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SYMMETRIC TARGET DESIGN IN
SCATTEROMETRY OVERLAY
METROLOGY

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a Continuation of International Patent
Application Serial No. PCT/US2013/065527, filed on Oct.
17, 2013, which application claims priority of U.S. Provi-
sional Patent Application No. 61/715,603, filed on Oct. 18,
2012 and U.S. Provisional Patent Application No. 61/745,
981, filed on Dec. 26, 2012, which applications are incor-
porated herein by reference.

FIELD OF THE INVENTION

The present invention relates to the field of metrology in
semiconductor devices, and more particularly, to target
design and measurement concepts applicable, among others,
to overlay metrology.

BACKGROUND OF THE INVENTION

Periodic scatterometry targets are used to obtain accurate
measurements of target features. Such targets include mas-
sive arrays of uniformly constructed and uniformly spaced
periodic features arranged to provide the best possible
targeting information. For example, periodic gratings may
be used as targets as may be other periodically configured
higher dimensional target arrays having uniformly spaced
and sized metrology features.

Current scatterometry overlay (SCOL) targets are non-
design-rule targets, which include features or spaces as large
as 400 nm. A typical SCOL target consists of several cells,
each consisting of two gratings (one in each of the layers
between which the overlay needs to be measured). An
example of a grating in one of these layers is seen in FIG.
1A. In this grating the typical size of a feature or a space is
hundreds of nanometers (pitch 103), in contrast with design
rule features, which are tens of nanometers in size. The
features of a SCOL target are sometimes segmented tier
better process compatibility as seen in FIG. 1B. The fine
pitch 103B of the segmentation can be as small as tens of
nanometers, similarly to the design rule of the device.
However, the spaces in such a segmented target are still of
size of hundreds of nanometers (pitch 103A), and therefore
this target may become distorted and noisy because of
process effects. This may require spatial averaging of the
target, which by itself limits the target size from below to be
the spatial averaging size. Furthermore, it is well known that
1st order SCOL technologies tend to be sensitive to asym-
metric grating imperfections, and that, in cases where one of
the gratings reflects significantly more light than the other,
the sensitivity to overlay is low. Finally, to gain more
sensitivity to overlay, current SCOL technologies require the
printing of more targets on the wafer (with varied pro-
grammed offsets). This increases the real-estate of the tar-
gets and the COO (cost of ownership) of the metrology tool.

Another aspect of current 1st order SCOL technologies is
that they have TIS (tool induced shift) and TIS3s (tool
induced shift 3-sigma—a variability value relating to the
TIS) that result from non-zero illumination asymmetry. To
reduce TIS and TIS3s one needs a variety of error-prone
calibration techniques which lead to a residual TIS and
TIS3s. Another disadvantage of current 1st order SCOL
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2

technologies is that there is no direct per-pupil-coordinate
weight that is strongly correlated to accuracy.

Another aspect of current 1st order SCOL technologies is
that they are based on comparing signals performed at
different times (signals that correspond to pupil images of
different target cells). These signals experience different
system noise which needs to be removed. The sensitivity of
the overlay to miss-handling the system noise is significant,
and leads to very tight tolerances on this parameter.

Periodic targeting structures typically feature two layers
of similarly oriented periodic gratings formed one over the
other. Typically, the layers are designed with a specified
predetermined offset with respect to each other. This enables
scattering signals to be generated when illuminated by a
light beam. A comparison of the actual signal produced with
the expected scattering signal enables highly accurate over-
lay metrology measurements to be made. Optical metrology
targets can also comprise of single gratings and/or gratings
in a single layer, for example in optical metrology of critical
dimension or in overlay optical metrology having targets
positioned side by side.

Current SCOL target designs comprise of finite size cells
90 which include gratings 80, 85 of a defined pitch. The
number of gratings and their position depends on the specific
SCOL technology. For example, in Oth or 1st order SCOL,
a target comprises of several cells, each cell comprising of
two gratings in two different layers. In the single patterning
case, for instance, the two layers are positioned on top of
each other, with, possibly, several film layers in between.
Relative offset 75 of the grating position includes a pro-
grammed offset (pof) and the overlay (ovl). The main SCOL
paradigm is that the asymmetry in the cell is solely due to the
total offset and so that rotating the target by 180° is equiva-
lent to negating the sign of the total offset. This basic
assumption leads to a variety of algorithms that take as input
the asymmetry signals of various cells with different values
for pof, and use it to extract the overlay.

FIGS. 1C-1H schematically illustrate prior art cells in
standard scatterometry overly targets and their deficiencies.
FIGS. 1C, 1E and 1G are top views, FIGS. 1D, 1F and 1G
are cross sectional views. FIGS. 1C and 1D illustrate a target
90 having one cell with edges 70 and a grating 85 upon a
layered target area 60. Generally, targets 90 are not sym-
metrical with respect to a 180° rotation 74 about a central
axis 73 perpendicular to the target’s face, due to production
considerations. As illustrated in a depiction of one cell 90 in
FIGS. 1E and 1F, a lower grating 80 is positioned in the
bottom layer of a target area 60 and an upper grating 85 is
positioned on the top layer of the layered target area 60. A
perimeter 70 depicts the cell edges and an axis 73 that is
perpendicular to cell 90 and central with respect to cell edges
70 is depicted too. However, prior art cells 90 do not exhibit
symmetry for a 180° rotation 74 about central axis is 73,
mostly for reasons relating to the manufacturing of the
targets. FIGS. 1E-1F illustrate targets having a total offset 75
that is introduced as the sum of difference of a programmed
offset (pof) and the overlay (ovl). FIGS. 1G and 1H illustrate
a zero offset 75 case. In the top view the pictorial represen-
tation shows only the upper grating since the lower grating
is hidden by it (they have the same critical dimension—CD
in this pictorial representation). FIG. 2F illustrates a high
level schematic top illustration of a prior art cell with a
two-dimensional target that is asymmetric with respect to
180° rotations 74A, 74B about axis 93 in both dimensions.
Common to all these prior art targets is that the target cells
are not symmetric with respect to cell edges 70 when subject
to 180° rotations about a central perpendicular axis 73.
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Scatterometry overlay (SCOL) technology, as illustrated
e.g., in WIPO publication no. WO 2004076963, measures an
overlay error between congruent targets in different layers
by measuring the interferences of reflected diffraction orders
from the targets.

BRIEF SUMMARY OF THE INVENTION

One aspect of the present invention provides a method of
estimating an overlay error between at least two layers, the
method comprising: illuminating a metrology target that
comprises at least two periodic structures which are at
different layers, are along a common measurement direction
and have a same pitch, wherein the metrology target is
symmetric with respect to a 180° rotation about an axis that
is perpendicular to the target, and wherein the illumination
is carried out simultaneously with respect to the at least two
periodic structures; measuring interference of at least one
diffraction order from the at least two periodic structures;
and extracting the overlay error from the measured interfer-
ence.

These, additional, and/or other aspects and/or advantages
of the present invention are set forth in the detailed descrip-
tion which follows; possibly inferable from the detailed
description; and/or learnable by practice of the present
invention.

BRIEF DESCRIPTION OF THE DRAWINGS

For a better understanding of embodiments of the inven-
tion and to show how the same may be carried into effect,
reference will now be made, purely by way of example, to
the accompanying drawings in which like numerals desig-
nate corresponding elements or sections throughout.

In the accompanying drawings:

FIG. 1A is a high level schematic illustration of a prior art
grating used in a SCOL target;

FIG. 1B is a high level schematic illustration of a prior art
grating used in a SCOL target showing segmentation of the
grating;

FIG. 1C is a top view of prior art cells in standard
scatterometry showing a target having one cell with edges
and a grating upon a layered target area;

FIG. 1D is a cross sectional view of prior art cells in
standard scatterometry showing a target having one cell with
edges and a grating upon a layered target area;

FIG. 1E is a top view of prior art cells in standard
scatterometry showing a lower grating positioned in the
bottom layer of a target area and an upper grating positioned
on the top layer of the layered target area where there is a
non-zero total offset;

FIG. 1F is a cross sectional view of prior art cells in
standard scatterometry showing a lower grating positioned
in the bottom layer of a target area and an upper grating
positioned on the top layer of the layered target area where
there is a non-zero total offset;

FIG. 1G is a top view of prior art cells in standard
scatterometry showing a lower grating positioned in the
bottom layer of a target area and an upper grating positioned
on the top layer of the layered target area where there is zero
total offset;

FIG. 1H is a cross sectional view of prior art cells in
standard scatterometry showing a lower grating positioned
in the bottom layer of a target area and an upper grating
positioned on the top layer of the layered target area where
there is zero total offset;
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FIG. 2A is a high level schematic illustration of a side by
side SCOL target measurement of the overlay in the x-di-
rection, according to some embodiments of the invention;

FIG. 2B is a high level schematic illustration of a metrol-
ogy target having two cells, each with periodic structures in
two dimensions, according to some embodiments of the
invention;

FIG. 2C is high level schematic top view illustration of
metrology targets having zero offset with periodic structures
in one layer or congruent periodic structures in two layers,
according to some embodiments of the invention;

FIG. 2D is a high level schematic cross section illustration
of metrology targets having zero offset with periodic struc-
tures in two layers, according to some embodiments of the
invention;

FIG. 2E is a high level schematic cross section illustration
of metrology targets having zero offset with periodic struc-
tures in one layer, according to some embodiments of the
invention;

FIG. 2F is a high level schematic illustration of a two
dimensional metrology target, according to some embodi-
ments of the invention;

FIG. 2G is a high level schematic illustration of a two
dimensional metrology target, according to some embodi-
ments of the invention;

FIG. 3A is a top view of metrology targets having cells
with opposite offsets, according to some embodiments of the
invention;

FIG. 3B is a cross sectional view of metrology targets
having cells with opposite offsets, according to some
embodiments of the invention;

FIG. 3C is a top view of metrology targets having cells
with opposite offsets, according to some embodiments of the
invention;

FIG. 3D is a cross sectional view of metrology targets
having cells with opposite offsets, according to some
embodiments of the invention;

FIG. 4 is a high level flowchart illustrating a metrology
target design method, according to some embodiments of the
invention;

FIG. 5A is a highly schematic illustration of the side by
side paradigm, according to some embodiments of the
invention;

FIG. 5B is a high level schematic illustration of a metrol-
ogy system that may be adapted to measure targets in the
side by side paradigm, according to some embodiments of
the invention;

FIG. 6A is a high level schematic illustration of a beam
splitter with a phase modulation unit in the illumination arm
of a metrology system, according to some embodiments of
the invention;

FIG. 6B is a high level schematic illustration of a beam
splitter in the illumination arm of a metrology system,
according to some embodiments of the invention;

FIG. 6C is a high level schematic illustration of a beam
splitter in the illumination arm of a metrology system,
according to some embodiments of the invention;

FIG. 6D is a high level schematic illustration of a beam
splitter in the illumination arm of a metrology system,
according to some embodiments of the invention;

