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(54) Lithographic apparatus and device manufacturing method

(57) An alignment system uses a self-referencing
interferometer that produces two overlapping and rela-
tively rotated images of an alignment markers. Detec-
tors detect intensities in a pupil plane where Fourier
transforms of the images are caused to interfere. The

positional information is derived from the phase differ-
ence between diffraction orders of the two images which
manifests as intensity variations in the interfered orders.
Asymmetry can also be measured by measuring inten-
sities at two positions either side of a diffraction order.
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Description

[0001] The present invention relates to a lithographic projection apparatus comprising:

- a radiation system for supplying a projection beam of radiation;
- a support structure for supporting patterning means, the patterning means serving to pattern the projection beam

according to a desired pattern;
- a substrate table for holding a substrate;
- a projection system for projecting the patterned beam onto a target portion of the substrate; and
- an alignment system having a self-referencing interferometer for projecting two overlapping images of an alignment

mark that are relatively rotated by 180°.

[0002] The term "patterning means" as here employed should be broadly interpreted as referring to means that can
be used to endow an incoming radiation beam with a patterned cross-section, corresponding to a pattern that is to be
created in a target portion of the substrate; the term "light valve" can also be used in this context. Generally, the said
pattern will correspond to a particular functional layer in a device being created in the target portion, such as an inte-
grated circuit or other device (see below). Examples of such patterning means include:

- A mask. The concept of a mask is well known in lithography, and it includes mask types such as binary, alternating
phase-shift, and attenuated phase-shift, as well as various hybrid mask types. Placement of such a mask in the
radiation beam causes selective transmission (in the case of a transmissive mask) or reflection (in the case of a
reflective mask) of the radiation impinging on the mask, according to the pattern on the mask. In the case of a
mask, the support structure will generally be a mask table, which ensures that the mask can be held at a desired
position in the incoming radiation beam, and that it can be moved relative to the beam if so desired.

- A programmable mirror array. One example of such a device is a matrix-addressable surface having a viscoelastic
control layer and a reflective surface. The basic principle behind such an apparatus is that (for example) addressed
areas of the reflective surface reflect incident light as diffracted light, whereas unaddressed areas reflect incident
light as undiffracted light. Using an appropriate filter, the said undiffracted light can be filtered out of the reflected
beam, leaving only the diffracted light behind; in this manner, the beam becomes patterned according to the ad-
dressing pattern of the matrix-addressable surface. An alternative embodiment of a programmable mirror array
employs a matrix arrangement of tiny mirrors, each of which can be individually tilted about an axis by applying a
suitable localized electric field, or by employing piezoelectric actuation means. Once again, the mirrors are matrix-
addressable, such that addressed mirrors will reflect an incoming radiation beam in a different direction to unad-
dressed mirrors; in this manner, the reflected beam is patterned according to the addressing pattern of the matrix-
addressable mirrors. The required matrix addressing can be performed using suitable electronic means. In both
of the situations described hereabove, the patterning means can comprise one or more programmable mirror
arrays. More information on mirror arrays as here referred to can be gleaned, for example, from United States
Patents US 5,296,891 and US 5,523,193, and PCT patent applications WO 98/38597 and WO 98/33096, which
are incorporated herein by reference. In the case of a programmable mirror array, the said support structure may
be embodied as a frame or table, for example, which may be fixed or movable as required.

- A programmable LCD array. An example of such a construction is given in United States Patent US 5,229,872,
which is incorporated herein by reference. As above, the support structure in this case may be embodied as a
frame or table, for example, which may be fixed or movable as required.

For purposes of simplicity, the rest of this text may, at certain locations, specifically direct itself to examples involving
a mask and mask table; however, the general principles discussed in such instances should be seen in the broader
context of the patterning means as hereabove set forth.
[0003] Lithographic projection apparatus can be used, for example, in the manufacture of integrated circuits (ICs).
In such a case, the patterning means may generate a circuit pattern corresponding to an individual layer of the IC, and
this pattern can be imaged onto a target portion (e.g. comprising one or more dies) on a substrate (silicon wafer) that
has been coated with a layer of radiation-sensitive material (resist). In general, a single wafer will contain a whole
network of adjacent target portions that are successively irradiated via the projection system, one at a time. In current
apparatus, employing patterning by a mask on a mask table, a distinction can be made between two different types of
machine. In one type of lithographic projection apparatus, each target portion is irradiated by exposing the entire mask
pattern onto the target portion in one go; such an apparatus is commonly referred to as a wafer stepper. In an alternative
apparatus  commonly referred to as a step-and-scan apparatus  each target portion is irradiated by progressively
scanning the mask pattern under the projection beam in a given reference direction (the "scanning" direction) while
synchronously scanning the substrate table parallel or anti-parallel to this direction; since, in general, the projection
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system will have a magnification factor M (generally < 1), the speed V at which the substrate table is scanned will be
a factor M times that at which the mask table is scanned. More information with regard to lithographic devices as here
described can be gleaned, for example, from US 6,046,792, incorporated herein by reference.
[0004] In a manufacturing process using a lithographic projection apparatus, a pattern (e.g. in a mask) is imaged
onto a substrate that is at least partially covered by a layer of radiation-sensitive material (resist). Prior to this imaging
step, the substrate may undergo various procedures, such as priming, resist coating and a soft bake. After exposure,
the substrate may be subjected to other procedures, such as a post-exposure bake (PEB), development, a hard bake
and measurement/inspection of the imaged features. This array of procedures is used as a basis to pattern an individual
layer of a device, e.g. an IC. Such a patterned layer may then undergo various processes such as etching, ion-implan-
tation (doping), metallization, oxidation, chemo-mechanical polishing, etc., all intended to finish off an individual layer.
If several layers are required, then the whole procedure, or a variant thereof, will have to be repeated for each new
layer. Eventually, an array of devices will be present on the substrate (wafer). These devices are then separated from
one another by a technique such as dicing or sawing, whence the individual devices can be mounted on a carrier,
connected to pins, etc. Further information regarding such processes can be obtained, for example, from the book
"Microchip Fabrication: A Practical Guide to Semiconductor Processing", Third Edition, by Peter van Zant, McGraw
Hill Publishing Co., 1997, ISBN 0-07-067250-4, incorporated herein by reference.
[0005] For the sake of simplicity, the projection system may hereinafter be referred to as the "lens"; however, this
term should be broadly interpreted as encompassing various types of projection system, including refractive optics,
reflective optics, and catadioptric systems, for example. The radiation system may also include components operating
according to any of these design types for directing, shaping or controlling the projection beam of radiation, and such
components may also be referred to below, collectively or singularly, as a "lens". Further, the lithographic apparatus
may be of a type having two or more substrate tables (and/or two or more mask tables). In such "multiple stage" devices
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 exposures. Dual stage lithographic apparatus are described, for example, in
US 5,969,441 and WO 98/40791, incorporated herein by reference.
[0006] An essential step in a lithographic process is aligning the substrate to the lithographic apparatus so that the
projected image of the mask pattern is at the correct position on the substrate. Semiconductor, and other, devices
manufactured by lithographic techniques require multiple exposures to form multiple layers in the device and it is
essential that these line up correctly. As ever smaller features are imaged, overlay requirements, and hence the nec-
essary accuracy of the alignment process, become stricter.
[0007] In one known alignment system, described in EP-A-0 906 590 which document is hereby incorporated by
reference, markers on the substrate comprise two pairs of reference gratings, one X and one Y, with the two gratings
of the pair having slightly different periods. The gratings are illuminated with spatially coherent light and the diffracted
light is collected and imaged on a detector array, the different diffraction orders having been separated so that corre-
sponding positive and negative orders interfere. Each detector in the array comprises a reference grating and a photo
detector. As the substrate is scanned, the output of the detector varies sinusoidally. When the signals from both gratings
of a pair peak simultaneously, the marker is aligned. This type of system provides a large dynamic range and by using
high diffraction orders, is insensitive to marker asymmetry. However, the need to provide two gratings with different
periods increases the amount of space required for the alignment markers on the substrate. It is desirable to minimize
the amount of such "silicon real estate" devoted to alignment marks and therefore not available for production of devices.
[0008] Another known alignment system, described in EP-A-1,148,390 which document is hereby incorporated by
reference, uses a compact self-referencing interferometer to generate two overlapping images rotated over +90° and
-90° which are then made to interfere in a pupil plane. An optical system and spatial filter selects and separates the
first order beams and re-images them on a detector. This system has a number of advantages but requires 180°
symmetry in the alignment markers.
[0009] It is an object of the present invention to provide an improved alignment system, preferably capable of cap-
turing an alignment position using a single alignment mark and/or accommodating asymmetrical alignment marks.
[0010] This and other objects are achieved according to the invention in a lithographic apparatus as specified in the
opening paragraph, characterized in that said alignment system further comprises a detector system for detecting light
intensities at a plurality of different positions in a pupil plane of said self-referencing interferometer.
[0011] By detecting intensity in the pupil plane, the alignment system makes maximum use of the available informa-
tion. For example, by detecting intensity variations at the positions of a plurality of diffraction orders in the pupil plane,
extremely fine positioning information can be derived. This information is obtained from the relative phases in the
intensity variations as the marker is scanned; the different diffraction orders will vary in intensity with different spatial
frequencies. A central alignment position can be determined when several intensity peaks coincide. Alternatively, or
in addition, by measuring intensity at two positions closely spaced on opposite sides of a diffraction order, a coarse
position, or capture, can be obtained by detecting beat frequencies between the two intensity signals. The size of the
capture range is determined by the spacing of the detectors - the closer the detectors, the larger the capture range.
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Furthermore, by detecting phase variations in dark areas of the pupil plane, asymmetries in the marker can be detected
and used to compensate for errors in the alignment position caused by such asymmetries.
[0012] The alignment system of the present invention has particular advantages in that it can be used with various
different forms of marker, including those known in the prior art, providing valuable backwards compatibility. The align-
ment system of the present invention can also be made directly compatible with prior art alignment systems, allowing
end users to make use, without modification, of marker arrangements and processes derived for earlier systems.
Further, the alignment system can provide additional features and more accurate alignment.
[0013] The present invention can also use new alignment markers, having higher spatial frequencies than the prior
art, providing improved robustness and accuracy of alignment. Additionally, a single frequency short grating can be
used reducing the amount of scribe lane real estate devoted to alignment markers.
[0014] In embodiments of the invention, an unfiltered camera image of the marker can be provided. This image will
be sharper and can be used for additional functions, such as capturing.
[0015] The present invention can also be embodied in a modular form where the front part has strict stability require-
ments and a back part has less strict stability requirements. The back part can be modified and upgraded without the
need to change the front end.
[0016] According to a further aspect of the invention there is provided a device manufacturing method comprising
the steps of:

- providing a substrate that is at least partially covered by a layer of radiation-sensitive material;
- providing a projection beam of radiation using a radiation system;
- using patterning means to endow the projection beam with a pattern in its cross-section;
- projecting the patterned beam of radiation onto a target portion of the layer of radiation-sensitive material, and
- before or after said step of projecting, performing an alignment to an alignment mark on said substrate using a

self-referencing interferometer that projects two overlapping images of said alignment mark that are relatively
rotated by 180°;

characterized that said step of aligning comprises measuring the intensities of light at a plurality of different positions
in a pupil plane where Fourier transforms of said images of said alignment mark interfere.
[0017] Although specific reference may be made in this text to the use of the apparatus according to the invention
in the manufacture of ICs, it should be explicitly understood that such an apparatus has many other possible applica-
tions. For example, it may be employed in the manufacture of integrated optical systems, guidance and detection
patterns for magnetic domain memories, liquid-crystal display panels, thin-film magnetic heads, etc. The skilled artisan
will appreciate that, in the context of such alternative applications, any use of the terms "reticle", "wafer" or "die" in this
text should be considered as being replaced by the more general terms "mask", "substrate" and "target portion", re-
spectively.
[0018] In the present document, the terms "radiation" and "beam" are used to encompass all types of electromagnetic
radiation, including ultraviolet radiation (e.g. with a wavelength of 365, 248, 193, 157 or 126 nm) and EUV (extreme
ultra-violet radiation, e.g. having a wavelength in the range 5-20 nm), as well as particle beams, such as ion beams
or electron beams, and x-rays.
[0019] Embodiments of the invention will now be described, by way of example only, with reference to the accom-
panying schematic drawings in which:

Figure 1 depicts a lithographic projection apparatus according to a first embodiment of the invention;
Figure 2 depicts selected parts of the alignment system of the first embodiment, for explaining the concept of its
operation;
Figure 3 depicts the different modules of the alignment system of Figure 2;
Figure 4 is a simplified side view of the self-referencing interferometer used in the alignment system of Figures 2
and 3;
Figure 5 is a diagram referred to in explaining interference in the pupil plane of the self-referencing interferometer
of Figure 4;
Figure 6 is a view useful in explaining the function of the self-referencing interferometer of Figure 4;
Figure 7 is a drawing of the input and output planes of the interferometer showing the invariant point;
Figure 8 is a drawing of the input and output planes of the interferometer showing the rotation of diffraction orders
in the output;
Figure 9 is a drawing of optical component of the alignment system used to explain the use of an aperture step to
eliminate cross-talk from product structures;
Figure 10 is a drawing of marker and product structures showing the contour of the aperture stop;
Figure 11 depicts the detection arrangement of the alignment system of the first embodiment of the invention;
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Figure 12 depicts a possible arrangement for color separation in the alignment system of the first embodiment of
the invention;
Figures 13, 14 and 15 are vector diagrams referred to in explaining detection of asymmetric markers;
Figure 16 is a graph of the intensity profile used to illuminate a one-dimensional mark in an example of the func-
tioning of the invention;
Figure 17 is a diagram of a one-dimensional marker in the example of the invention;
Figure 18 is a graph of intensity distribution in the far field in the example of the invention;
Figure 19 is a graph of measured phase as a function of far field angle in the example of the invention;
Figure 20 is a diagram of an asymmetric mark in a second example of the functioning of the invention;
Figure 21 is a diagram of intensity in the far field in the second example of the invention;
Figure 22 is a graph of measured phase as a function of far field angle in the second example;
Figure 23 is a graph of contrast of the interference signal as a function of angle in the far field in the second example;
Figure 24 is a graph of phase variation in a third example of the functioning of the invention;
Figure 25 is a graph of intensity in the far field in a fourth example of the invention;
Figure 26 is a graph of measured phase as a function of far field angle in the fourth example;
Figures 27A and 27B are graphs showing the effect of changing the width of the illumination beam;
Figure 28 is a graph of measured phase as a function of angle in a fifth example of the invention;
Figure 29 depicts the detection arrangement of the alignment system of a second embodiment of the invention;
Figure 30 is a diagram referred to in explaining the function of a camera for capturing in the second embodiment
of the invention; and
Figure 31 depicts the detection arrangement of the alignment system of a third embodiment of the invention;
Figure 32 is an exploded view of an order-combining prism usable in embodiments of the present invention; and
Figure 33 is a view of the order-combining prism of Figure 32 in assembled form showing the combination of
opposite orders.

[0020] In the Figures, corresponding reference symbols indicate corresponding parts.

Embodiment 1

[0021] Figure 1 schematically depicts a lithographic projection apparatus according to a particular embodiment of
the invention. The apparatus comprises:

· a radiation system Ex, IL, for supplying a projection beam PB of radiation (e.g. DUV radiation), which in this par-
ticular case also comprises a radiation source LA;

· a first object table (mask table) MT provided with a mask holder for holding a mask MA (e.g. a reticle), and connected
to first positioning means for accurately positioning the mask with respect to item PL;

· a second object table (substrate table) WT provided with a substrate holder for holding a substrate W (e.g. a resist-
coated silicon wafer), and connected to second positioning means for accurately positioning the substrate with
respect to item PL;

· a projection system ("lens") PL (e.g. a refractive lens system) for imaging an irradiated portion of the mask MA
onto a target portion C (e.g. comprising one or more dies) of the substrate W.

As here depicted, the apparatus is of a transmissive type (e.g. has a transmissive mask). However, in general, it may
also be of a reflective type, for example (e.g. with a reflective mask). Alternatively, the apparatus may employ another
kind of patterning means, such as a programmable mirror array of a type as referred to above.
[0022] The source LA (e.g. an excimer laser) produces a beam of radiation. This beam is fed into an illumination
system (illuminator) IL, either directly or after having traversed conditioning means, such as a beam expander Ex, for
example. The illuminator IL may comprise adjusting means AM for setting the outer and/or inner radial extent (commonly
referred to as σ-outer and σ-inner, respectively) of the intensity distribution in the beam. In addition, it will generally
comprise various other components, such as an integrator IN and a condenser CO. In this way, the beam PB impinging
on the mask MA has a desired uniformity and intensity distribution in its cross-section.
[0023] It should be noted with regard to Figure 1 that the source LA may be within the housing of the lithographic
projection apparatus (as is often the case when the source LA is a mercury lamp, for example), but that it may also be
remote from the lithographic projection apparatus, the radiation beam which it produces being led into the apparatus
(e.g. with the aid of suitable directing mirrors); this latter scenario is often the case when the source LA is an excimer
laser. The current invention and Claims encompass both of these scenarios.
[0024] The beam PB subsequently intercepts the mask MA, which is held on a mask table MT. Having traversed the
mask MA, the beam PB passes through the lens PL, which focuses the beam PB onto a target portion C of the substrate
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W. With the aid of the second positioning means (and interferometric measuring means IF), the substrate table WT
can be moved accurately, e.g. so as to position different target portions C in the path of the beam PB. Similarly, the
first positioning means can be used to accurately position the mask MA with respect to the path of the beam PB, e.g.
after mechanical retrieval of the mask MA from a mask library, or during a scan. In general, movement of the object
tables MT, WT will be realized with the aid of a long-stroke module (course positioning) and a short-stroke module (fine
positioning), which are not explicitly depicted in Figure 1. However, in the case of a wafer stepper (as opposed to a
step-and-scan apparatus) the mask table MT may just be connected to a short stroke actuator, or may be fixed.
[0025] The depicted apparatus can be used in two different modes:

1. In step mode, the mask table MT is kept essentially stationary, and an entire mask image is projected in one go
(i.e. a single "flash") onto a target portion C. The substrate table WT is then shifted in the x and/or y directions so
that a different target portion C can be irradiated by the beam PB;
2. In scan mode, essentially the same scenario applies, except that a given target portion C is not exposed in a
single "flash". Instead, the mask table MT is movable in a given direction (the so-called "scan direction", e.g. the
y direction) with a speed v, so that the projection beam PB is caused to scan over a mask image; concurrently, the
substrate table WT is simultaneously moved in the same or opposite direction at a speed V= Mν, in which M is the
magnification of the lens PL (typically, M= 1/4 or 1/5). In this manner, a relatively large target portion C can be
exposed, without having to compromise on resolution.

