector matrix 
W', yields 

0091 where the identity WAW=A has been used. This 
equation enables the computation of the eigenvalue deriva 
tives, which are equal to the diagonal entries of WAW, 
and of the off-diagonal entries of coefficient matrix C as can 
be seen if the equation is written out in full. The diagonal 
entries of the coefficient matrix C have not yet been com 
puted. This is also not possible, since an eigenvector is only 
defined up to a constant anyway. When the eigenvectors are 
normalized in some way, they are fixed and for this normal 
ization a unique eigenvector derivative can be computed. 
The normalization of the eigenvectors does not affect the 
answers provided by the overall method (whether using the 
C-method, RCWA or another such approach). It has been 
suggested (D. V. Murthy and R. T. Haftka, “Derivatives of 
Eigenvalues and Eigenvectors of a General Complex 
Matrix”, International Journal for Numerical Methods in 
Engineering 26, 293-311 (1988)) to set for every eigenvector 
l, w=1 where k is chosen such that willy|= 
max, Willy, since this choice gives maximal numerical 
stability. This condition relates the diagonal entry of coef 
ficient matrix C to the off-diagonal entries and completes the 
coefficient matrix computation. 

Cik X. intCik 

0092. This equation comes from the fact that the normal 
ization condition w=1 holds for all p; differentiating this 
condition and using the expansion of the eigenvector deriva 
tive results in the equation. The second order derivatives of 
the eigenvalues and eigenvectors are computed in a similar 
way. The same eigensystem AW=WA is differentiated twice 
to obtain 

0093. The second order eigenvector derivative is then 
expanded into its own eigenvectors: W"=WD. The equation 
is then premultiplied again with W to obtain 

0094) where the identity WA'W=A'+CA-AC is used. In 
a similar way as for the first order derivative, the second 
order derivatives of the eigenvalues and the off-diagonal 
entries of the coefficient matrix D can be found. Since the 
eigenvectors have already been normalized, this condition 
(that w=1) can be used again to determine the diagonal 
elements of matrix D and therefore the second order deriva 
tives of both eigenvalues and eigenvectors have been com 
puted and this theory can be implemented into the RCWA 
sensitivity theory. 

0.095 If it would occur that some eigenvalues are 
repeated, this eigenvalue and eigenvector derivatives theory 
could be extended. However, it is expected that such 
repeated eigenvalues will be encountered only rarely, if at 
all. 
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0096. RCWA Analytical Sensitivity Theory 

0097. This section discusses the sensitivity theory for the 
enhanced transmittance matrix approach presented in FIG. 6 
in more detail. In each case, the final equation (last row in 
FIG. 6) has to be solved in order to yield Rand T as follows 

R - I F. do 
T. T. jY, G idon cosé 

0.098 for TE polarization, and 

R – I F. do |- an 

0099 for TM polarization. 

0.100 When the final equation of the enhanced transmit 
tance matrix approach as given in the last row of FIG. 6 is 
differentiated with respect to parameter p, the result is 

C = (T -jYop Top G 

0101 The second order differentiation of this equation 
gives 

0102 where p and q are allowed to be the same param 
eter. As can be seen, the first term after the equality sign in 
the first equation and the first three terms after the equality 
sign in the second equation play the same role as the 
constant vector in the equation 

do all-h- idon cosé - jY 

K-1 

| | || V - VX VX - V. jYK-2 

0.103 given earlier for TE polarization. Similar equations 
can be derived for TM polarization. With unknowns 

-- and - d d a, an al, an apa" Öp6q 
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0104 respectively, the solution of both equations involve 
exactly the same inverse matrix as the final step in the 
enhanced transmittance matrix approach. 
0105. A central challenge is the computation of first and 
second order derivatives of matrices A, B, F and G. 
which involves computing all derivatives of A, B, F, and G. 
for i=2. . . . , K+1. In this regard, it is beneficial to know 
which shape parameter each matrix depends on before 
starting the differentiation. The general situation is 
expressed by the following shape parameter relations: 

44 (Xi. . . . . XK-1, d. 1. . . . . ak) W= W(w) 
Bi=B (Xi. . . . , XK1, d. 1, . . . d: 1) = (w;) 
F-F(Xi. . . . , XK-1, d, . . . , dk) 9=9, (wi) 
G-G (Xi. . . . , XK-1, d, . . . . dk1) X = X(w, d.) 

0106 where d is the layer thickness of layer i and w is 
a vector consisting of all block widths inside layer i. 
Deriving the expressions for matrices A, B, F, and G, with 
respect to p gives: 

0107 When taking the shape parameter relations into 
account, these equation can be simplified in Some situations. 
For example, if the shape parameter is in a layer above the 
layer you are looking at, the derivatives will all be equal to 
Zero, since none of the matrices depend on this shape 
parameter. When the shape parameter is in a layer below the 
layer under consideration, the derivatives of the matrices 
involving eigenvalues and eigenvectors are Zero. 