FIG. 7 is a high level schematic illustration of a metrology
system that may be adapted to measure targets in the
multiple measurements example, according to some
embodiments of the invention;

FIG. 8A is a high level schematic illustration of a metrol-
ogy system that may be adapted to measure targets in the



US 9,739,702 B2

S

compensated field shifts example, according to some
embodiments of the invention;

FIG. 8B is a high level schematic illustration of a field
shifting mechanism in the collection arm, according to some
embodiments of the invention;

FIG. 8C is a high level schematic beams tracing illustra-
tion of field shifting mechanisms in the collection arm,
according to some embodiments of the invention;

FIG. 8D is a high level schematic beams tracing illustra-
tion of field shifting mechanisms in the collection arm,
according to some embodiments of the invention;

FIG. 8E is a high level schematic illustration of a metrol-
ogy system with compensated field shifting, according to
some embodiments of the invention;

FIG. 8F is a high level schematic illustration of a two
dimensional arrangement of optical elements, according to
some embodiments of the invention;

FIG. 9A is a high level schematic illustration of a metrol-
ogy system that may be adapted to measure targets in the
uncompensated field shifts example, according to some
embodiments of the invention;

FIG. 9B is a high level schematic illustration of a metrol-
ogy system with uncompensated field shifting, according to
some embodiments of the invention;

FIG. 10A is a high level schematic illustration of a
metrology system that may be adapted to measure targets in
the phase shifts example, according to some embodiments of
the invention;

FIG. 10B is a high level schematic illustration of a
metrology system that may be adapted to measure targets
with a polarized collection field stop, according to some
embodiments of the invention;

FIG. 10C is a high level schematic illustration of a
metrology system that may be adapted to measure targets in
the collection phase shifts example, according to some
embodiments of the invention;

FIG. 10D is a high level schematic illustration of a
metrology system that may be adapted to measure targets in
the pupil phase shifts example, according to some embodi-
ments of the invention;

FIG. 11A is a high level schematic illustration of a
metrology system that combines spot splitting with optical
offsets or phase modulations, according to some embodi-
ments of the invention;

FIG. 11B is a high level schematic illustration of a
metrology system that enables alternation between using
spot splitting with phase shifting and using a de-coherence
system in the illumination arm, according to some embodi-
ments of the invention;

FIG. 11C is a high level schematic illustration of a
metrology system that combines spot splitting and phase
shifting with near field technologies, according to some
embodiments of the invention;

FIG. 11D is a high level schematic illustration of a
metrology system that combines spot splitting with phase
modulation, de-coherence system and a near field technolo-
gies, according to some embodiments of the invention;

FIG. 12A is a high level schematic illustration of metrol-
ogy targets with multiple cells, according to some embodi-
ments of the invention;

FIG. 12B is a high level schematic illustration of metrol-
ogy targets with multiple cells, according to some embodi-
ments of the invention;

FIG. 12C is a high level schematic illustration of metrol-
ogy targets with multiple cells, according to some embodi-
ments of the invention; and

15

20

25

40

45

50

60

65

6

FIG. 13 is a high level schematic flowchart illustrating a
metrology method, according to some embodiments of the
invention.

DETAILED DESCRIPTION OF THE
INVENTION

Prior to the detailed description being set forth, it may be
helpful to set forth definitions of certain terms that will be
used hereinafter.

The terms “target” or “metrology target” as used in this
application refer to a region from which metrology infor-
mation is extracted. Metrology targets may be position on
dedicated areas on the chip, on device edges or within the
device area.

The term “periodic structure” as used in this application
refers to any kind of designed or produced structure in at
least one layer which exhibits some periodicity. The peri-
odicity is characterized by its pitch, namely its spatial
frequency. In the present application, periodic structures are
occasionally referred to in a non-limiting manner as “grat-
ing” as these are simple and common periodic structures that
are used for metrology. Such use however is not to be
understood as limiting the term “periodic structure” in any
way.

The terms “cell” or “grating cell” as used in this appli-
cation refer to an area which includes at least one periodical
structure for metrology measurements. Metrology targets
may comprise one or more cell, which comprises periodic
structures on one or more layers. Different cells may com-
prise distinct structures or different areas or parts of a single
structure.

The terms “boundaries” or “cell boundaries” as used in
this application refer to a circumference of a target cell,
determined with respect to characteristics of the target cells.
For example, for a single layer target, the boundary may be
defined from the properties of that single layer and the target.
For example, for grating-on-grating targets the boundary
may be defined per layer (per grating) and the symmetric
target design dictates that at least one of the boundaries
obeys symmetry. The cell boundaries may be a frame that
separates the cell from its surrounding, in case such a frame
is present. If a frame is not present, the cell boundary may
be defined in a non-limiting manner as the perimeter of the
smallest area containing the printed structure which can be
un-ambiguously associated with the relevant grating or
periodic structure. For example, in case of a grating, the
boundary may be defined as the perimeter of the smallest
area which contains the resist bars in a resist grating.

The term “scatterometry overlay (SCOL)” as used in this
application refers to a metrology method that derives metrol-
ogy information from the phases of diffraction orders (e.g.
the +1 and -1 diffraction orders) that reflect off targets which
contain periodic structures such as gratings or grating cells.

The term “side by side” as used in this application refers
to areas in a metrology targets which are positioned at least
partly adjacent to each other and not one beneath the other.

The terms “symmetry” or “rotational symmetry” in rela-
tion to targets, as used in this application, refer to a rotational
symmetry upon rotating the target 180° about an axis
through the center of the target and which is perpendicular
to the target.

The term “overlay” as used in this application refers to a
non-programmed shift between two layers in a chip. The
terms “programmed offset” or “offset” as used in this
application refers to a specified intentionally-introduced
shift between layers.
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With specific reference now to the drawings in detail, it is
stressed that the particulars shown are by way of example
and for purposes of illustrative discussion of the preferred
embodiments of the present invention only, and are pre-
sented in the cause of providing what is believed to be the
most useful and readily understood description of the prin-
ciples and conceptual aspects of the invention. In this regard,
no attempt is made to show structural details of the invention
in more detail than is necessary for a fundamental under-
standing of the invention, the description taken with the
drawings making apparent to those skilled in the art how the
several forms of the invention may be embodied in practice.

Before at least one embodiment of the invention is
explained in detail, it is to be understood that the invention
is not limited in its application to the details of construction
and the arrangement of the components set forth in the
following description or illustrated in the drawings. The
invention is applicable to other embodiments or of being
practiced or carried out in various ways. Also, it is to be
understood that the phraseology and terminology employed
herein is for the purpose of description and should not be
regarded as limiting.

Certain embodiments comprise metrology targets 100
having at least two periodic structures 85 which are at
different layers 60. Periodic structures 85 (e.g. gratings 85)
are along a common measurement direction 102 and have a
same pitch 103 and metrology target 100 is symmetric with
respect to a 180° rotation 74 about an axis 73 that is
perpendicular to target 100. A metrology system 110 is
arranged to measure an overlay shift or error in direction 102
between layers 60.

Examples for Targets

Scatterometry overlay (SCOL) derives metrology infor-
mation from the phases of diffraction orders (e.g. the +1 and
-1) that reflect off targets 100 which contain periodic
structures 85 such as gratings 85 or grating cells 101. In
certain embodiments, periodic structures 85 are located side
by side (e.g., at different layers) as illustrated in FIG. 2A. In
such embodiments, two cells 101 may be printed on layers
60 between which one wishes to measure the overlay (e.g.
the process layer and the resist layer). In a non-limiting
example, each cell 101 comprises a single grating 85 as the
periodic structure, and both cells 101 are illuminated simul-
taneously. For example, the simultaneous illumination may
be carried out by two coherent light sources, by light split
from a single coherent source (e.g. a laser beam), or by light
split from a single incoherent source (e.g. a broadband light
source). The reflections of the two cells interfere in pupil
plane, and this interference contains the overlay information.

FIG. 2A is a high level schematic illustration of a side by
side SCOL target 100 measurement of the overlay in the
x-direction, according to some embodiments of the inven-
tion. FIG. 2A schematically illustrates an example of a
side-by-side target 100 for measuring the overlay in direc-
tion 102, which is referred to in the following as the x
direction. A pitch 103 of both gratings 85 is identical, and for
a given pitch 103, the wavelength(s) of illumination are
selected to include the relevant diffraction orders (e.g. the
first and minus first orders) at least partially within the
collection pupil. This allows one to use wavelengths and
pitch values in a large range, the former including both the
visible and non-visible range. Cells 101 may be placed in
arbitrary relative positions on the same wafer site (for
example, along the x-axis, as FIG. 2A demonstrates, or
along the y-axis, or along the diagonal
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or along any other axis in the wafer plane). To measure the
overlay in the y-direction, addition cells 101 may be used,
with periodic structures 85 such as gratings 85 along the
y-direction. In a non-limiting example, a two dimensional
overlay metrology may be implemented by four side-by-side
cells 101—two for the measurement of the x-overlay and
two for the measurement of the overlay in the y-direction. In
such embodiments, the measurement time may be shortened
by using four measurement beams, two falling on the grating
cells for the x direction and two falling on the grating cells
for the y direction. The beams may be all simultaneous or
pairwise simultaneous with respect to measurement direc-
tions 102. Each pair of two beams that fall on a pair of cells
101 that are in the same direction 102 are coherent among
themselves. All the four beams may or may not be coherent
among themselves. The signal from each pair of cells with
grating lines in the same direction appears at different
portions of the collection pupil, as it happens in the case of
targets of the form presented in FIGS. 2A and 2B.

FIG. 2B is a high level schematic illustration of a side by
side SCOL target 100 for a simultaneous measurement of the
overlay in the x-direction and the y-direction, according to
some embodiments of the invention. In a non-limiting
example illustrated in FIG. 2B, two cells 101 are used to
implement a two dimensional overlay metrology. In the
example, cell 1014 contains a grating 804 in one direction
1024 in the bottom layer and a grating 854 in the orthogonal
direction 102B in the upper layer, while cell 10111 has
gratings 80B, 85B respectively in the same layers, but with
opposite directions to those of cell 101A. Such targets 100
allow the simultaneous measurement of the x and y overlays,
and reduce the target real-estate by a factor of two.

FIG. 12A-12C are high level schematic illustration of
metrology targets 100 with multiple cells, according to some
embodiments of the invention. As explained below (after
presenting the side by side paradigm and the examples),
multiple adjacent target cells 101A-101F may be used to
yield many more measurement results per wafer area than
SCOL targets which require multi-layered cells.

Certain embodiments of the invention comprise methods
for designing and/or producing any of targets 100 illustrated
above and below, as well as variations of such targets
according to the measurement principles presented below.
Certain embodiments comprise sets of design rules as well
as wafers that comprise such targets 110.