[0026] In order to enable exposures to be correctly positioned on the substrate, the lithographic apparatus includes
an alignment sensor 10 which can accurately measure the position of an alignment mark WM provided on the substrate
W. In practice, the alignment sensor is fixed and the substrate W, held on the substrate table WT, is scanned underneath
it until the alignment marker WM is captured by the alignment sensor. Then, the position of the substrate table when
the alignment marker on the substrate is in correct alignment with the alignment sensor is noted. The alignment sensor
10 is an off-axis sensor meaning that it illuminates the alignment marker and detects the reflected light directly, rather
than through the projection system PL. The alignment sensor 10 may be provided at the exposure station or at a
separate measurement station or both. In the latter case, the alignment sensor may be used to measure the position
of alignment markers on the substrate relative to a reference marker (fiducial) fixed to the substrate table WT. The
position of the substrate table reference marker relative to the projection system PL is then measured once the substrate
table has transferred to the exposure station and from this the position of the substrate markers relative to the projection
lens is derived. This methodology may also be used if the alignment sensor is provided at an exposure station, alter-
natively the position of a reference in the alignment sensor relative to the projection lens may be accurately known so
that the position of the alignment mark on the substrate can be determined directly. In general, the positions of at least
two alignment markers on the substrate will be measured to determine the exact position and orientation of the sub-
strate. The alignment system may also be used at the beginning and end of scan exposures to verify that the scan has
been carried out at the correct position.
[0027] Figure 2 is an overall schematic of the alignment system 10. A light source 11 emits a spatially coherent beam
of radiation which illuminates marker WM which reflects the radiation into positive and negative diffraction orders +n,
-n. These are collimated by objective lens 12 and enter self-referencing interferometer 13. The objective lens 12 may
have a high NA, e.g. = 0.6, allowing detection of marks with a small pitch of 1.5µm using illumination radiation having
a wavelength of 850nm. The self-referencing interferometer outputs two images of the input with a relative rotation of
180° and which overlap and can therefore be made to interfere. In a pupil plane 14, the overlapping Fourier transforms
of these images, with the different diffraction orders separated can be seen and can be made to interfere. Detectors
15 in the pupil plane detect the interfered diffraction orders to provide positional information, as explained further below.
The right-hand part of Figure 2 shows the formation of the overlapping images - one image +n', -n' is rotated by +90°
relative to the input orders +n, -n and the second image +n", -n" is rotated by -90°.
[0028] The image rotator and interferometer 13 forms the heart of the alignment system and it is shown in Figure 2
as a black box. A detailed explanation of this part is given below. The alignment system 10 has the advantage that the
phase information in the entire pupil plane 14 is available and can be measured with a suitable detector array 15. A
consequence of this is that it provides freedom of marker choice - the alignment system can align on any marker that
has substantially a 180°-rotational symmetry. Indeed, as will be discussed below, a certain amount of asymmetry can
be accommodated and detected.
[0029] Another attractive feature of the alignment system 10 is its modularity, shown in Figure 3. The self-referencing
interferometer 13 and the objective lens 12 form one compact unit (the front-end 10a) that needs to be stable. This
front-end 10a generates the two overlapping wavefronts that contain the position information. The actual measurement
of the phase difference in the pupil plane 14 is done in the back-end 10b of the sensor. This back-end 10b has less
tight specifications on stability since the position information is already encoded in the front-end 10a. The non-critical
back-end 10b contains the detector configuration 15, the light source multiplexor 11 and a wavelength de-multiplexor
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16 to allow use of multiple wavelengths. This configuration determines the functionality that will be available to the end
user.
[0030] An important advantage is the fact that design changes in the back-end 10b have no impact on the critical
front-end 10a. The front-end 10a needs to be designed only once and needs no re-design if, for example, a different
wavelength or a different grating period is needed.
[0031] The front-end 10a contains the interferometer 13, a beam splitter 17 for the illumination beam, a quarter wave
plate 18 and the objective lens 12. In place of the beam splitter, it is also possible to use an angled plane plate with a
small central silvered area to reflect the illumination beam onto the alignment marker. The back-end 10b may be em-
bodied in various different forms but essentially contains components to perform the following functions: a polarizer
19 to create the interference pattern (the overlapping beams are orthogonally polarized); an aperture stop 20 to prevent
product cross talk; a wavelength de-multiplexor 16 to split the various wavelengths on the detector side; and a detector
array 15a-15b. As is explained below, the shape of the aperture stop may also be selected to avoid cross-talk between
orders.
[0032] The availability of the entire pupil plane and the modularity of the back-end allow the construction of a flexible
alignment sensor. New functions can be added with a relatively small design effort and the sensor can be made com-
patible with other alignment sensors at the application level, allowing users to continue to use processes, including
masks and machine settings, developed for apparatus using other alignment sensors.
[0033] The self-referencing interferometer 13 achieves interference of opposite overlapping diffraction orders. This
interferometer is a crucial part of the detection principle since drift or instability of this interferometer degrades the
alignment accuracy. The interferometer 13 is shown in Figure 4, a side view, and consists of three main parts: a po-
larizing beam splitter (PBS) 131 to split and recombine an incoming wavefront; and two prisms 132, 133 which reflect
and rotate an incoming wavefront over 90°. The reflected and rotated wavefronts are also laterally displaced. Moreover
the polarization is rotated over 90°. To minimize drift, the interferometer 13 is made of solid glass and the separate
parts 131, 132, 133 are glued together. In practice, the interferometer 13 may be made from two solid glass parts, each
comprising one of the prisms 132, 133 and half of the beam splitter 131, which are glued together along the reflecting
plane 131a of the beam splitter 131.
[0034] The solid-headed arrows in Figure 4 show the ray trace of a single beam of the incident wavefront whilst the
open-headed arrows indicate the orientation of an incident wavefront and not the plane of polarization. Following the
ray trace and the orientation of the wavefront shows that both prisms rotate the wavefront over 90° in the clockwise
direction. The two recombined wavefronts have obtained a net 180° rotation relative to each other and are orthogonally
plane polarized.
[0035] Further details of the operation of the rotation prisms can be found in EP-A-1, 148 390, referred to above. It
can be shown that the prisms can be modeled as optical elements that mirror and rotate any incoming beam.
[0036] To explain the operation of the interferometer, Figure 6 shows a rectangular input plane with an arrow-shaped
object 134 that enters the interferometer 13. The input object 134 is split by the beam splitter 131 and enters the two
rotation prisms 132, 133. For convenience, the second rotation prism 133 is also shown mirrored in the beam splitter
plane in phantom 133'. This approach simplifies the explanation since we have now two overlapping interferometer
branches: a 'real' one with the first prism and a 'virtual' branch with the second prism.
[0037] Due to the symmetry of the interferometer 13, the virtual mirror planes 135 of both prisms 132, 133 coincide.
However, the rotation axes 136, 137 of the two prisms are at opposite sides of the center line 138 of the interferometer
13. The virtual mirror plane 135 creates a virtual image 134' of the input object 134. The mirrored image 134' is shown
as an open arrow in the Figure. This image, however, is only shown here for convenience and is in reality not present
because of the additional rotation of the two prisms.
[0038] The two rotation axes 136, 137 are placed at opposite sides of the center of the interferometer branches. As
a result, the image is rotated in opposite directions The +90° rotation and -90° rotation result in, respectively, cross-
hatched and diagonal hatched arrows 139a, 139b. The two arrows face in opposite directions (so the net rotation is
indeed 180°) and the feet of the arrows are connected which indicates that the location of the feet is an invariant point
of the interferometer.
[0039] Figure 7 shows a graphical construction of the invariant point. The interferometer has a rectangular input and
output plane of width a and height 2a. The field entering the interferometer occupies the top half of the interferometer
(input area) and is mirrored downward over the center of symmetry and rotated over +90° and -90° by the two prisms.
These overlapping fields are present in the output area. The rotation axes are separated by a distance a as shown in
the figure. It can be readily verified graphically that the invariant point IP is the exact center of the input area.
[0040] Concentric circles around the invariant point IP are imaged onto themselves with a relative rotation of 180°
as indicated by the cross- and diagonally-hatched slices. The benefit of the lateral displacement over a distance a of
the input and the output is the fact that optical feedback into the alignment radiation source (e.g. a laser) is prevented.
[0041] It is now easy to see how overlapping diffraction orders are generated with this interferometer. The 0-order
is projected on the rotation invariant point and the even and odd diffraction orders rotate around this point as shown
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in Figure 8.
[0042] The alignment system 10 requires a spatially coherent light source, preferably a laser since thermal and gas-
discharge light sources can only be made spatially coherent by throwing away a lot of light. To avoid some interference
problems it is preferable to use light with a short temporal coherence.
[0043] Accordingly, the preferred light source 11 is a laser diode as such diodes are spatially coherent and their
coherence length can be easily spoiled by applying an RF modulation to the injection current. It is desirable to use
illumination of several distinct frequencies, e.g. about 532nm, 635nm, 780nm and 850nm. As well as diodes emitting
at these frequencies, it is possible to use frequency doubled sources, such as a frequency doubled Nd:YAG laser with
a phase modulator (see EP-A-1 026 550 incorporated herein by reference), or fiber lasers.
[0044] The design of the illumination optics is driven by two conflicting requirements. In order to maximize the signal
strength and minimize product crosstalk a small spot is desired that illuminates only the marker. On the other hand, a
small spot complicates the capturing process. Moreover, the alignment accuracy is more affected by spot position
variations.
[0045] Product crosstalk can be effectively suppressed with aperture stops and with the availability of high-power
lasers, alignment performance is rarely limited by signal strength. For this reason, the illumination spot size is at least
larger than the marker size. Assuming a marker size of the order of 50x50 µm2 and a required capturing range of the
same order, a spot diameter of the order of 100 µm is suitable.
[0046] As regards the shape of the illumination spot, again there are conflicting requirements with the angular extent
of the illumination beam in the pupil plane. The angular size of the beam must be kept as small as possible to allow
the use of coarse gratings as the marker. A small angular extent, however, leads to an excessively large illumination
spot so an optimum trade-off must be found between angular extent and spot shape. The 1st order of a 16 µm grating
is diffracted at an angle of 40 radians for λ=633 nm. To measure such a low spatial frequency, the angular size of the
illumination beam must be limited to a diameter of about 40 mrad.
[0047] In the alignment system 10, the illumination spot is circularly polarized to enable illumination and detection
light to be separated with the aid of polarizing beam splitter 17 and a 0-order quarter wave plate 18 as shown in Figure 3.
[0048] For coarse gratings with a pitch much greater than the wavelength of the illumination beam, the choice of
polarization is not very important. However, where the marker pitch is of the same order as the wavelength, the dif-
fraction efficiency depends on the polarization, and in the extreme case, the alignment marker can acts as a polarizer
that diffracts only polarization component. For such markers, circularly polarized light is advantageous. In the case of
linearly polarized light there is always a chance that the efficiency of a grating is very low for one particular orientation.
Circularly polarized light contains two orthogonally polarized components (with a 90° phase shift) so there is always
one component that will efficiently diffract the light.
[0049] In order to suppress spurious reflections it is possible to apply a minor tilt to the polarizing beam splitter 17
and the quarter wave plate 18. The tilt angle must be chosen carefully to minimize aberrations that are introduced by
this tilt. Of, course it is also possible to correct for such aberrations in the design of the objective lens.
[0050] The interferometer produces two orthogonally polarized (virtual) images of the pupil E(k) where k is a spatial
frequency. The total optical field in the pupil plane 14 is the original field plus a 180° rotated copy of this field. The
intensity in the pupil plane is:

If two detectors 15 with a width 2∆k are placed at positions k = k0 and k = -k0 in the pupil plane 14, the optical powers
P1 and P2 captured by these detectors are given by:

I(k,x0) = Ep(k,x0) + Ep(6k,x0) 2 (1)
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[0051] Figure 5 shows the signal formation graphically. Because of the mirror operation, the horizontally hatched
areas overlap and interfere and the diagonally hatched areas overlap and interfere. The phase difference between the
two fields contains the position information.
[0052] The two images of the pupil are orthogonally and linearly polarized and interference between them is therefore
not visible in the form of intensity variations (fringes). In order to translate phase variations in intensity variations, the
two images of the pupil must have the same polarization which is realized with a polarizing optical element, which may
be a dichroic sheet polarizer, a regular polarizing beam splitter based on a multi-layer coating, or a birefringent beam
splitter such as a Savart plate, a Wollaston Prism, a Glan-Taylor beam splitter or a "wire grid" polariser.
[0053] Dichroic sheet polarizers are not preferred because of their limited optical quality and they are often less
effective in the near-IR region. Moreover, these sheet polarizers throw away 50 % of the photons. A multi-layer beam
splitter is far better but the wavelength range over which a good extinction ratio is achieved maybe limited. Birefringent
beam-splitters have excellent extinction ratios over a large wavelength range but the birefringence may lead to tem-
perature drift since the birefringence is temperature dependent.
[0054] If a beam splitter is used as polarizer 19, the field incident on it has a Jones vector:

[0055] The polarizing beam splitter is oriented at 45° relative to the orientation of E(k) and E(- k) so the intensities
that are transmitted, I1(k), and coupled out, I2(k), by the beam splitter are:

I1(k) = 1
2
--- E(k) 2 + 1

2
--- E(- k) 2 + E(k) E(- k) cos(ϕ(k) - ϕ (- k)) (5)
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[0056] As can be seen, the two intensities vary in anti-phase and the total intensity equals the intensity that is incident
on the beam splitter. Thus, both branches contain position information and can be used for alignment. This means that
it is possible to use one branch for x-position detection and the other for y-position detection, allowing use of rectangular
aperture stops to avoid product crosstalk. Alternatively, one branch can be used with a small aperture stop for fine
alignment and the other branch with a large aperture stop for capturing. A further alternative is to use one branch for
one set of wavelengths and the other branch for another set of wavelengths.
[0057] Alignment markers are often placed in the scribe lane very close to product structures which may lead to
product cross-talk: light scattered by the product influences the alignment signal. Product cross-talk can be strongly
attenuated by using a sufficiently small illumination beam. However, a small illumination beam is not preferred for
various reasons. With a small illumination beam, the stability of the position of the illumination spot becomes more
critical. For example, in the extreme case of a scanning spot, drift in the illumination spot results directly in alignment
position drift. Also, capturing becomes more critical since there is a greater chance that the marker is very poorly
illuminated after the substrate W is loaded on the substrate table WT. Finally, a greater illumination NA is needed which
makes the detection of coarse gratings more demanding.
[0058] For these reasons it is desirable to use a large illumination spot, for example with a 1/e2 width of roughly three
times the maximum marker diameter. The consequences of such a large spot are that product structures are illuminated
and that the optical power on the marker decreases. However, the latter item is not a serious problem since a sufficiently
powerful light source can be provided.
[0059] The issue of product crosstalk can be solved with aperture stops that are placed at an intermediate image of
the marker, as shown in Figure 9. Since the alignment system 10 requires no spatial filtering and the high NA of the
objective lens 12 guarantees a sharp image of the marker and aperture stop 20 can provide very effective suppression
of product crosstalk.
[0060] Because of the interferometer with the rotation prisms, two marker images are projected onto the aperture
stop 20: a normal image MI-1 and an inverted image MI-2. These images move in opposite directions when the marker
is scanned. In the scanning direction the aperture stop 20 must be sufficiently long to contain the entire marker. In the
non-scanning direction (i.e. perpendicular to the scribe lane) the aperture stop 20 can be made arbitrarily narrow. The
actual width of the aperture is a trade-off between product crosstalk and signal strength.
[0061] During a scan of a marker, diffraction effects can occur when the marker image overlaps the edge of the
aperture (field) stop. When this occurs, the detected signal is the convolution of the aerial image of the marker and the
window function of the field stop. If the field stop has sharp edges, part of a diffraction order leaks into the neighboring
diffraction order, causing crosstalk. This crosstalk can be suppressed by apodisation of the field stop in the scan di-
rection, i. e. by providing "soft" edges to the field stop. Possible methods to provide soft edges to the field stop include:
a transmittance gradient at the field edges, a shark teeth profile on the field edges, slanted edges or rounded edges.
If a shark teeth profile is used, the spatial frequency must be sufficiently high to avoid diffraction effects in the non-
scanning direction. Slanted or rounded edges require the marker to be wider than the field stop in the non-scanning
direction but that will normally be the case since the field stop is also to prevent product crosstalk. Slanted or rounded
edges are preferred since any desired window function can be realized by suitable choice of the shape of the field stop.
[0062] After a substrate W is loaded on the substrate WT, a coarse alignment is needed for capturing. During an γ-
coarse alignment, a large x-offset, ∆x, can be present which leads to the situation shown in Figure 10. The actual
position of the marker WM and product structures PS, shown in outline, may differ by the offset ∆x from the expected
position, shown cross-hatched. If the width of the aperture stop 20 were equal to the scribe lane width, SL-W, light
from the product structures PS could leak through the aperture stop 20. For this reason it is the aperture stop 20 is
smaller than the scribe lane width.
[0063] In practice it is desirable to have rectangular aperture stops for the x and γ-directions. The two outputs of the
polarizing beam splitter 19 can could be used for these 2 directions as mentioned above. Alternatively a spatial light
modulator (SLM), for example an LCD array, can be used as a programmable aperture stop. The optical quality of an
SLM is not critical since the position information is already encoded in the interferometer.
[0064] According to the invention, the detection array 15 is placed in a pupil plane, preferably the pupil plane 22 after
the aperture stop 20. The simplest detector configuration, is shown in Figure 11. For simplicity only the lowest 3 orders
and one wavelength is shown. Moreover, the zero order is not shown either. Two multimode detection fibers 23 collect
the light from each order. The light leaving these two fibers can be coupled into one multimode fiber 24 and sent to
remote photo detectors 25.
[0065] This approach is simple and provides functionality compatible with a known sensor. However, extra function-
ality can easily be added by providing an extra wavelength output or extra orders since the NA of the objective lens
12 can be high.