0108. In a similar way formulas for the second order 
derivatives can be derived, but now there are two shape 
parameters which can both be inside a layer below, inside or 
above the layer under consideration, so there are 6 situations 
that have to be considered separately. Using the expressions 
of eigenvalue and eigenvector derivatives completes the 
sensitivity theory and the derivatives of the reflected field 
amplitudes can be computed Straightforwardly. The trans 
mitted field amplitudes can also be computed, but an addi 
tional step has to be performed since all derivatives of T 
have been computed. 
0109 The analytical sensitivity theory for the C method 
can be developed in an analogous way as for RCWA, but 
with the equations obtained for the C method. Also conical 
diffraction has just different equations, but in essence, the 
same procedure can be applied. 
0110. 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 
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 
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displays, liquid-crystal displays (LCDs), thin-film magnetic 
heads, etc. The skilled artisan will appreciate that, in the 
context of such alternative applications, any use of the terms 
“wafer' or “die” herein may be considered as synonymous 
with the more general terms “substrate' or “target portion', 
respectively. The substrate referred to herein may be pro 
cessed, before or after exposure, in for example a track (a 
tool that typically applies a layer of resist to a substrate and 
develops the exposed resist), a metrology tool and/or an 
inspection tool. Where applicable, the disclosure herein may 
be applied to Such and other Substrate processing tools. 
Further, the substrate may be processed more than once, for 
example in order to create a multi-layer IC, so that the term 
substrate used herein may also refer to a substrate that 
already contains multiple processed layers. 
0.111 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 applications, 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. 

0.112. 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, 355, 248, 193, 157 or 126 mm) 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. 

0113. The term “lens', where the context allows, may 
refer to any one or combination of various types of optical 
components, including refractive, reflective, magnetic, elec 
tromagnetic and electrostatic optical components. 
0114 While specific embodiments of the invention have 
been described above, it will be appreciated that the inven 
tion may be practiced otherwise than as described. For 
example, the invention may take the form of a computer 
program containing one or more sequences of machine 
readable instructions describing a method as disclosed 
above, or a data storage medium (e.g. semiconductor 
memory, magnetic or optical disk) having such a computer 
program stored therein. 
0115 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 scope of the claims set 
out below. 

1. An optical metrology system, comprising: 
a measuring system configured to irradiate a metrology 
mark and record a portion of a reflected, a transmitted, 
or both, electromagnetic field; and 

a characterization device configured to determine from 
the recorded field a mark shape parameter indicative of 
the structure of the metrology mark, the characteriza 
tion device comprising: 
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a field calculation unit configured to calculate an expected 
field for reflection, transmission, or both, from a theo 
retical reference mark based on an algebraic eigen 
value-eigenvector representation of the expected field, 

a field derivative calculation unit configured to calculate 
a first order derivative, a higher order derivative, or 
both, of the expected field with respect to the mark 
shape parameter by first deriving analytical forms for 
corresponding derivatives of eigenvalues and eigenvec 
tors of the eigenvalue-eigenvector representation, and 

an optimization unit configured to use the outputs from 
the field and field derivative calculation units to deter 
mine an optimized mark shape parameter for which the 
expected field substantially matches the recorded field. 

2. The system according to claim 1, wherein 
the field calculation unit is configured to solve a second 

order differential equation for the field; and 
the eigenvalues and eigenvectors of the eigenvalue-eigen 

vector representation are eigenvalues and eigenvectors 
of a coefficient matrix of the second order differential 
equation. 

3. The system according to claim 1, wherein the metrol 
ogy mark of a substrate has a periodic structure along an axis 
within the plane of the substrate. 

4. The system according to claim 1, wherein the metrol 
ogy mark comprises a one-dimensional grating, a two 
dimensional grating, or both. 

5. The system according to claim 1, wherein the field 
calculation unit is arranged to calculate the expected field 
using Rigorous Coupled-Wave Analysis (RCWA), the 
C-method, or both. 

6. The system according to claim 1, wherein the optimi 
Zation unit is arranged to start searching for an optimal mark 
shape parameter based on a starting parameter selected 
according to an expected distortion of the alignment mark. 

7. The system according to claim 6, wherein the expected 
distortion is derived based on a process history of a sub 
Strate. 

8. The system according to claim 1, wherein the algebraic 
eigenvalue-eigenvector representation of the field comprises 
a matrix A, characterized by eigenvector matrix W and 
eigenvalue matrix A according to the following eigenvalue 
system equation AW=WA. 