In certain embodiments, the target’s zeroth order reflec-
tivity is reduced with respect to its first order reflectivities,
to improve measurement accuracy. The ideal signal in SCOL
measurements is coming only from the x1st orders of the
two gratings, without any inaccuracy contributed by leakage
of Oth order light into the +1st orders regions due to
diffractions from objects in field planes. However, current
1st order SCOL technologies do not allow reducing the
zeroth order reflectivity because, as the signals originate in
a grating-over-grating stack, the zeroth and =xl1st order
signals actually result from all possible combinations of nth
order light from the first grating and the mth order light from
the second, with n+m=0, £1, respectively. Therefore, the
relative reflectivities are not separable by diffraction order.
In contrast, the side by side paradigm and targets enable such
separation, as the periodic structures do not overlap. Hence,
it is possible to design side by side targets and periodic
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structures are designed to have a lower reflectivity of a
zeroth diffraction order than a reflectivity of +1st diffraction
orders.

Rotational Symmetry of Targets

The current invention overcomes the following disadvan-
tage of prior art targets, which is illustrated in FIGS. 1E and
1F. The inventors have discovered that this disadvantage
relates to the (rotational) symmetry breaking induced by
diffraction effects from edges 70 of cell 90. SCOL technolo-
gies assume that a 180° rotation of target 90 results in a
target having total offset 75 opposite in sign to the original
total offset. However, the edge effects can also be a source
for a symmetry breakdown and cause a breakdown of this
assumption. This is true both in first order SCOL technolo-
gies and in zeroth order SCOL technologies. For example,
consider the grating-over-grating with a relative zero total
offset illustrated in FIGS. 1E and 1F (such a cell will be
printed if the overlay is minus the programmed offset).

Since the total induced offset is zero, the assumption
mentioned above means that this cell should be symmetric
to 180° rotations and so that its signal asymmetry should be
zero. But this expectation ignores the symmetry breakdown
induced by the finite size effects of the cell’s edge. As is
clear from FIGS. 1E and 1F, these finite size effects make
prior art cell 90 non-invariant to 180° rotation despite its
vanishing total offset. This problem exists as long as the cells
do not exhibit infinite cell size.

In embodiments, the symmetry operation that is referred
to in the disclosure is the 180° rotation with respect to an
axis that is perpendicular to the target. This symmetry
operation is commonly used with respect to SCOL signals.
However, certain embodiments of the invention are not
limited to this case, and in cases of other targets and other
symmetry operations, embodiments of the invention may
comprise designing target cells that are invariant with
respect to the cell edges under any specified transform.

The current invention overcomes this neglect of edge-
induced asymmetry effects which lead to significant inac-
curacy in the overlay measurement that can range from a few
to tens of nanometers, depending on the stack, wave length,
polarization, and cell size.

As metrology target cells become smaller, the error intro-
duced by edge effects increases. In particular, edge effects
may produce an additional offset between gratings at dif-
ferent layers, beyond the designed offset (which is known)
and the uncontrollable offset (which is to be measured).
Certain embodiments of the invention introduce cells having
gratings which are symmetrical with respect to the cell edges
defining the cell frame. The symmetry cancels out edge
effects. Target cells may be either fully symmetrical by
design, or targets may include complementary cells having
opposite designed offsets.

FIGS. 2C-2G and 3A-3D are high level schematic illus-
trations of metrology targets 100 according to some embodi-
ments of the invention. FIGS. 2B, 2C, 3A and 3C are top
views, FIGS. 2D, 2E, 3B and 3D are cross sectional views.
FIGS. 2C-2E illustrate target 100 having zero offset and
having one cell 101 (FIG. 2D illustrates congruent periodic
structures 80, 85 in two layers of cell 100, FIG. 2E illustrates
periodic structure 85 in one layer of cell 101 and FIG. 2C is
a top view of both). FIGS. 2B and 2G illustrate target 100
having periodic structures in two directions (in two cells and
one cell respectively), and FIGS. 3A-B and 3C-D illustrate
target 100 having two cells 101A, 101B respectively with
opposite designed offsets 107A, 107B respectively. Com-
mon to these targets is that at least one of gratings 80, 85 (as
non-limiting examples for the periodic structures in the
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cells) is invariant under a 180° rotation with respect to cell
edges 70. Without being bound by theory, this arrangement
overcomes the effects of cell edge diffraction, effects which
become greater as the cells get smaller, as explained below.

Certain embodiments of the current invention introduce
target 100 designs that produce (i) zero signal asymmetries
for cells 101 with zero total offset and (i) in cases where
there exists a total offset 107 A for cell 101A and a total offset
107B, which is equivalent to the sign opposite of total offset
107A for cell 101B, the target design leads to signal asym-
metry in two cells 107A, 107B that is opposite in sign.

Without being bound by theory, the design of target 100
leads, even in the presence of significant diffractions from
cell edges 70, to the following relation:

Signal (180° rotation (cell with offset))=Signal (cell

with-offset) (Equation 2);

which also means that:

Signal asymmetry (offset)=—Signal asymmetry (—off-
set) (Equation 2);
and

Signal asymmetry (0 offset)=0

Specifically, instead of target design 90 (FIGS. 1E and
1F), target 100 illustrated in FIGS. 2C and 2D centers edges
70 of cell 101 (as well as its frame, if such is printed), with
respect to a 180° rotation 74 about axis 73. In case gratings
80, 85 have a relative offset, one of them, either upper
grating 85 or lower grating 80, is invariant to rotation 74 70.
Such targets can be printed with or without a frame; one may
or may not choose to shift the frame with the programmed
offset. In the case of zero offset illustrated in FIGS. 2C and
2D, it is clear that rotating cell 101 by 180° results in a cell
with minus the total offset (in this case the total offset is zero,
the cell is invariant to 180° rotations, and the signal asym-
metry is zero. Thus all three equations above (Equations 1-3)
hold.

FIGS. 2C, 2E are high level schematic illustrations of
metrology targets 100 in a single layer, according to some
embodiments of the invention. FIGS. 2C and 2E are a top
view and a cross sectional view, respectively of target 100.
(FIG. 2C serves here as a top view of both FIG. 2D and FIG.
2E, as lower grating 80 of FIG. 2D may be understood as
being hidden below grating 85 in FIG. 2C.) Targets 100 may
comprise single grating 85 or several gratings 85 in a single
layer. Cells 101 (e.g. side-by-side cells) may be designed in
such a way that their edges 70 (or frame, if that is printed)
is centered about rotational symmetry axis 73 of grating 85.
Consequently, the rotationally symmetric target design nul-
lifies the inaccuracy that results in the prior art by target edge
diffractions (compared to prior art FIGS. 1C and 1D).

In certain embodiments, metrology target 100 comprises
at least one cell 101 having at least one periodic structure
(e.g., 80, 85 such as a grating) that is invariant with respect
to a specified transform with respect to edges 70 of at least
one cell 101. In certain embodiments, the specified trans-
form is a 180° rotation 74 about axis 73 perpendicular to at
least one cell 101.

In certain embodiments, metrology target 100 comprises
at least one cell having at least one grating that is rotationally
symmetrical within edges of the at least one cell with respect
to a 180° rotation about an axis perpendicular to the at least
one cell. In embodiments with more than one grating, the
second grating may also be rotationally symmetric but it
may suffice that it be rotationally symmetric in the absence
of the cell edges. In certain embodiments, both cells 101

(Equation 3).
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may be invariant under a 180° rotation about respective axes
(e.g., as in FIG. 2C) or about a common axis (e.g., as in FIG.
2A).

In certain embodiments, metrology target 100 may com-
prise at least one cell 101 having two parallel gratings 80,
85, each at a different layer of target 100, wherein at least
one of gratings 80, 85 is rotationally symmetric with respect
to axis 73 which is perpendicular to gratings 80, 85 and
central with respect to edges 70 of at least one cell 101.
Metrology target 100 may comprise one cell 101 with two
parallel gratings 80, 85 which are both rotationally symmet-
ric with respect to axis 73 which is central with respect to
edges 70 of cell 101.

FIG. 2B is a high level schematic illustration of metrology
target 100 having two cells 101A, 101B, each with periodic
structures 80, 85 in two dimensions, according to some
embodiments of the invention. In certain embodiments,
metrology target 100 may comprise at least two cells com-
prising periodic structures at two directions of the target. For
example, metrology target 100 may comprise at least two
cells having periodic structures in first of the directions and
at least two cells having periodic structures in a second of
the directions. For example, metrology target 100 may
comprise at least two cells, each having periodic structures
in both directions.

FIG. 2G is a high level schematic illustration of a two
dimensional metrology target 100, according to some
embodiments of the invention. FIG. 2G illustrates a top view
of target 100 with cell 101 with an offset between gratings
80, 85, in which one of the gratings (grating 80 in this case)
is rotationally symmetric about axis 73 with respect to cell
edges 70. As target 100 is two dimensional, at least one
grating may be invariant to two 180° rotations 74A, 74B
about axis 73 with respect to cell edges 70, and hence at least
one grating is centralized with respect to whole cell perim-
eter 70. In cases with no offset between gratings 80, 85, both
gratings may be invariant to 180° rotations 74A, 74B about
axis 73, e.g., 180° rotations 74A, 74B may be carried out
with respect to an x axis 102A and a y axis 102B of target
100. Targets 100, which are rotationally symmetric, may be
used as upper or lower gratings in a standard SCOL target,
or as a single grating in the case of optical metrology targets
that involve single gratings. Similar design symmetry con-
siderations may be applied to other types of two dimensional
targets 100.

For the case in which target 100 is a grating-over-gating
type of target, SCOL targets 100 may generally comprise N
cells 101. For example in technologies that are based on a
first order diffraction signal, N is larger or equal to two,
while technologies that are based on the zeroth order dif-
fraction signal require that N must be larger or equal to four.
All SCOL technologies require that the 180° flip of the cell
be equivalent to negating the sign of the offset between the
top and bottom grating, and this requirement is broken if the
cell is designed such that neither of the gratings, together
with its frame is symmetric to 180° rotation. Therefore, to
fulfill this requirement, the current invention dictates that in
all such SCOL technologies at least one of the gratings is
printed in a way that makes it rotationally symmetric to a
180° rotation together with the cell edges.

As illustrated in FIGS. 3A-3D, target 100 may include
cells 101A, 101B programmed offsets 107A, 107B respec-
tively which are opposite in sign. In certain embodiments of
the invention, one of the layers may be printed in all cells of
same target 100 (for example, the bottom layer) in a way that
cell edges 70 (and/or frames, if present) are centered with
respect to a 180° rotation 74 of that grating (e.g. bottom
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grating 80). FIGS. 3A-3D illustrate a simple, non-limiting,
example of this case for zero overlay (a case in which the
total offset equals the programmed offset) and for two cells
101A, 101B having opposite programmed offset 107A,
107B. Here, rotating cell 101A by 180° results in cell 101B
having total offset 107B, being minus offset 107A of cell
101A, a fact that makes Equations 1-2 valid even in the
presence of diffraction from cell edge 70 (or frame, if
present).