I2(k) = 1
2
--- E(k) 2 + 1

2
--- E(- k) 2 - E(k) E(- k) cos(ϕ(k) - ϕ (- k)) (6)
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[0066] In order to be more flexible towards marker pitches or allow the measurement of non-periodic markers such
as boxes or frames a detector array can be used. This detector array also allows the possibility of accurate asymmetry
detection as discussed below. For the detector array, a number of options are possible: a bundle of multimode fibers,
discrete pin detectors per channel, or CCD or CMOS (linear) arrays.
[0067] The use of a bundle of multimode fibers enables any dissipating elements to be remotely located for stability
reasons. Discrete PIN detectors offer a large dynamic range but each need separate pre-amps. The number of elements
is therefore limited. CCD linear arrays offer many elements that can be read-out at high speed and are especially of
interest if phase-stepping detection is used.
[0068] If two-dimensional data acquisition is needed for maximum flexibility then massive parallelism is required,
increasing the complexity of the electronics. A great deal of flexibility is possible if the data acquisition is restricted to
two orthogonal directions so that linear detector arrays can be used.
[0069] As mentioned above, the marker is preferably illuminated by several different wavelengths that must be sep-
arately detected. It is possible to use dichroic optics to separate the different colors. Alternatively, a blazed grating as
a dispersive element can be used and offers flexibility in adding extra wavelengths. Blazed gratings have a sawtooth
grating shape and they have the property that they diffract most of the light in only one order. An arrangement using
a blazed grating 26 is shown in Figure 12. Again the detectors 15 are placed in the pupil plane 22. A weak zero order
is available as input for a camera 27. If the blazed grating is optimized for the 1st order and has a pitch Pb then the
diffraction angle of the 1st order is:

[0070] The choice of grating pitch is determined by the required wavelength separation. If the wavelength separation
is ∆λ then the corresponding angular wavelength dispersion is:

[0071] The finite width w of the aperture 20 yields an angular divergence of:

[0072] Using the requirement that the wavelength dispersion must be greater than the angular divergence due to
diffraction (∆θd > ∆θw) yields:

[0073] The shortest wavelength yields the highest requirement on wavelength separation. For example, if w=20 µm,
the wavelength separations for various different wavelengths are given in Table 1 below:

[0074] Blazed gratings are normally optimized around one central wavelength. In this case the central wavelength

Table 1

∆λ [nm], @ w=20 µm

λ
[nm]

Pb=1.5 µm Pb=1.2 µm Pb=1.0 µm

532 37 29 23

633 43 32 25

780 50 36 24

850 53 36 22

sin(θd ) = λ
Pb
------ (7)

∆θd = ∆λ

Pb
2 - λ2

----------------------- (8)

∆θw = λ
w
---- (9)

∆λ > λ
Pb

2 - λ

w2
---------------- (10)
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would be (532+850)/2 = 691 nm. At the extreme values of the wavelength range (532 and 850 nm) the efficiency of
the grating will be reduced. However, this is acceptable since the available laser power at these wavelengths is very
high. Moreover, the 0-order diffraction that occurs at these wavelengths can be used for the camera image.
[0075] Normally the marker is scanned during phase grating alignment. This scanning movement puts the phase
difference on a carrier with temporal frequency 2kxνx:

[0076] Demodulating this signal yields the marker position according to:

When the marker is scanned it moves along the aperture. As a result, structures inside the scribe lane and adjacent
to the marker move into the detection aperture and this may distort the alignment signal. This distortion is similar to
product crosstalk and it can be avoided by a suitable separation between (metrology) markers in the scribe lane.
[0077] However, scanning is only needed to introduce the carrier frequency that is required for an accurate phase
measurement. By using a variable retarder, phase-modulated interferometry can be used as well to extract the phase
information ϕk - ϕ-k. In this technique the marker remains stationary and the retarder is used to apply a well-known
phase variation ψ(t) to the interference pattern in the pupil plane:

[0078] In practice two forms of phase-modulation can be used: equidistant-phase stepping which results in Fourier
transform interferometry and harmonic phase modulation ψ(t) = ψ^ cos(Ωt).
[0079] The use of phase-modulated interferometry may allow a denser packing of metrology structures (like align-
ment markers) in the scribe lane. It should be noted that phase-modulated interferometry can also be used in other
forms of alignment sensor.
[0080] As will now be described, it is also possible to measure marker asymmetry from the phase of the light in the
pupil plane. First, the theoretical background will be described and then some example results and practical imple-
mentation.
[0081] The complex near-field reflected by the marker is:

Eill (x) is the complex optical field of the fixed illumination beam and r(x - x0) is the complex amplitude reflectance of
the marker which has an offset x0. This offset is the unknown marker position that must be measured with the alignment
sensor.
[0082] The complex reflected near field can always be decomposed into symmetric (=even) and anti-symmetric
(=odd) functions with an offset x0. So without loss of generality we can write:

[0083] The subscripts 'e' and 'o' are used to denote even and odd functions, respectively. By definition, these functions
have the property fe (x) = fe (- x) and fo (x) = - fo (- x). Note that this expression of the near field is completely generic
and not yet restricted in any way. In other words, the above description of the near field covers all processing effects
and illumination imperfections.
[0084] The field Ep (k, x0) in the pupil is the Fourier transform (FT) of Enf (x, x0):

xm =
ϕk-ϕ-k

2k
---------------- (12)

Enf (x, x0) = Eill (x)r(x - x0) (14)
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[0085] The FT of an even function is even and real and the FT of an odd function is odd and imaginary. These
fundamental properties yield the following expression for the field in the pupil:

[0086] The real-valued functions Ae (k), Ao (k), Be (k) and Bo (k) are the Fourier Transforms of the functions ae (k),
ao (k), be (k) and b0 (k). This equation is quite meaningless in this generic formulation. However, it is possible to derive
some useful properties of Ep (k, x0) by considering a number of special cases, such as a symmetric amplitude object
(all terms are zero except ae (x) ≠ 0), a symmetric complex object, or an asymmetric complex object (all terms ≠ 0).
[0087] The field in the pupil of a symmetric amplitude marker is:

[0088] The phase ϕ in the pupil plane varies linearly with k and is a function of only the marker position x0 :

[0089] The amplitude Ae (k) is an even function of k and independent of the marker position. For this particularly
simple marker type the position can be unambiguously determined by measuring the slope of the phase of Ep (k, x0):

[0090] For a symmetric marker with a complex reflection coefficient, the field in the pupil becomes:

[0091] The intensity Ie(k) and phase ψe(k) are both even functions given by:

[0092] The phase in the pupil is no longer a straight line so a phase measurement between two arbitrary points in
the pupil plane does not necessarily result in a correct measurement of the position. However, it can be readily shown
that the phase difference between two conjugate points in the pupil k and -k is independent of the marker shape and
only determined by the marker position. So the intensity in the pupil plane of the alignment system 10 is:

Ep(k,x0) = [Ae (k) + jBe(k)]e
jkx0 + [jAo(k) - Bo(k)]e

jkx0 (17)

Ep(k, x0) = Ae (k)e
jkx0 (18)

ϕ(k) = kx0 (19)

x0 = dϕ(k)
dk

--------------- (20)

Ie (k) = Ae
2 (k) + Be

2 (k) (22)

ψe(k) = arg(Ae(k) + jBe (k)) (23)
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[0093] It must be noted that this equation describes the ideal situation where the points with opposite spatial fre-
quencies exactly overlap. In the alignment system 10, the overlapping fields in the pupil move in opposite directions
when the marker is tilted. So in the presence of a small marker tilt (or an imperfect sensor adjustment) we find for the
intensity in the pupil:

[0094] The derivative of an even function is always an odd function and we can see that an extra linear phase variation
is introduced if the even phase variation has a parabolic component. This linear phase variation gives rise to alignment
offsets. This observation is basically an alternative description of the focus dependency effect. When the marker is
defocused, the field in the pupil plane obtains a parabolic phase variation and when the marker is tilted an alignment
offset is made.
[0095] For an asymmetric marker with a complex reflection coefficient, the field in the pupil becomes:

The amplitude of the asymmetric part is given by:

This equation shows that the amplitude must be an even function so |Zoe (k)| = |Zoe (- k)|. The phase ψi is given by:

Due to the odd properties of Ao (k) and Bo (k) the phase ψi has the property:

Due to the asymmetry, the amplitude of the field in the pupil changes and an extra phase term ϕ(k) is introduced:

Zoe(k) = Ao
2(k) + Bo

2(k) (27)

ψ i(k) = arg(jAo(k) - Bo(k)) (28)

ψi (k) = ψi (- k) + π (29)
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[0096] Figure 13 clarifies how Z is constructed. This Figure also shows how the additional phase term ϕ(k) is intro-
duced by the asymmetric component Zo (k). Figure 13 shows that the phase term ϕ(k) has the property ϕ(k)ϕ(- k) ≤ 0
so ϕ(k) contains always an odd component and possibly a small (but irrelevant) even component.
[0097] Without applying any restrictions to the type of asymmetry we can write for the phase term ϕ(k) and the
amplitude Z(k):

[0098] These equations are quite complex since no assumptions have yet been made about the nature of the asym-
metry. There are two special situations that clarify the use of these equations. In the first case Ze(k) is perpendicular
to Zoe (k) . In that case we have

which yields:

For this situation we can write for the phase and the amplitude:

[0099] So the phase is a pure odd function which leads to an alignment error when a measurement is done at the
spatial frequency k. This first case is shown in Figure 14.
[0100] In the second special case Ze (k) is parallel to Zo(k) so

ψi (k) - ψe (k) = π
2
--- (33)

|Z(k)| = Ze(k) 2 + Zoe(k) 2 (35)

ϕ(k) = -ϕ(-k) (36)

Z(k) = Z(-k) (37)
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Which yields:

[0101] In this situation, the asymmetry introduces no anti-symmetric phase terms (and thus no phase errors) but it
results in an asymmetry of the amplitude. This is shown in Figure 15.
[0102] The expression for ϕ(k) is too complex to continue using it. However, as stated before, we can decompose it
into a symmetric and an anti-symmetric part:

[0103] The even phase variation is irrelevant since only odd phase variations are detected. Moreover, as stated
earlier, the position information is contained in the slope of the net phase in the pupil plane so we only need to consider
phase terms that vary linearly with k.
[0104] The total phase variation Ψd (k) as detected by the alignment system 10 is:

[0105] This equation states an important and very fundamental problem of marker asymmetry in alignment: the slope
of the phase in the pupil is no longer unambiguously determined by the marker position x0 but is also determined by
an unknown asymmetry via the term c1.
[0106] Fortunately, the higher order terms (c3, c5 etc.) of the measured phase Ψd (k) are only a function of the
unknown asymmetry and here lies a solution to this problem. A measurement of the higher order terms may allow a
determination of the linear asymmetry term c1.
[0107] In many cases the field in the pupil consists of bright areas (large amplitude |Z|) and dark areas (small am-
plitude |Z|). For example, the bright areas correspond to the odd diffraction orders of a 50 % duty-cycle grating. The
even orders of such a grating are the dark areas. In the bright areas we have |Ze| >> |Zoe| and the phase variation
introduced by asymmetry will be small and can be approximated by:

[0108] Usually ϕ(k) will be very small and barely varies with small changes in asymmetry that may be caused by
process variations. In principle these bright areas can be used to measure the higher order terms but the measurement
accuracy may be too limited.

ϕ(k) ≅
Zoe(k)

Ze(k)
-------------------- sin(ψi-ψe) (42)
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[0109] However, in the darker areas of the field in the pupil the situation becomes totally different. In these areas we
have |Ze|≅ |Zoe| and small changes in asymmetry due to process variations cause large variations in the phase since:

[0110] As can be seen, when Zoe (k) is comparable in magnitude compared to Ze (k) the phase varies strongly with k.
[0111] The theory of asymmetry detection will now be further explained with reference to a one-dimensional example.
The marker is illuminated with an intensity profile shown in Figure 16. The optical power of the incident beam is 1 mW
and the full width is roughly 100 µm. The wavelength of the illumination beam is 633 nm.
[0112] The marker is an isolated 2 µm wide bar with a depth of 40 nm as shown in Figure 17. It is centered at x=250
µm. The example is 1-dimensional so the bar extends to infinity in the y-direction. The reflection coefficient of this bar
is unity. The extension of this marker to a periodic structure (i.e. a grating) is discussed later.
[0113] The bar has a relatively small phase depth and is also very small compared to the width of the illumination
spot (note the different scales in Figures 16 and 17). Consequently, the reflected light will have a very strong specular
reflection and only a very small amount of light will be diffracted. This is clearly demonstrated in the intensity distribution
in the far field as shown in Figure 18.
[0114] The strong specular peak is clearly visible and reaches a peak intensity of 1.5310-4 W/1.3 mrad. The full
width of the specular reflection is 20 mrad and it can be verified through integration that practically all the incident
power is specularly reflected. The diffracted light reaches a peak intensity of only 1.5310-7 W/1.3 mrad so a detector
with an aperture of 5 mrad captures a total optical power of only 0.6 µW. The intensity is zero for sin(θ)≈ 0.32 which
would be the location of the second diffraction order if this 2 µm wide bar were repeated with a 4 µm period.
[0115] The marker is perfectly symmetric so the phase difference as detected by the alignment system 10 should
yield a perfectly straight line with a slope that is proportional to the marker position. This is clearly visible in Figure 19
which shows the measured phase as a function of far-field angle.
[0116] The small spikes are numerical anomalies that are located at the points of zero intensity. In practice these
points correspond to phase-singularities that occur in areas with zero intensity. Apart from these numerical artifacts it
can be clearly seen that the phase is a straight line with zero slope which indicates that the marker is at the aligned
position.
[0117] However, we now introduce a small amount of asymmetry by adding a classical rooftop. As an example we
take a rooftop of 4 nm which results in the marker shape shown in Figure 20.
[0118] Figure 21 then shows the intensity of the light in the pupil plane. Compared to the symmetric case, the shape
has barely changed. However, the intensity in the dark area has increased considerably. This is already an indication
that variations in the 'dark' areas in the pupil plane are a good indicator of (changes in) asymmetry.
[0119] The intensity in the dark area reaches a minimum of about 2310-11 W/1.3 mrad. This is a very low intensity
and to enable a measurement in this area it is useful to calculate how many photons are actually captured during the
measurement. Assuming a detection angle of 1 mrad and an acquisition time of 30 ms, a total photon energy of
4.6310-13 J is captured. The energy of 1 photon is about 3.13310-19 J so the total amount of photons incident on the
detector is:

[0120] This calculation shows that accurate phase measurements in the dark areas are possible. The phase variation
as measured by the alignment system is shown in Figure 22.
[0121] Compared to the symmetric case, the measured phase has changed dramatically. In the bright areas the
phase has obtained an almost linear slope which is responsible for alignment offsets. For example, at sin(θ) = 0.16 a
small phase error of 0.058 radians occurs as indicated in the graph. This point in the pupil corresponds to the location
of the 1st order that would be present if the marker were repeated with a 4 µm period. The phase error is small but,
unfortunately, it shows up as a large alignment error ∆x of:

Nph = 4.6 3 10-13

3.13 3 10-19
-----------------------------------

≈1.5 3 106 (44)
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[0122] Fortunately, the asymmetry that is responsible for this offset can be very clearly detected in the dark area of
the pupil plane. It can be very clearly seen that the measured phase shows an extremely large and non-linear variation
in the area around sin(θ) = 0.32 . Figure 23 shows the contrast of the interference signal that is detected.
[0123] The contrast curve of Figure 23 indicates that the contrast is sufficiently high to allow accurate phase meas-
urements. However, it must be emphasized that other asymmetry types may exist where the contrast can be significantly
degraded.
[0124] In practice it is perhaps even more important to be able to detect changes in asymmetry (i.e. process variation).
Figure 24 shows the phase variation for a rooftop change of 1 nm. This correspond to a process variation of 18nm/4
= 4.5 nm. The resulting phase variation is of the order of 0.1 radians which is measurable based on the photon statistics.
[0125] In practice, the isolated structure discussed above will be periodically repeated to concentrate the scattered
light in discrete diffraction orders. This periodic repetition, however, does not change the concept of asymmetry meas-
urement since this periodic repetition only influences the even phase distribution ψe (k) and the amplitude |Z(k)| of the
field in the pupil. The odd phase variation that is introduced by the asymmetry is unchanged.
[0126] The complex reflection coefficient of the isolated structure is r(x) and this structure results in a complex field
Z(k) in the pupil. A periodic repetition of this structure N times to the left and N time to the right with a period Xp creates
a grating of 2N+1 copies of r(x):

[0127] Fourier transforming this expression and using the Fourier shift theorem yields for the complex field Zg (k) in
the pupil:

[0128] It can be seen that Zg (k) is obtained by multiplying Z(k) with a real valued even function f(k). This function
can become negative which gives rise to phase jumps in Zg (k). These phase jumps, however, are always symmetrical.
The amplitude of Zg (k) peaks when kXp = m2π where m is an integer. This is merely a mathematical formulation of
the grating law since the spatial frequency k is given by:

[0129] Figure 25 shows the intensity in the far field for the marker with a 4-nm rooftop that is repeated 5 times. The
1st and 3rd diffraction orders are clearly visible in the graph. The intensity ration between these orders is slightly higher
than the expected (1/3)2 ratio which is caused by Huygen's obliquity factor [1+ cos(θ)]/2 in the diffracted field. The
intensity of the weak odd order has also increased considerably. Between the orders the intensity exhibits rapid oscil-
lations. The peak intensities, however, correspond to quite an appreciable amount of photons.
[0130] The odd phase variation in the pupil plane is shown in Figure 26. This graph again shows the same large
phase excursions in the dark area. However, compared to the case of the isolated object there are a few differences
that need to be explained
[0131] An extra small linear tilt that corresponds to a marker shift of 15 nm and the small spikes are artifacts that will
not occur in a practical embodiment. A close inspection of Ψd shows that it shows a slight stepwise variation. This is
caused by the inhomogeneous illumination of the marker. Increasing the width of the illumination beam to 200 µm

∆x = 0.058
4π

---------------- 3 4 µm

≅ 18 nm (45)

k = 2π sin(θ)
λ

--------------- (48)
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again results in a smooth variation of Ψd as demonstrated in Figure 27.
[0132] This graph clearly demonstrates the importance of the illumination profile in asymmetry measurements. Ideally
a homogeneous illumination profile with a finite width is preferred. However, this requirement is in conflict with the
requirement that the angular divergence of the illumination beam must be small.
[0133] A very fundamental limitation of the accuracy of an asymmetry measurement technique is surface roughness
of the marker. This is not surprising since surface roughness can be considered a form of random asymmetry that
introduces large and noisy phase variations in the dark regions of the interference pattern. This is demonstrated in the
example below for the same grating as used in the previous section. This time, however, a 0.5 nm surface roughness
was added with an average grain size of 1 µm. The illumination spot had a width of 200 µm.
[0134] Figure 28 shows measured phase in the far field and the impact of surface roughness is very clearly visible.
At first sight it appears to be quite dramatic. Fortunately, there are a few reasons why the noise will be less dramatic
in practical cases. First of all, the large spikes correspond to points of zero intensity (the singularities). Since the detector
always has a finite spatial extent these effects will be suppressed in the detection. Secondly, in this particular example
the illumination spot size is large compared to the grating width so the sensor 'sees' a lot of roughness effects in regions
that are not interesting. This argument again stresses the importance of an optimum illumination spot.
[0135] The linear term of the measured phase Ψd contains the position information. However, this position is affected
by the presence of asymmetry. In order to know this asymmetry contribution we must know the 'shape' of the asymmetry
as accurately as possible. The non-linear variation of the measured phase Ψd gives information about the asymmetry.
Each asymmetry has its own unique fingerprint.
[0136] In order to derive a process correction on the measured slope we can use two different approaches can be
used: a predictive recipe-like approach or a scatterometry-like approach. A recipe approach offers more possibilities
with the present invention since more data can be available which allows the use of statistical techniques. A particularly
useful approach is the use of 'inverse problem' techniques that are also used in scatterometry.
[0137] The measurement of asymmetry has a lot of similarities with scatterometry for CD (critical dimension) metrol-
ogy applications. In the latter case, ellipsometric data is measured that is related in a very complex fashion to a certain
unknown resist profile. Inverse problem techniques are applied here to recover the resist pattern. This type of meas-
urement problem is exactly equivalent to asymmetry measurement.
[0138] An alignment sensor should preferably generate a localized signal that peaks very sharply at the location of
the marker. The realization of such a sensor, however, would introduce a lot of practical problems like signal-to-noise
ratio since a narrow peak requires a large measurement bandwidth. For reasons of accuracy and dynamic range phase
grating alignment sensors are often used since these sensors generate a narrow-bandwidth time-limited harmonic
signal.
[0139] Unfortunately, a sinusoidal signal contains multiple maxima so the marker position is not uniquely defined by
one single peak. For this reason, phase grating alignment sensors require a 'capturing' mechanism that decides which
of the peaks corresponds to the marker position. In the present invention, two capturing mechanisms are possible.
The first makes use of the camera image that is available from the 0th order, as discussed above. The second uses
the signals that are detected in the pupil plane and requires a split photo diode. Both methods require only one short
grating.
[0140] With alignment sensor 10 it is quite easy to create a sharp image of the marker using all available wavelengths
simultaneously. The use of multiple wavelengths guarantees that the marker should always be visible as long as its
depth is not too small. The objective lens 12 has a large NA, e.g. of 0.6, and the absence of spatial filtering yields a
'sharp' image with a resolution of the order of 1-2 µm which is more than enough to allow various camera-based
capturing algorithms, using advanced image processing techniques.
[0141] With the alignment sensor 10 it is possible to generate two different types of images: a camera image after
the polarizing beam splitter includes two overlapping and shifted images of the marker whereas a camera image created
with a separate polarizer can show two individual images of the marker. The first type of image yields two images that
are 180° degrees rotated relative to each other which is an advantage for capturing algorithms since the shape of the
contour of the partially overlapping marker images can give accurate information about the marker location. However,
when the pre-alignment error exceeds the scribe lane width, the marker in one image will be projected in the product
structure of the other image and this may lead to robustness problems since the product structure acts as a noise
source that degrades the robustness of the image processing algorithms.
[0142] The present invention can also make use of the known technique whereby two gratings with slightly different
periods generate two harmonic alignment signals with a slightly different frequency. The location where two peaks of
the two signals coincide is defined as the marker position. This approach has proven to be a robust technique with a
sufficiently large capturing range.
[0143] However, as mentioned above, the present invention provides another capturing alternative that is especially
suited to short markers with broad diffraction orders. This technique is based on the fact that the entire pupil plane is
available. However, it only works if the illumination spot is larger than the marker length. The main advantage of this
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technique is the need for only one grating instead of two separate gratings. The technique will now be explained further.
[0144] Consider a grating with a period Xg and a width W=N.Xg. where N is the number of grating lines. The first
diffraction order has a spatial frequency k1 of:

[0145] The diffraction order has a sin(k)/k shape and the full width of the main lobe is:

[0146] The alignment signal of the 1st diffraction order of this grating is measured with a split detector. Each detector
element captures one half of the main lobe. The center line between the two elements is centered on the peak of the
diffraction order. The average spatial frequency captured by these two detectors is about:

Both detectors measure a signal with a slight difference in spatial frequency. The effective wavelength of these two
signals is:

So the capturing range is equal to ±W

Embodiment 2

[0147] A second embodiment of the invention utilizes a fiber array for conducting light form the pupil plane to a
detector array but is otherwise the same as the first embodiment and can be used in the same ways.
[0148] Figure 29 shows the detector part of the alignment system of the second embodiment. The light from the self-
referencing interferometer (not shown in Figure 29) is split by polarizing beam splitter 19 into two branches, one of
which is directed to a camera for capturing purposes (coarse alignment) and the other is used for the fine alignment
measurement. The fine alignment branch comprises an optical system of lenses 31, 33 which re-image the pupil plane
of the self-referencing interferometer onto an array of optical fibers 35 which conduct it to a remote detector array, e.
g. an array of photodiodes or a CCD. The lens 31 also creates an intermediate image of the marker at the position of
which an image plane filter 32, acting as an aperture stop, is provided.
[0149] The fiber bundle 35 can be arranged, with a suitable array of detectors at the end of the bundle, so that the
intensity in a plurality of different positions in the pupil plane, in which the two images overlap and interfere, can be
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determined. The resulting data can be processed to derive the required position information. In particular to cancel
some errors, the signals from pairs of fibers on opposite sides of the optical axis of the detection branch are added.
This can be done by combining the pairs of fibers, by having both fibers of a pair end on the same photodetector or
electronically. The detector array may comprise a plurality of discrete detectors connected to individual fibers or pairs
of fibers or a position sensitive detector, such as a CCD array. Of course, the detector array itself, rather than the input
end of the fiber bundle, may be located in the pupil plane but the fiber bundle allows the detector array and its associated
electronics, e.g. pre-amplifiers, to be located away from temperature sensitive parts of the apparatus. A further spatial
filter 34 removes the 0th order.
[0150] The use of the camera for capturing is shown in Figure 30. This figure shows the two images of the marker,
top two rows, and the sum image seen by the camera, bottom row, for various positions of the marker. In column A,
the marker is coarsely aligned and the image seen by the camera has dark and light lines with a high contrast between
them. As the marker moves away from alignment, the images move in opposite directions leading first to an evenly
gray image, shown in column B, then to a pattern of lines, shown in column C, but with an extra line and with less
contrast for the outer lines. Further movement leads again to a gray image, column D, and an image with lines, column
E, again with an additional line. Image recognition software can readily detect the image with a minimum number of
lines and maximum contrast.