9. The system according to claim 8, wherein the field 
derivative calculation unit is configured to determine first 
derivatives of the eigenvalue matrix A, denoted by A", using 
the following expression: 

where the eigenvector derivatives of W. denoted by W. 
are projected onto the basis consisting of the eigenvec 
tors W according to the relation W=WC, with C as a 
coefficient matrix. 

10. The system according to claim 8, wherein the field 
derivative calculation unit is configured to determine second 
derivatives of the eigenvalue matrix A, denoted by A", using 
the following expression: 

where the first eigenvector derivatives of W. denoted by 
W", are projected onto the basis consisting of the 
eigenvectors W according to the relation W'=WC, with 
C as a coefficient matrix, and the second eigenvector 
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derivatives of W. denoted by W", are projected onto the 
basis consisting of the eigenvectors Waccording to the 
relation W"=WD, with D as a coefficient matrix. 

11. A lithographic apparatus, comprising: 
an optical metrology system, including: 

a measuring system configured to irradiate an align 
ment mark on a Substrate and record a portion of a 
reflected, a transmitted, or both, electromagnetic 
field; 

a characterization device configured to determine from 
the recorded field a mark shape parameter indicative 
of the structure of the alignment mark, the charac 
terization device comprising: 
a field calculation unit configured to calculate an 

expected field for reflection, transmission, or both, 
from a theoretical reference mark based on an 
algebraic eigenvalue-eigenvector representation 
of the expected field, 

a field derivative calculation unit configured to cal 
culate a first order derivative, a higher order 
derivative, or both, of the expected field with 
respect to the mark shape parameter by first deriv 
ing analytical forms for corresponding derivatives 
of eigenvalues and eigenvectors of the eigenvalue 
eigenvector representation, and 

an optimization unit configured to use the outputs 
from the field and field derivative calculation units 
to determine an optimized mark shape parameter 
for which the expected field substantially matches 
the recorded field; and 

a Substrate position determining device configured to 
derive a position of the Substrate using the optimized 
mark shape parameter determined by the characteriza 
tion device. 

12. The apparatus according to claim 11, wherein the 
Substrate position determining device is configured to derive 
a position of the substrate by reference to a center of 
symmetry of the theoretical reference mark as defined by the 
optimized mark shape parameter. 

13. The apparatus according to claim 11, wherein the field 
calculation unit is arranged to calculate the expected field 
using Rigorous Coupled-Wave Analysis (RCWA), the 
C-method, or both. 

14. A method of characterizing a metrology mark, com 
prising: 

irradiating a metrology mark and recording a portion of a 
reflected, a transmitted, or both, electromagnetic field; 

determining from the recorded field a mark shape param 
eter indicative of the structure of the metrology mark; 

calculating an expected field for reflection, transmission, 
or both, from a theoretical reference mark based on an 
algebraic eigenvalue-eigenvector representation of the 
expected field; 

calculating a first order derivative, a higher order deriva 
tive, or both, of the expected field with respect to the 
mark shape parameter by first deriving analytical forms 
for corresponding derivatives of eigenvalues and eigen 
vectors of the eigenvalue-eigenvector representation; 
and 
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using the results of the calculating to determine an opti- calculating a first order derivative, a higher order 
mized mark shape parameter for which the expected derivative, or both, of the expected field with respect 
field substantially matches the recorded field. to the mark shape parameter by first deriving ana 

15. The method according to claim 14, wherein the 
expected field is calculated using a Rigorous Coupled-Wave 
Analysis (RCWA), the C-method, or both. 

16. The method according to claim 14, wherein determin 
ing the optimized mark shape parameter starts with a starting using the results of the calculating to determine an 
parameter selected according to an expected distortion of the 
alignment mark. 

17. A device manufacturing method, comprising: 

lytical forms for corresponding derivatives of eigen 
values and eigenvectors of the eigenvalue-eigenvec 
tor representation; and 

optimized mark shape parameter for which the 
expected field substantially matches the recorded 
field; and 

characterizing a metrology mark formed on a Substrate 
by: aligning the Substrate using the result of the characteriza 
irradiating a metrology mark and recording a portion of t1On. 

a reflected, a transmitted, or both, electromagnetic 18. The method according to claim 17, wherein the 
field; expected field is calculated using a Rigorous Coupled-Wave 

determining from the recorded field a mark shape Analysis (RCWA), the C-method, or both. 
parameter indicative of the structure of the metrol- 19. The method according to claim 17, wherein determin 
ogy mark; ing the optimized mark shape parameter starts with a starting 

parameter selected according to an expected distortion of the calculating an expected field for reflection, transmis alignment mark. sion, or both, from a theoretical reference mark 
based on an algebraic eigenvalue-eigenvector repre 
sentation of the expected field; k . . . . 