Metrology target 100 may comprise two cells 101A,
101B, each comprising a first and a second parallel gratings
80, 85 respectively, in a first and a second layer of target 100,
wherein the first gratings (e.g. lower gratings 80) of both
cells 101 are rotationally symmetric with respect to axis 73
which is perpendicular to gratings 80, 85 (in each cell 101)
and central with respect to edges 70 of the respective cell.
The second gratings (e.g. upper gratings 85) may be offset
from the respective first gratings at an equal and opposite
offset 107.

The pictorial representations above are for the case where
edge 70 (and/or frame, if present) of cell 101 is not shifted
with upper grating 85. Another option for the target design
is to shift edge 70 (and/or frame) with the upper offset, and
in that case the new target design still leaves Equations 1-3
valid.

In embodiments, metrology targets 100 may be designed
as e.g. scatterometry overlay (SCOL) or optical critical
dimension (OCD) targets. SCOL targets 100 may comprise
four cell or eight cell targets or any number N of cells where
N depends on the technology. Targets 100 may comprise
cells 101 in a single layer, in two layers or in more than two
layers. Targets 100 may have their top views comprised of
one dimensional gratings or of two dimensional gratings. In
particular, targets 100 may comprise at least four cells 101
arranged in two dimensions of target 100. Targets 100 may
comprise no offset between cell elements (e.g. gratings 80,
85), a single offset between cell elements, or multiple
offsets. Targets 100 may comprise at least n gratings 80, 85
and be designed to have at least k offsets among the gratings
(with k<n).

Advantageously, the inventors have found out that targets
100 having their design following the disclosed rules pro-
duce more accurate results for the overlay measurement. The
causes for inaccuracy, which are left to be corrected, merely
comprise e.g. de-centering of the illumination around the
cell center, light contamination from the surrounding of the
cell (which is not expected to be symmetric to 180° rota-
tion), and grating asymmetries (such as differences in the left
and right side wall angles of each bar).

FIG. 4 is a high level flowchart illustrating a metrology
target design method 200, according to some embodiments
of the invention. Method 200 comprises designing and/or
producing at least one metrology target cell comprising at
least one cell having at least one periodic structure that is
invariant with respect to a specified transform (e.g., a 180°
rotation about an axis perpendicular to the at least one cell)
with respect to edges of the at least one cell.

In embodiments, method 200 comprises producing at
least one metrology target cell having at least one grating
that is symmetrically positioned within edges of the at least
one cell with respect to both a reflection and a 180° rotation
around an axis perpendicular to the at least one cell.

In embodiments, method 200 may comprise designing
and/or producing a rotationally symmetric metrology target
cell with reference to the cell edges (stage 210); designing
and/or producing a metrology target cell to be rotationally
symmetric with respect to one grating and have another
grating offset therefrom (stage 212); designing and/or pro-
ducing a metrology target cell having some of its features
rotationally symmetric with respect to the cell edges (stage
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214); designing and/or producing metrology targets having
multiple cells with elements that are invariant under a
specific transform with respect to the corresponding cell
boundaries (stage 215) and designing and/or producing
metrology target cells which are symmetric to a 180° rota-
tion with respect to at least some of their features (e.g. one
grating) (stage 218, and as a non-limiting example for such
a transform.

Method 200 uses rotationally symmetric or partially rota-
tionally symmetric target cells for overlay measurements
(stage 220), to reduce an error in overlay measurements
(stage 225).

Embodiments of the invention comprise metrology sys-
tems arranged to measure at least one metrology target 100
as described above, and metrology target design and pro-
duction system operating according to method 200, as well
as software tools used to design and produce targets 100 or
implement method 200.

Side by Side Paradigm

FIG. 5A is a highly schematic illustration of the side by
side paradigm explained below, according to some embodi-
ments of the invention. FIG. 5A schematically illustrates a
source 40 and a beam splitter 42 arranged to generate at least
two illumination beams 169A, 169B that illuminate respec-
tive target cells 101A, 101B and yield respective reflected
spots or collection beams 170A, 170B which interfere at the
pupil plane of a detector 59 to yield at least one non-zero
diffraction order. Illustrated are the zeroth and +1% diffrac-
tion orders as a non-limiting example. In the path of at least
one of beams 169A, 169B, 170A, 170B, a modulator 43 may
be set to enable extraction of the overlay error between cells
101A, 101B. Various embodiments of modulator 43 are
presented in the examples below, FIG. 5A schematically
illustrates, in a non-limiting manner, one of the examples,
namely a phase modulator in the path of illumination beam
169B. Generally n=z1 orders of diffraction may be measured
and analyzed. Further indicated in FIG. 5A are some of the
parameters which are explained below.

Without being bound by theory, the following derivation
provides a basis for various measurement techniques which
are described below. In the side-by-side SCOL paradigm the
overlay information is contained in the interference terms
between the electromagnetic fields reflected off the two
side-by-side cells in the collection pupil. Specifically, the

electric field of the n™ diffraction order reflected by layer ‘a’,

in the collection pupil, is denoted by IEM(“)(f)Ie”""(d)(ﬁ). Here

IE,(K) is the amplitude of the field and v, “(K) is its
phase, both with respect to the position in the pupil plane
denoted by k. The total intensity present at the collection

pupil point ¥ and diffraction order n, is then given by the
following expression (here and below the collection pupil
coordinates are denoted in terms of illumination pupil coor-
dinates, and so, for example, the intensity at the center of the

+1st order is denoted by In:+l(f:0)).

LK) = |EDE [+ EPG P +2| EXE 11 EX )] (Equation 4)

(Zﬂ -(OVL + Offset) -1
o Pitch

YO®) — pOE) + £ X + gy - soz],

where OVL is the relative overlay between gratings 85,
Offset is the programmed offset between gratings 85 in

direction 102 of the overlay, X is the relative distance
between the centers of the symmetric parts of the spots
(which is taken to be equal to the distance between the
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centers of the cells, see FIG. 2A), and ¢, is the phase in
illumination of the beam falling on grating (a).

Clearly, the overlay information is present in the argument
of the cosine, or more precisely, in the difference of the
argument of the cosine at diffraction order +1 and -1. In
particular, the side-by-side technology uses the fact that for
targets whose symmetry is non damaged (rotationally sym-
metric gratings) the phases obey the following symmetry
relation:

Y, O B)=p_ OT). (Equation 5)

Relying on this fact, a multitude of techniques is
described below, for extracting the overlay from the inten-
sity in the pupil. It is noted in passing that for targets having
non-damaged symmetry (rotationally symmetric gratings),
the amplitude of fields also obeys symmetry of the following
form.

E, (B =IE_ (=TI (Equation 6)

FIG. 13 is a high level schematic flowchart illustrating a
metrology method. 500, according to some embodiments of
the invention. Method 500 may comprise estimating an
overlay error between at least two layers by carrying out at
least one of the following stages: illuminating a side by side
metrology target (stage 450) that comprises at least two
periodic structures which are at different layers, are along a
common measurement direction and have a same pitch. The
target may be made invariant under a transformation such as
at least one 180° rotation (stage 455), i.e., invariant to a 180°
rotation about an axis that is perpendicular to the target. For
example, the metrology target may be configured to satisfy
Equation 5. Method 500 may further comprise carrying out
the illumination simultaneously with respect to the periodic
structures (stage 465), measuring interference of at least one
diffraction order from the at least two periodic structures
(stage 470); and extracting the overlay error from the
measured interference (stage 480).

In certain embodiments, method 500 may further com-
prise introducing a controlled variable that affects the illu-
mination and/or collection beams from at least one of the
periodic structures (stage 460) and extracting the overlay
error from the measured interference with respect to the
introduced controlled variable (stage 485). Finally, method
500 may comprise estimating an overlay error between at
least two layers with the periodic structures (stage 490).

Introducing a controlled variable is to be understood in a
broad sense. In certain embodiments, the controlled variable
may be a phase ¢ introduced by phase modulator 43 (see
e.g., Example 5 below). In certain embodiments, the con-
trolled variable may be an image shift in any plane (see e.g.,
Example 2 below for image shifts in the field plane). In
certain embodiments, the controlled variable may be addi-
tional measurements and/or additional targets that allow
extracting the overlay from multiple measurement results
(see e.g., Example 1 below).

The controlled variable, such as phase ¢ may be used to
calibrate metrology system 110 on the fly with respect to the
measured targets. In certain embodiments, the distance X
between the periodic structures may also be designed to
calibrate metrology system 110.

In certain embodiments, side by side targets 100 may be
different parts of a single periodic structure, e.g., two regions
of a single grating 85.

FIG. 5B is a high level schematic illustration of a metrol-
ogy system 110 that may be adapted to measure targets 100,
according to some embodiments of the invention. FIG. 5B
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serves as a basis for various implementation possibilities
which are described below. Any other form of a metrology
system could be adjusted with the side by side components
fir the equivalent system. Metrology system 110 may com-
prise an illumination arm 45 arranged to illuminate metrol-
ogy target 100 that comprises at least two periodic structures
85 which are at different layers, are along a common
measurement direction 102 and have a same pitch 103 (with
metrology target 100 being symmetric with respect to a 180°
rotation 74 about axis 73 that is perpendicular to target 110).
Illumination arm 45 is arranged to carry out the illumination
simultaneously with respect to periodic structures 85, e.g.,
by splitting a spot from a light source 40. Metrology system
110 may further comprise a collection arm 55 arranged to
measure interference of at least one diffraction order from
the at least two periodic structures; and a processor 111
arranged to extract an overlay error from the measured
interference.

In metrology system 110, a light beam from a light source
40 enters a spot splitting apparatus 42 which has all required
optics and apertures to generate at its exit a number of beams
with designed spatial and angular content (e.g. beam diam-
eter, shape, phase, divergence and polarization). As noted
above, multiple beams may be generated either from mul-
tiple coherent sources or via spot splitting apparatus 42.
IMlumination arm 45 includes all components or systems
(optical, mechanical, electrical or other) required to enable
the operation of system 110 according to any implementa-
tion as exemplified below for non-limiting possible varia-
tions. The light then goes through a beam splitter 54 into an
objective 51 (e.g. a high NA objective). Then, the light is
reflected (diffracted) off side by side SCOL target 100,
through objective 51, beam splitter 54 and collection arm 55,
which includes all required components and systems
required for signal detection according to the relevant opera-
tional option. After passing collection arm 55 the light falls
onto a detector 59 (e.g. a camera). Detector 59 may be either
in a pupil conjugate plane or in a field conjugate plane. In
certain embodiments, illumination arm 45 and/or collection
arm 55 may comprise a scanning mechanism in wither the
field or pupil planes.

Spot Splitting

There are a few ways of splitting the illumination spot
from source 40, which are illustrated in the following for
splitting the illumination beams into two beam as a non-
limiting example (clearly splitting one beam to more beams
is straightforward). All subsystems also include the required
optics and apertures to generate spots on target 100 that have
the required illumination NA (numerical aperture), size and
distribution and polarization.