Embodiment 3

[0151] A third embodiment of the invention is the same as the first embodiment, save in the construction of the
detection branch, which is shown in Figure 31.
[0152] The detection branch of the third embodiment includes a polarizer (not shown in Figure 31), optical system
31, 33 and image plane filter 32 as in the second embodiment. However, instead of the fiber array and detector, the
third embodiment has a spatial light modulator, e.g. an LCD array (light valve) or micro-mirror array, 39 that is pro-
grammed to select part of the pupil plane, the light from which is collected by lens 40 onto fiber 41, which leads to a
photodetector 42.
[0153] The spatial light modulator 39 is programmed to select the two beams of a particular order from the overlapped
Fourier transforms of the marker images, the intensity of which can then be measured by detector 42 as the marker
is scanned to derive the desired positional information. Where the marker is illuminated with a multi-wavelength light
source, the different wavelengths can be separated and separately detected in the detector 42.
[0154] The third embodiment has a number of advantages, principal among which is that the alignment system can
be used with any marker having 180° rotational symmetry, without having to modify the hardware. All that is required
is that the spatial light modulator is appropriately programmed, which can be performed on the fly, even to align to
different markers on the same substrate. The alignment system of the third embodiment can thus be compatible with
known markers such as gratings, checkerboards, boxes, frames, chevrons, etc.. Also, the complete pupil plane can
be sampled and analyzed by repeated scans of the marker with different settings of the spatial light modulator 39.
[0155] If a polarizing beam splitter is used to create the necessary interference between the overlapping images,
then, as mentioned above, two beams containing the positional information are created and the components shown
in Figure 31 may be duplicated in a separate branch to allow simultaneous detection of two orders. Further, a spatial
light modulator capable of selectively redirecting light into a plurality of different directions, such as a micro-mirror array
with more than two mirror positions, may be used with a corresponding number of collecting lenses, fibers and detectors,
to allow detection of multiple orders in a single branch. As in the second embodiment, it is possible to dispense with
fiber 41 and position a detector at the focus of collector lens 40 but the use of fiber 41 allows a heat generating or bulky
detector to be located away from heat sensitive components or where more space is available.

Order-Combining Prism

[0156] An order-combining prism which may be used in embodiments of the present invention is shown in Figures
32 and 33, of which Figure 32 shows the prism in exploded form and Figure 33 in assembled form.
[0157] In its assembled form the basic shape of the order-combining prism 50 is a triangular prism with a bottom,
entrance face 55 and a side, exit face 56. The prism is divided into two halves 51, 54 by a diagonal join 57. As more
clearly shown in Figure 32, a positive order +n enters the bottom face of the first half 51, makes a total internal reflection
from a side face 58 towards the join 57. The positive order is reflected backwards from the join 57, which acts as a
beamsplitter surface to a quarter waveplate and mirror which are mounted to the rear face of the prism 50. These serve
to rotate the polarization of the positive order and return it through the joint, beamsplitter surface 57 to exit out of the
front face 56 of the prism.
[0158] Meanwhile, a negative order enters the bottom of the second half 54 and is totally internally reflected from a
second side face 59 and the joint, beamsplitter surface 57 to also exit through the front face 56.
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[0159] Figure 33 shows that if the prism is located to receive symmetrically about its center positive and negative
orders, orders +1 to +4 and -1 to -4 are shown, the corresponding + and - orders are combined but the first, second,
etc. orders are maintained separate.
[0160] The order-combining prism may be used in the pupil plane of embodiments of the present invention to combine
the opposite orders, which carry essentially the same information, for detection. Use of the order-combining prism
doubles the intensity of the signal to be detected, enabling use of a lower-power light source. In addition, the resulting
symmetric arrangement averages out asymmetry-induced differences between positive and negative diffraction orders.
The order-combining prism of the invention is very compact and is particularly useful in situations where the space
available is limited.
[0161] It will be appreciated that the order-combining prism may have other uses than in the pupil plane of an align-
ment system based around a self-referencing interferometer and in particular may be used in any arrangement where
it is desired to combine diffractive orders located in a single plane. The prism may also be modified, e.g. to provide an
equal optical path length in its two sides.
[0162] Whilst specific embodiments of the invention have been described above, it will be appreciated that the in-
vention may be practiced otherwise than as described. The description is not intended to limit the invention. For ex-
ample, the alignment system described above may be used for alignment to markers provided on a mask or a table
as well as on a substrate.

Claims

1. A lithographic projection apparatus comprising:

- a radiation system for providing a projection beam of radiation;
- a support structure for supporting patterning means, the patterning means serving to pattern the projection

beam according to a desired pattern;
- a substrate table for holding a substrate;
- a projection system for projecting the patterned beam onto a target portion of the substrate, and
- an alignment system having a self-referencing interferometer for projecting two overlapping images of an

alignment mark that are relatively rotated by 180°;

characterized in that said alignment system further comprises a detector system for detecting light intensities at
a plurality of different positions in a pupil plane of said self-referencing interferometer.

2. Apparatus according to claim 1 wherein at least two positions of said plurality of positions are located substantially
at the positions of different diffraction orders produced by said alignment marker.

3. Apparatus according to claim 1 or 2 wherein at least two positions of said plurality of positions are located sub-
stantially equidistantly from and on opposite sides of a diffraction order produced by said alignment marker.

4. Apparatus according to claim 1, 2 or 3 wherein said detector system comprises a plurality of detecting elements
located substantially in said pupil plane.

5. Apparatus according to claim 1, 2 or 3 wherein said detector system comprises a plurality of optical fibers each
having an input end located substantially in said pupil plane and an output end for directing light conducted through
the fiber onto one of a plurality of detecting elements.

6. Apparatus according to claim 5 wherein each of said fibers is arranged to direct light onto a respective one of said
detector elements.

7. Apparatus according to claim 5 wherein said fibers are provided in pairs, the input ends of the fibers of a pair being
symmetrically located in said pupil plane, and the light conducted by the fibers of a pair is directed onto the same
detection element.

8. Apparatus according to any one of claims 4 to 7 wherein said detection elements comprise photodiodes.

9. Apparatus according to any one of claims 4 to 7 wherein said detection elements are elements of a CCD array.
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10. Apparatus according to claim 1, 2 or 3 wherein said detection system comprises a spatial light modulator provided
in said pupil plane, said spatial light modulator being controllable to pass light from selected portions of said pupil
plane, and a collector for collecting light passed by said spatial light modulator onto a detection element.

11. Apparatus according to any one of the preceding claims wherein said alignment system comprises means for
illuminating an alignment marker with light of a plurality of different wavelengths and said detection system com-
prises wavelength de-multiplexing means for directing light of different wavelengths to different detecting elements.

12. Apparatus according to claim 11 wherein said wavelength de-multiplexing means comprises a blazed grating.

13. Apparatus according to any one of the preceding claims wherein said alignment system comprises an aperture
stop in an image plane located between said self-referencing interferometer and said pupil plane.

14. Apparatus according to claim 13 wherein said aperture stop has a controllable aperture.

15. Apparatus according to any one of the preceding claims wherein said alignment system includes a polarizing beam
splitter for directing light output by said self-referencing interferometer into two beams and wherein there are two
detector systems receiving light from respective ones of said beams.

16. Apparatus according to any one of the preceding claims wherein said alignment system includes a polarizing beam
splitter for directing light output by said self-referencing interferometer into two beams, one of said beams being
received by said by said detector system and the other by a camera.

17. Apparatus according to any one of the preceding claims wherein said detector system comprises an order-com-
bining prism for receiving a set of positive orders and a corresponding set of negative orders through an input face
and outputting a combined set of orders through an output face perpendicular to said input face, said prism com-
prising:

first and second halves joined at a beam splitting surface perpendicular to said input face and at 45° to said
output face; and
a quarter waveplate and a mirror provided adjacent a further face of said first half of said prism opposite said
output face.

18. A device manufacturing method comprising the steps of:

- providing a substrate that is at least partially covered by a layer of radiation-sensitive material;
- providing a projection beam of radiation using a radiation system;
- using patterning means to endow the projection beam with a pattern in its cross-section;
- projecting the patterned beam of radiation onto a target portion of the layer of radiation-sensitive material, and
- before or after said step of projecting, performing an alignment to an alignment mark on said substrate using

a self-referencing interferometer that projects two overlapping images that are relatively rotated by 180° of
said alignment mark;

characterized that said step of aligning comprises measuring the intensities of light at a plurality of different positions
in a pupil plane where Fourier transforms of said images of said alignment mark interfere.

19. A method according to claim 18 wherein said plurality of different positions include positions corresponding to
different diffraction orders in said Fourier transforms and fine positional information is determined from the relative
phases of variations of the intensities of said different orders.

20. A method according to claim 18 or 19 wherein said plurality of different positions comprise two positions equidis-
tantly spaced on opposite sides of a diffraction order in said pupil plane and wherein coarse positional information
is determined from the relative phases of intensity variations at said two positions on opposite sides of a diffraction
order.

21. A method according to claim 18, 19 or 20 further comprising the step of measuring phase variations in dark areas
of said pupil plane to detect asymmetries in said alignment marker.
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