FIG. 6A is a high level schematic illustration of a beam
splitter 42 with a phase modulation unit 147 in illumination
arm 45 of metrology system 110, according to some embodi-
ments of the invention. In the illustrated example, beam
splitter 42 comprises a fiber beam splitter and each of the
illumination beams (collimated or not) may be directed
through respective phase modulation sub-unit 147A, 147B.
Phase modulation sub-unit 147A, 147B may be arranged to
manipulate both amplitude and phase or only the phase or
the amplitude is regulated. The main advantages of such
embodiments are that they are not sensitive to vibrations and
they enable performing various manipulations (e.g. phase
shifts) before exiting the fiber, which increase robustness.
The fibers can be either: single mode, multimode, polariza-
tion maintaining, photonic crystal, waveguides or any other
type of light guides (solid or liquid). The distance between
the spots could be controlled by adjusting the distance
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between the fiber outputs. Further illustrated parts of illu-
mination arm 145 comprise lens 145C, apodizer 149, lens
145D, illumination field stop 145E and exit lens 145A.

FIG. 6B is a high level schematic illustration of a beam
splitter 42 in illumination arm 45 of metrology system 110,
according to some embodiments of the invention. In the
illustrated example, beam splitter 42 is implemented as a
grating spot splitter. The beam from light source 40 (e.g. a
collimated laser beam) passes through a grating 145G and is
split into orders of the grating from which two may be
optically chosen (e.g. xlst orders, 0 and list orders) to
provide the two illumination beams serving as the spots.
FIG. 6B further illustrates the following elements of illumi-
nation arm 45: apodizer 149, lens 145D, illumination field
stop 145E and lens 145F before grating 145G and lens
145H, filters 1451, lens 145A and filters 145] used to select
the refracted beams and prepare them as illumination beams.
Grating 145G may be an amplitude grating or a phase
grating; a flat or a volume grating; a fixed grating (yielding
a fixed distance between spots), a set of fixed gratings
(allowing different distances), or an adjustable grating (al-
lowing for a continuous change of differences as well as a
change in inter spot intensity). Possible grating 145G types
comprise acousto-optic gratings, electro-optic gratings,
piezoelectric gratings, pyro-electric gratings, or SLM (Spa-
tial Light Modulation) generating grating patterns (e.g.
MEMS, liquid crystals etc.).

FIG. 6C is a high level schematic illustration of a beam
splitter 42 in illumination arm 45 of metrology system 110,
according to some embodiments of the invention. In the
embodiment illustrated in FIG. 6C, two prisms 42A, 42B
may be used as a double Wollaston prism which allows for
distance variation via the distance change between the two
prisms as well as the control of inter-spot intensity difference
via a polarizer and a half wave plate which dictate the state
of polarization incident upon first Wollaston prism 42A.
Another advantage of this design is the fact that the two
beams have orthogonal polarization. Other prism based
options comprise e.g., Soleil-Babinet compensator, Nomar-
ski prism, beam displacement prisms, Glan-Thompson.

FIG. 6D is a high level schematic illustration of a beam
splitter 42 in illumination arm 45 of metrology system 110,
according to some embodiments of the invention. In the
embodiment illustrated in FIG. 6D, a simple beam splitter is
presented, having beam splitting element 42C and mirror
42D. The construction could be either in free space with the
possibility of changing the inter-beam distance by simply
moving or tilting mirror 42D, or a monolithic construction
for preventing any vibration differences between the two
beams. Any other beam splitting prism may also be used in
this context.

In certain embodiments, beam splitter 42 may be arranged
to yield multiple illumination beams 169 and/or to allow
splitting the illumination beam (i.e. electromagnetic radia-
tion from at least one source 40) into two (or more) out of
a range of N possible illumination beams. Beam splitter 42
and/or illumination arm 45 may be arranged to controllably
yield and direct illumination beams 169 at selected periodic
structures 85. For example (see FIG. 12B, 12C below) beam
splitter 42 may be arranged to yield illumination beams
169A, 169B to illuminate any of multiple cells 101 on
different layers of the wafer. In certain embodiments, targets

100 may have an arbitrary relative position vector T and
beam splitter 42 may be arranged to controllably generate
illuminating beams to specified values of the position vector.
Beam splitter 42 may be implemented by a single or
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composite beam splitting mechanism and may be arranged
to control the position and size of each of the illumination
spots.

EXAMPLES—TECHNIQUES AND APPARATUS
CONFIGURATIONS

The following are non-limiting examples for metrology
method stages, techniques and apparatus configurations for
measuring side by side targets 100 according to the side by
side paradigm, referring to Equation 4 presented above.
These examples illustrate different ways to extract the
overlay OVL from the intensity measurements, and more
particularly from the argument of the cosine in Equation 4,
namely:

2r - (OVL+ Offset)-n

rh O PR KX + o~

Ilumination arm 45, collection arm 55 and processor 111
may be arranged to implement the principles presented
below, as well as any combination or variation of these
principles.

Example 1—Multiple Measurements

In certain embodiments, method 500 comprises setting
the illumination beams to exhibit no phase differences (stage
510) i.e. setting ¢, ,=0; illuminating separately each periodic
structure to measure the respective diffracted intensity (stage
512), i.e. illuminating grating (1) alone to provide a mea-

surement of |E,* (f)l and illuminating grating (2) alone to

provide a measurement of IEn(z)(f)I (e.g. by turning off the
beams illuminating the other grating respectively); illumi-
nating simultaneously the periodic structures to measure the
interference term (stage 514) of Equation 4 and extracting
the overlay from interference measurements for +1 diffrac-
tion orders and opposite locations +k (stage 516).

For example, stage 516 may be carried out as follows:
Extracting the cosine

27 -(OVL + Offset) -n

Culk) = cos( Pich

UE - g0 +7-X)

for each order n=+1, n=-1. From the cosines, extracting the
two mathematically consistent arguments of the cosine,

BM(F)::a cos(Cn(Tf). From the two mathematically consis-
tent candidates for B+1(f) and the two candidates for _,(-

f), producing four candidates for

4r - (OVL+ Offset) -

ABK) = e +2k-X.

In certain embodiments, these measurements may be
carried out with polarized or un-polarized light. If polarized,
the polarization of beams (1) and (2) can be identical or
different, and if the two polarizations are orthogonal, a
polarizer may be used at collection arm 55. The polarization
of the beams may be linear or polar (radial/azimuthal).
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Extracting the overlay may be carried out by symmetriz-
ing all the candidate functions AB(K)—Y2[AB(K)+AB(-K)]
and using the statistical distribution of AB(F) across the

pupil coordinate K to find the correct solution which gives
the constant function

4r - (OVL + Offset)

8 = Pitch

This choice may be simplified by choosing a programmed
offset judicially to simplify the extraction (stage 518).
Finally, the collection pupil may be calibrated to remove

from each of the four candidates for AB(F) the function 2K -

X

Extracting the overlay may be carried out by using three
periodic structures, one in one layer and two in another layer
with different programmed offsets (stage 520) and extracting
the overlay from interference measurements for +1 diffrac-
tion orders and the two structures in the same layer with
different programmed offsets (stage 522). Denoting the
target in layer no. 1 as cell I and the two cells in layer no.
2 as cell IT and cell 111, each of cells I and III has a different
programmed offset with respect to cell 1. Performing the
measurements of stages 512 and 514 for both cell pairs
(I-III) and (II-III), two cosines are obtained for the two
relative offsets OF(I-11I) and OF(II-III) in both the plus and
minus first orders. These four cosines have only one solution
for the overlay that is mathematically consistent.

Extracting the overlay may be carried out by taking
multiple measurements with different illumination intensi-
ties (stage 524) and extracting the overlay from interference
measurements for +1 diffraction orders and the different
illumination intensities (stage 526). The multiple measure-
ments with different relative intensities between the two
spots provides sufficient information to extract the cosines
C,(X).

FIG. 7 is a high level schematic illustration of a metrology
system 110 that may be adapted to measure targets 100 in the
multiple measurements example, according to some
embodiments of the invention. In the illustrated examples,
polarizers 145B, 155A may be inserted in association with
illumination arm 45 (e.g. in front of an exit lens 145A
thereof) and in to association with collection arm 55 (e.g.
before an entrance lens 155B, collection field stop 155C or
before or after exit lens 155D) respectively.

Example 2—Compensated Field Shifts

In certain embodiments, method 500 comprises setting
the illumination beams to exhibit no phase differences (stage
510) i.e. setting ¢, ,=0; imaging the wafer to a field conju-
gate plane (stage 530) and performing image shifting at the
field conjugate plane (stage 532), e.g. by modifying the
image to shift the image part containing one of the gratings
in the direction of the grating by N different shifts, with N=3,
compensating for the image shifting in the illumination
(stage 534) and extracting the overlay algorithmically from
the compensated image shifts (stage 536).

The following non-limiting example illustrates the
method with N=4 and

Pitch
Offset, =

7 ©
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with a=0,1,2, and 3. As the generalization to N=3 and Nz=5
is straightforward the following calculations can be easily
adjusted.

Image shifting 532 may be compensated by shifting the
illuminating beam in an opposite direction, to maintain the
overall position of the image unchanged (stage 534). For
example, the laser beam falling on the cell, whose image is
shifted, may be shifted back in illumination branch 45, so
that its position in the field conjugate plane after the image
shifting stage is unchanged.

The algorithmic extracting of the overlay may be carried
out using the N different collection pupil images in any of
the following non-limiting ways. Other algorithms and
algorithm combinations may be optimized with respect to
performance requirements of the system.

Algorithm (I):

For each diffraction order n=+1, and each illumination
pixel K, use linear combinations of the N signals to extract

two differential signals, D, ,, which are proportional to the
cosine and the sine of the phase

2rn-OVL-n

W e
s B P E + KX,

Bulk) =
respectively. The amplitude of these differential signals is
proportional to the amplitude of the fields, IEn(l’z)(T{)I, but

is independent of the phases Wn(l’z)(T{). Next, for each
order, construct the per-pixel complex number D,,,D,,

whose phase is equal to [3"(1’2)(?). Finally, using the dif-
ference AB(T{’):BH(E})—B_ 1(—?), and assuming the symme-

try properties of the phases ¥, ’2)(f), extract the overlay by
either writing

P -
OVL= —[A3(0) + AB(~K)].

or by calibrating the pupil, and subtracting 2K -X from each
B..(K).

Algorithm (II):

For each illumination pixel K, use the 2N signals obtained

from the +1° and —1°* of the N field offsets, to form four
linear combinations; two that are proportional to the sine of

2r-OVL -

yk) = Pitch +k-X

and two that are proportional to the cosine of y(Tf). For
example, if N=4, these four combinations are proportional to

the amplitudes IEn(l’z)(kf)I; also two of the combinations
(denoted as 01,2(F)) are proportional to the cosine of
Ap=y,, V(K)-p,, P(K) and the other two (denoted as 3, ,(
f)) to the sine of Ay. From these four differential signals

produce two complex numbers, whose phase is y(?) and
obtain two independent determinations of the OVL (both can

be obtained by either symmetrizing y(f)ey(f)w(—f) or
by performing a pupil calibration and subtracting from y(Tf)

the function K-X). Use these two overlay determinations to
form a weighted average overlay determination.
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Algorithm (II):

Form two combinations from the squares of o, ,2(f) and

61,2(T<)) defined above such that their size is independent of
Avy. These two combinations are proportional to the cosine

of y(?) and to its sine, respectively, and this allows one to

extract the phase y(X) itself. To determine the overlay
proceed as described in Algorithm (II).

Algorithm (IV):

For each diffraction order and each pupil coordinate, form
two linear combinations with pre-determined coefficients
that are optimized to reduce system noise and that follow
any of the well-known phase shifting algorithms in the
analysis of interferometric signals. These two combinations

are proportional to the sine and the cosine of BM(T{) from
Algorithm (I). Use these linear combinations in the same
way as Algorithm (I) uses them.

FIG. 8A is a high level schematic illustration of a metrol-
ogy system 110 that may be adapted to measure targets 100
in the compensated field shifts example, according to some
embodiments of the invention. In the illustrated example,
illumination arm 45 and collection arm 55 may comprise
respective field shift modules 146, 156 which may be
coordinated by a feedback and control unit 160. Field shift
modules 146, 156 may comprise, beside the field shift
mechanism, all relevant components and systems (e.g.
optics and mechanics) to enable correct illumination on
target 100 on substrate 50 and correct imaging of the
required signal on the detector.

In certain embodiments, compensated field shifts may be
combined with multiple measurements (see Example 1
above), for example in the following ways. One or more of
the measurements in the multiple measurements example
may be taken with a nonzero compensated field shift (stage
528) to remove ambiguities in the overlay measurements
and improve sensitivity, or one or more additional measure-
ments may be taken with a nonzero phase shift (stage 529)
to remove ambiguities and improve sensitivity.

In certain embodiments, these measurements may be
carried out with polarized or un-polarized light. If polarized,
the polarization of beams (1) and (2) can be identical or
different, and if the two polarizations are orthogonal, a
polarizer may be used at collection arm 55. The polarization
of the beams may be linear or polar (radial/azimuthal).

FIG. 8B is a high level schematic illustration of field
shifting mechanism 156 in collection arm 55 according to
some embodiments of the invention. Field shifting mecha-
nism 156 is applicable e.g., in Examples 2-4. FIG. 8B
illustrates schematically a possible configuration of collec-
tion arm 55 comprising, between field stop 155C at plane
171 and field stop 156D at plane 181, a set of lenses 156 A,
156B etc. with intermediate optical elements 194 (e.g.
prisms 174 or 184) as explained below with respect to
non-limiting examples presented in FIGS. 8C and 8D.
Distances between lenses 156A, 1568 etc. may be config-
ured as focal lengths (e.g., f,, {,, f; in FIG. 8B) or as double
focal lengths (e.g., f}, f,, and f, , {5, , in FIGS. 8C, 8D,
respectively) depending whether the optics are used to
generate Fourier transforms or images respectively, and do
not limit the scope of optical implementation. It is noted that
the indices of the focal length are not necessarily consistent
between different figures and merely represent examples for
certain optical arrangements.
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FIGS. 8C and 8D are high level schematic beams tracing
illustrations of non-limiting examples for field shifting
mechanisms 156 in collection arm 55 according to some
embodiments of the invention. These examples may also be
used, with necessary modifications, for field shifting mecha-
nism 146 in illumination arm 45. The two examples pre-
sented in FIGS. 8C and 8D may be replaces by other optical
arrangements.

FIG. 8C illustrates a configuration with prisms 174A,
174B as optical element 194 used to offset beams 175A,
175B with respect to each other (each corresponding to a
periodic structure 85 or cell 101 in target 100, denoted at
plane 171 as spots 170A, 170B), according to some embodi-
ments of the invention. The top and bottom parts of FIG. 8C
illustrate alternative positions of the prisms. When prisms
174A, 174B are placed after plane 172, they cause an offset
of the image at plane 181. Split prisms 174A, 174B are
placed to diffract only the respective beam 175A, 175B.
Thus, each wedge prism 174A, 174B effects only the respec-
tive image 170A, 170B of one of cells 101 and hence yields
an offset between the two images (Ay at plane 181). The
position of prisms 174A, 174B determines the extent of the
offset, as illustrated in the two beam tracing diagrams in
FIG. 8C.

FIG. 8D illustrates a configuration with prism 184 at two
positions 184A, 184B as optical element 194 used to offset
beams 182A, 182B imaging a periodic structure 85 or cell
101 in target 100, denoted at plane 171 as spots 170A or
170B), according to some embodiments of the invention.
FIG. 8D illustrates both alternative positions of prism 184 as
prisms at positions 184A, 184B. Prism 184 is characterized
by its wedge angle o and refractive index n and its relative
position Ax determines the offset Ay of the image at plane
181, as illustrated by the beam tracings 182A, 182B corre-
sponding to different positions 184A, 184B, respectively.
This embodiment is implemented using three intermediate
lenses 156A, 156B, 156C and can clearly be used in either
collection arm 55 or illumination arm 45 in any of the field
offset examples. In certain embodiments, FI1G. 8D illustrates
shifting one of spots 170A, 170B, and an additional prism
with an angle opposite to prism 184 (similarly to the
difference in orientation between prisms 174A, 174B) or a
different refractive index n may be positioned on the optical
path to shift another one of spots 170A, 170B, e.g. in an
opposite direction, implementing a split prism configuration.

FIG. 8E is a high level schematic illustration of metrology
system 110 with compensated field shifting according to
some embodiments of the invention. In the compensated
field shifting example, the illumination beam on target cell
image is shifted to compensate for the field shifting, as
explained above. FIG. 8E hence illustrates illumination arm
45 with a beam shifting module 146 with respective lenses
and optical elements 194 which may be configured along the
same principles that were explained in relation to the col-
lection arm field shifting (FIGS. 8C, 8D).

FIG. 8F is a high level schematic illustration of a two
dimensional arrangement of optical elements 194, according
to some embodiments of the invention. Optical elements 194
may be configured to shift images of a two dimensional cell
array (as illustrated e.g. in FIGS. 2B, 12A-12C) for example
wedge or split prisms 174 or 184 may be oriented according
to the arrows in FIG. 8F. For examples, split prisms 184 may
be built to facilitate both x and y targets at the same time as
well as all cells at the same time for a four cell target.

Example 3—Wafer Shifts

In certain embodiments, method 500 comprises perform-
ing image shifts physically (stage 538) and extracting the
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overlay algorithmically along principles similar to the ones
described in Example 2. Generally, physical image shift,
carried out by moving the wafer, may replace all or some of
the N signals described above. In certain embodiments,
images of each side-by-side cell couple may be taken once,
without any spot compensation procedure.

Example 4—Uncompensated Field Shifts

In certain embodiments, method 500 comprises process-
ing uncompensated shifted images with respect to phases
which are dependent of the pupil coordinates (stage 540) and
calibrating the pupil to calculate the phase and extract the
overlay therefrom (stage 542). Instead of shifting the image
in the conjugate field plane by N=3 amounts A,_, , |
and shifting the spot back on the wafer by minus these
amounts as described in Example 2, the image shifting may
be performed without the compensated spot shifting. Such
shifting provides each pupil point with a pupil-coordinate
dependent phase. Performing a pupil calibration enables one

to know these phases. With that knowledge, both Bn(f) and

y(?) may be extracted using the algorithms described above,
and consequently the overlay may be extracted by any of the
methods described above in Example 2.

FIG. 9A is a high level schematic illustration of a metrol-
ogy system 110 that may be adapted to measure targets 100
in the uncompensated field shifts example, according to
some embodiments of the invention. In the illustrated
example, collection arm 55 may comprise field shift module
156 without any field shift module in the illumination arm
(see only lens 145A). Field shift module 156 may comprise,
beside the field shift mechanism, all relevant components
and systems (e.g. optics and mechanics) to enable correct
imaging of the required signal on the detector.

FIG. 9B is a high level schematic illustration of metrology
system 110 with uncompensated field shifting according to
some embodiments of the invention. In the uncompensated
field shifting example, the target cell image is shifted,
effectively, without moving the spot. Field shifting may be
carried out according to similar principles as illustrated in
FIGS. 8A-8F and the optical elements may be built to
facilitate both x and y targets at the same time as well as all
cells at the same time, e.g. for a four cell target.

Example 5—Phase Shifts

In certain embodiments, method 500 comprises measur-
ing pupil images corresponding to several values of illumi-
nation phase (stage 544), by setting ¢,=0, Offset=0 and the
illumination phases to a predetermined set of N values
_____ ~- The measured corresponding N pupil
images are used to extract the overlay in any of the algo-
rithms described in the sections of Example 2 presented
above.

In certain embodiments, these measurements may be
carried out with polarized or un-polarized light. If polarized,
the polarization of beams (1) and (2) can be identical or
different, and if the two polarizations are orthogonal, a
polarizer may be used at collection arm 55. The polarization
of the beams may be linear or polar (radial/azimuthal).

FIG. 10A is a high level schematic illustration of a
metrology system 110 that may be adapted to measure
targets 100 in the phase shifts example, according to some
embodiments of the invention. In the illustrated example,
illumination arm 45 may comprise a phase shift module 147.
Phase shift module 147 may comprise, beside the phase shift



US 9,739,702 B2

23

mechanism, all relevant components and systems (e.g.
optics and mechanics) to enable correct illumination of
target 100 on substrate 50 and collection arm 55 includes all
required components and systems to enable correct imaging
of the required signal on the detector. Phase shift module
147 is arranged to generate a global phase difference
between the two spots (illumination beams), either in illu-
mination arm 45 or in collection arm 55, as exemplified here
and in the following Examples 6-8. Beam phases may be
shifted by various means, e.g., by introducing an index of
refraction based phase modulator to one of the beams. For
example, phase shift module 147 may be based on any of the
Pockets effect or the Kerr effect, and may comprise e.g.,
LiNbO; modulators, fiber based modulators, free space
modulators, waveguide modulators, optical path based
modulators (e.g., optical delay lines) or a phase SLM
(Spatial Light Modulation), possibly for finer tuning (real-
ized e.g. by MEMS, liquid crystals etc.).

Example 6—Phase Shifts with a Polarized
Collection Field Stop

FIG. 10B is a high level schematic illustration of a
metrology system 110 that may be adapted to measure
targets 100 with a polarized collection field stop, according
to some embodiments of the invention.

In certain embodiments, method 500 comprises using
mutually orthogonal polarized illumination beams (stage
550) and configuring the collection field stop to have respec-
tive polarizers to separate the illumination beams (stage 552)
to improve the accuracy of overlay measurements by reduc-
ing the leakage of light from the tail of one beam falling onto
the other cell and vice-versa.

At the collection field stop plane (CFS 155C) plane, CFS
155C may be divided into two parts 187A, 187B, namely
CFS part 187A that is aligned with target cell 101A, on
which respective illumination beam 169A is incident, and
CFS part 187B that is aligned with target cell 101B, on
which respective illumination beam 169B is incident. Col-
lection field stop 155C may have a polarizer 155G with a
polarization angle that is parallel to the polarization axis in
CFS part 187A and a polarizer 155H with a polarization
angle that is parallel to the polarization axis in CFS part
187B. This “polarized CFS” reduces the leakage of light
from the tail of illumination beam 169A {falling onto cell
101B and vice-versa. In addition, a polarizer 1551 may be set
before the pupil detection plane. The polarization angle of
polarizer 1551 may be optimized in accordance to sensitivity,
to achieve optimal contrast of the cross polarized incident
beams. It is noted that the input polarization need not be
linear, and one can use, for example, radial polarization in
beam 169A and azimuthal polarization in beam 169B, with
respective polarizers in the CFS parts 187A and 187B. For
example, parts 187A, 187B may be two halves of CFS 155B
with orthogonal polarizations. In certain embodiments, a
complete control of the polarization distribution may be
achieved in illumination arm 45 and/or in collection arm 55,
e.g., by use of a polarization sensitive SLM such as a liquid
crystal device. In certain embodiments, CFS 155C may be
apodized. In certain embodiments, the polarization control
may be carried out in a single plane as the aperture limit or
in a different plane (e.g., either another field conjugate plane
or an intermediate plane).

In certain embodiments, multiple polarizers may be used
in the collection path, e.g., collection arm 55 may be
duplicated after collection field stop 1550 into two collection
arms (i.e. two polarizers 155H and two pupil cameras 59
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may be placed at the end of the two collection arms).
Importantly, one needs to tune polarizer no. 1 to have angle
a and polarizer no. 2 to have angle —a (with a chosen to
optimize overlay sensitivity). To understand why, consider
the interference of light coming from beam no. 1 (which is,
for example, X-polarized in illumination) and reflecting off
cell no. 1, with the tail of beam no. 2 (which, in this example,
is Y-polarized in illumination), that is also reflected off cell
no. 1, and that was rotated into an X-polarized light. Because
this interference term does not contain overlay information
it causes overlay inaccuracy. Interestingly, however, this
interference term does not flip sign under the transformation
a—-a.. In contrast, the interference terms which do contain
overlay information switch their sign when o does. There-
fore, if the signals are subtracted from the two cameras 59,
aportion of the signal inaccuracy is removed and the overlay
accuracy is improved.

Example 7—Collection Phase Shifts

In certain embodiments, method 500 comprises shifting
phases of the reflected beams in the collection arm (stage
555) by placing a phase modulator, which induces the phase
onto one of the beams, into collection arm 55 (instead of in
illumination arm 45 as described in Example 5). Extraction
of the overlay is equivalent to that explained above in the
“compensated field shifts” and the “phase shifts” Examples
2 and 5. As in former examples, the beams may be polarized
to improve the measurements accuracy and the collection
field stop may comprise respective polarizers as explained in
Example 6. The input polarization need not be linear polar-
izations, and one can use, for example, radial polarization in
beam (1) and azimuthal polarization in the other.

FIG. 10C is a high level schematic illustration of a
metrology system 110 that may be adapted to measure
targets 100 in the collection phase shifts example, according
to some embodiments of the invention. In the illustrated
example, collection arm 55 may comprise a phase modula-
tion mechanism 157 associated with CRS 155C.

Example 8—Pupil Phase Shifts

In certain embodiments, method 500 comprises shifting
phases of the reflected beams in the pupil plane (stage 560).
A phase inducer (for example, a rotating plate with N
wedges, each corresponding to a specific phase shifts) is
placed in a pupil plane on collection arm 55. In certain
embodiments, phase shifts may be applied with respect to
the polarization of the beam (stage 562). The phase inducer
may be controlled to induce phase-shifts only to one polar-
ization (for example, only to an X-polarized light), and in a
known way that depends on the plate’s properties and the
light’s wavelength. In certain embodiments, different phases
may be induced for the 1 diffraction orders and/or for
different diffraction orders (stage 564). The phase inducer
may be controlled to induce a different phase onto the +1*
diffracted light and the —1* diffracted light, with relative
phases ¢, , . | ~- Lo extract the overlay from the
corresponding N pupil images, any one of the steps and
algorithms described above in Example 2 (compensated
field shifts) may be used.

With respect to phase shifts disclosed in any of the above
examples, in certain embodiments, continuous phase shifts
may be induced and the shifts may be made discrete by the
pixel light integration procedure at detector 59 (stage 566).

With respect to phase shifts disclosed in any of the above
examples, in certain embodiments, method 500 comprises
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applying a per-pixel weight during the extraction of the
overlay (stage 570). In certain embodiments, the pixel
weights may be chosen to optimize the signal to noise ratio
of'the overlay measurement on each pixel (stage 572) and in
certain embodiments, the pixel weights may be used to
perform a weighted average of the overlay across the pupil
(stage 574).

In certain embodiments, the per-pixel weights may be
used to provide direct and on-the-fly accuracy metrics. Since
side-by-side SCOL involves two beams falling on two
different gratings, the beam on one of the gratings may be
turned off to measure the pupil image and conclude whether
there is a per-pixel asymmetry. If such asymmetry exists, it
is cause for an overlay inaccuracy, which may thus be
identified, evaluated and reported. In all Side-by-side SCOL
technologies, excluding the multiple measurement technol-
ogy (Example 1) and algorithms II and III (in Example 2),
the overlay information is found in the phase of the complex
differential signal Z=D1+4iD2. In particular, the overlay is
extracted from the difference in the phases that correspond
to Z(p) and Z(p') that are located at pupil point p and p',
where p' is the 180° rotation of p (see FIG. 5A). Further
information, however, may be found in the amplitude of
Z(p) and Z(p"). Specifically, if no inaccuracy is present, these
amplitudes should be equal. Based on this simple observa-
tion, one can optimize a per-pixel weight which decreases as
IZ(p)l becomes more different than 1Z(p")| and provide the
customer with a confidence level in the overlay measure-
ment, which by itself may be used as an indicator for global
target noise, grating asymmetry, target-size related inaccu-
racy, etc. In certain embodiments thus, method 500 may
comprise using either the per-pixel asymmetry with respect
to an illumination of one of the periodic structures and a
comparison of the signal amplitudes at opposite pixels to
estimate inaccuracies.

In any of the disclosed examples, method 500 may
comprise in certain embodiments, calibrating the pupil using
the overlay measurements (stage 580). Several of the algo-
rithms presented above involve the averaging of a function

F(K) across the plus and minus 1% order circles in a

symmetric way (f(K)+f(=K)). This requires that the points
A, on the plus and minus 1% order circles on the detector, in

which K=0, are known. Assuming that the center of the
whole collection pupil A, is known, (which is imperative in
all 1% order SCOL technologies), the points A, can be
obtained if an angle 6 between the detector’s coordinate
system and the grating-cell’s coordinate system is known.
The following options exemplify methods of estimating 6.

A first option is to apply a mathematical alignment in
which the angle 6 is measured using a field camera in the
normal procedure, by measuring the tilt between two grating
cells that are very far apart on the wafer. In addition, a lens
may be inserted before the field camera, so to make it into
a pupil camera, on which the overlay measurement in done.
This makes sure that the measured 0 is between the grating
cell coordinate system in the field plane and the coordinate
system of the pupil plane on the detector.

A second option is to apply a pupil TIS (tool induced
shift) calibration, namely by measuring a TIS map from the
measurement of the overlay of a single grating and subtract-
ing the TIS map from the actual overlay pupil map. As the
angle 0 introduced a purely TIS error which is only a
function of 6 and the distance between the spots and is a
purely geometrical contributor, the proposed TIS calibration
removes the error introduced by the angle 6.
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In any of the disclosed examples, method 500 may
comprise in certain embodiments, modulating the beam
amplitudes by apodizer(s) in pupil plane and/or in field plane
(stage 590). These apodizers may, for example, take the
form of the Blackman apodizers, or any other type of
modulation of the light amplitude in the corresponding
plane.

FIG. 10D is a high level schematic illustration of a
metrology system 110 that may be adapted to measure
targets 100 in the pupil phase shifts example, according to
some embodiments of the invention. In the illustrated
example, a phase modulating mechanism 158 is positioned
at pupil plane. The illumination and collection arms 45, 55
include all required components and systems to enable
correct illumination of target 100 on substrate 50 and
collection of the required signal on detector 59, accordingly.

In certain embodiments, the phase modulation may be
polarization sensitive. Such feature could be achieved for
example by using a birefringent electro-optic material (e.g.
LiNbO;) to apply the phase shift only for one of the
polarizations that pass through the material. The geometrical
arrangement of the component could be used to facilitate a
different phase shift for different orders in the pupil (e.g. +1
and -1 diffraction orders).

Combinations of Technologies

This section illustrates some non-limiting examples for
implementing system 110 according to the principles dis-
closed above and in combination with systems disclosed
elsewhere in order to achieve reciprocal enhancement of
their features. FIGS. 11A-D are high level schematic illus-
trations of such metrology systems 110, according to some
embodiments of the invention.

FIG. 11A is a high level schematic illustration of a
metrology system 110 that combines spot splitting with
optical offsets or phase modulations (Examples 2-8 pre-
sented above), according to some embodiments of the inven-
tion.

FIG. 11B is a high level schematic illustration of a
metrology system 110 that enables alternation between using
spot splitting with phase shilling and using a de-coherence
module 191 in illumination arm 45, according to some
embodiments of the invention. Module 190 in illumination
arm 45 comprises two arms with two alternate beam paths
split by beam splitter 42A. One sub-beam goes through an
aperture stop and an illumination field stop and then through
a spot splitting and phase shift module (optionally with
power balancing) 42B, 147. Another sub-beam is collimated
and passed through a de-coherence module 191, which may
comprise an aperture stop and a contrast enhancer associated
with an illumination field stop. De-coherence module 191
enables imaging metrology of diffraction orders as an addi-
tional feature of system 110. The optical paths of the two
sub-beams are re-combined at a beam splitter 193 to allow
switching between de-coherent illumination and split-spot
phase shifted illumination.

FIG. 11C is a high level schematic illustration of a
metrology system 110 that combines spot splitting and phase
shifting with a near field technologies (illustrated e.g., in
WIPO Patent Document No. PCT/US13/47682, incorpo-
rated herein by reference in its entirety), according to some
embodiments of the invention. In such embodiments, the
optical interaction of illumination beams 169A, 169B with
target cells 101A, 101B is carried out in the near-field and
may utilize near field effects to enhance various features of
the measurements that result from the side by side targets
and optimize various aspects of the overlay extraction. A
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waveplate 52 may be introduced before objective 51 to
enhance sensitivity and increase information content.

In certain embodiments, metrology system 110 with side
by side targets may also be used for imaging (instead of
scatterometry overlay measurements) or may be integrated
with current SCOL systems and targets. Also, any combi-
nation of the above examples may be used to enhance
measurements, as illustrated in FIG. 14.

FIG. 11D is a high level schematic illustration of a
metrology system 110 that combines spot splitting with
phase modulation, de-coherence system 190 and a near field
technologies, according to some embodiments of the inven-
tion. System 110 in these embodiments combined features of
systems 110 from FIGS. 11B and 11C.

Multiple Side by Side Targets

Current overlay measurement technologies that rely on
scatterometry require the manufacture of “grating-over-
grating” targets that comprise two gratings in the same
direction and of the same pitch in the respective layers
between which one wishes to measure the overlay error.
Current SCOL technologies use two such targets to measure
the positive and negative first diffraction, so that measuring
overlays among N layers generally require ca. N* targets
(e.g., N(N-1)/2).

FIG. 12A-12C are high level schematic illustration of
metrology targets 100 with multiple cells, according to some
embodiments of the invention. Illustrated target 100 may
comprise N cells at N different layers, in the non-limiting
illustrated example N=6 with target 100 comprising cells
101A, 101B, 101C, 101D, 101E and 101F positioned at six
different layers, each having periodic structures 85 with the
same pitch. Target 100 enables the measurement of overlay
between the N layers processed in lithography during semi-
conductor manufacture to be performed accurately on
metrology structures of reduced dimensions compared with
the state of the art by using the side-by-side overlay scat-
terometry paradigm.

In the side by side paradigm, targets 100 use the wafer
area in a much more efficient way to yield measurement
results. In the illustrated example, cells 101 may be desig-

nated by an arbitrary relative position vector T and the spot
splitting may be dependent on r to allow measuring the
overlay error using any pair of cells 101. For example, FIG.
12B illustrates extracting the overlay for measurements
using cells 101A, 101B, while FIG. 12C illustrates extract-
ing the overlay for measurements using cells 101C, 101F.

Taking a non-limiting example of using the side by side
paradigm as implementing a phase shift interferometer (see
e.g., Example 5), a given spatial distribution of N single
gratings 85 at N layers on the wafer (e.g., all with the same
grating pitch 103, and the same grating direction 102), any
pair of cells 101 may be used to measure the relative overlay.
The real-estate (used wafer area) of target 100 for measuring
overlays among N layers is thus proportional to N, in
contrast to current SCOL technologies which require a real
estate that is proportional to N2,

Advantages of the Proposed Side by Side Technology with
Respect to SCOL

The following are some of the advantages of certain
embodiments of the invention with respect to using the
proposed side by side technology in scatterometry overlay
(SCOL) measurements.

Zero algorithmic inaccuracy. Current SCOL technologies
are fundamentally based on the assumption that the way the
SCOL signal depends on the programmed offset and the
induced offset is a simple series in cos & (2mm(programmed
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offset+overlay)/Pitch) and sin & (2mm(programmed offset+
overlay)/Pitch) with m any integer number. Depending on
details, current SCOL technologies measure only a limited
number of SCOL signals (those that correspond to a limited
number of values for the total offset). This fact necessarily
means that the overlay measurement involves a generic
inaccuracy. This inaccuracy depends on many things (like
the specific stack, the programmed offset, the overlay, the
target design, and the algorithm), and can reach a few
nanometers in problematic stacks and a few angstroms in
others. In addition, finite target size effects cause deviations
of the signal form from a sum of sines and cosines. This
causes additional algorithmic inaccuracy which increases as
the target size decreases. As explained in the previous
sections pertaining to the specifics of the different side-by-
side SCOL technology, the algorithmic inaccuracy of all
side-by-side technologies is zero.

Low sensitivity to illumination asymmetry. Current first
order SCOL technologies extract the overlay from the dif-
ference in intensity at pupil pixel p and the 180 deg rotated
pupil pixel p'. In the presence of illumination asymmetry,
this intensity difference reflects both the overlay and the
illumination asymmetry itself. This causes TIS and TIS3S,
which is directly proportional to the per-pixel illumination
asymmetry. To overcome this and decrease TIS and TIS3S,
current first order SCOL technologies use a variety of
prescriptions to cancel out the TIS and TIS3S due the
illumination asymmetry that involve a variety of error-prone
calibrations to correct for illumination asymmetry. All these
prescriptions involve errors that are best avoided. In most
side by side SCOL technologies (Algorithms II and III
excluded), two differential signals are initially extracted
from the 1st and -1st order, and then, two phases which
contain the overlay are extracted from these two signals. The
overlay is contained in the difference between these two
phases. Importantly, because the overlay is contained in
phase information which is probed directly by the technol-
ogy and for each order separately, there is no dependence on
illumination asymmetry and the resulting TIS and TIS3S is
Zero.

Good overlay sensitivity. The overlay sensitivity of cur-
rent SCOL technologies is partly determined by the number
N of the signals collected from the target, which is equal to
the number of cells that are printed on the target. It also
depends on the value of the programmed offsets printed by
the scanner. The number N in current SCOL technologies
(like 1st order and Oth order SCOL) is limited by cost of
ownership considerations, and for example at 1st order
SCOL one usually sets N=2 and in Oth order SCOL one sets
N=4. The value of the programmed offsets is determined by
optimizing a balance between sensitivity and algorithmic
accuracy. Because Side-by-side technologies have zero
algorithmic inaccuracy, and because the N signals obtained
in the side by side paradigm all come from the same two
cells (excluding Example 3—wafer shifts), but have differ-
ing illumination/collection configurations, then for the same
number of physical printed cells, the sensitivity is much
optimized compared to current SCOL technologies.

Low sensitivity to target asymmetry. Current first order
SCOL technologies are very sensitive to grating asymmetry.
In particular, while a grating asymmetry of a few percents
(in, for example, the side-wall-angles) can cause a few
nanometers of an ambiguity in the definition of the overlay,
current 1st order SCOL technologies tend to amplify these
few nanometers to much larger inaccuracy, reaching tens of
nanometers on occasions. The basic reason for this ampli-
fication is that the overlay signal in current first order SCOL
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technologies is extracted from differences of intensities and
s0 it is sensitive to the asymmetry of the amplitude of the
electromagnetic fields induced by the grating asymmetry.

In contrast to that, most side-by-side SCOL technologies
excluding Algorithm II and III), are only sensitive to the
phase asymmetry generated by the grating asymmetry, and
this phase asymmetry is nothing but the overlay ambiguity.
Thus, excluding Algorithm II and III, side by side SCOL
technologies have a minimal sensitivity to global target
asymmetry.

Low sensitivity to target noise. Current SCOL technolo-
gies can be very sensitive to random target noise for
example, to random induced topography). Such target
imperfection is caused by the incompatibility of the process
to the target pitch, especially when a grating over grating
SCOL stack is printed. Also, in current SCOL technologies,
if one wishes to increase overlay sensitivity in current SCOL
technologies, and/or reduce the algorithmic inaccuracy, one
is led to printing more grating-over-grating cells with addi-
tional programmed offsets, which lead to an increased level
of target noise, and so to degraded accuracy. Since side-by-
side SCOL technologies are not grating-over-grating targets,
they are expected to be much more process compatible. In
addition, an increase of the number of signals N (so to
improve sensitivity or reduce effects of slowly oscillating
system noise, for example) does not increase target-noise
related inaccuracy because all N signals are taken from the
same physical cells (here we exclude the “wafer shifts”
technology).

Zero sensitivity to intra-target process variation. Current
SCOL technologies assume that the only difference between
the cells contained in one target are the programmed offsets.
Even in the absence of random target noise this assumption
may be broken by intra-target process variations. These
process variations cause a cell-to-cell variability in the
reflectivity which is additional to the variation due to the
programmed offset. In side by side SCOL, there is only one
cell on each layer and so intra-target process variations are
a non-issue (excluding the Example 3—wafer shifts).

Low real-estate arca for given sensitivity: For the same
reasons explained above, increasing the number of signals N
by a factor f in current SCOL technologies increases target
size by roughly f. In contrast, the target size in all side-by-
side technologies is independent on N. In addition, and as
explained above, there is a possibility to simultaneously
measure overlays along the X and Y directions, with only
two cells, while the minimal number of cells that are
required in current SCOL technologies is four. Finally, to
measure the overlay between multitudes of layers in current
SCOL technologies requires a grating over grating SCOL
target for each of the layers’ pairs. In contrast, in side by side
SCOL, a single grating for each layer is required.

Low sensitivity to fully correlated noise. Current SCOL
technologies are very sensitive to fully correlated noise, and,
to avoid inferior TMU and accuracy, the tolerance on fully
correlated system noise is quite tight. In contrast, in side by
side SCOL, the fully correlated noise contribution to preci-
sion is minimal because, as a result of the inter-beam
distance, the signal on the pupil is strongly oscillating with
the pupil coordinate. This causes the influence of the fully
correlated noise to be much reduced from its “naive” value.

The side by side paradigm also allows for performance
optimizations which arise from the fact that side by side
SCOL involves two coherent beams and so there is a larger
space of system parameters to be optimized over. These
kinds of performance optimizations are thus not possible in
current SCOL technologies. (1) Per-beam light intensity
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tuning. In stacks where the contrast is sub-optimal (because
one grating is more reflective than the other), the light level
of'one beam may be tuned relative to the other beam, to shed
less light on the more reflective layer. This was shown in
simulations to enable the measurements of certain challeng-
ing stacks. (2) Using cross-polarized beams and optimizing
the analyzer angle. For the same stacks where the contrast is
sub-optimal, and if one uses one of the side by side tech-
nologies that involve cross-polarized beams, the angle of the
final polarizer which enables the interference between the
cross-polarized beams, can be tuned to enable optimal
contrast. In addition, the choice of the polarization axes
along which the incident beams are polarized can be used as
a knob to optimize the performance of the side by side
technology.

In the above description, an embodiment is an example or
implementation of the invention. The various appearances of
“one embodiment”, “an embodiment”, “certain embodi-
ments” or “some embodiments” do not necessarily all refer
to the same embodiments.

Although various features of the invention may be
described in the context of a single embodiment, the features
may also be provided separately or in any suitable combi-
nation. Conversely, although the invention may be described
herein in the context of separate embodiments for clarity, the
invention may also be implemented in a single embodiment.

Certain embodiments of the invention may include fea-
tures from different embodiments disclosed above, and
certain embodiments may incorporate elements from other
embodiments disclosed above. The disclosure of elements of
the invention in the context of a specific embodiment is not
to be taken as limiting their used in the specific embodiment
alone.

Furthermore, it is to be understood that the invention can
be carried out or practiced in various ways and that the
invention can be implemented in certain embodiments other
than the ones outlined in the description above.

The invention is not limited to those diagrams or to the
corresponding descriptions. For example, flow need not
move through each illustrated box or state, or in exactly the
same order as illustrated and described.

Meanings of technical and scientific terms used herein are
to be commonly understood as by one of ordinary skill in the
art to which the invention belongs, unless otherwise defined.

While the invention has been described with respect to a
limited number of embodiments, these should not be con-
strued as limitations on the scope of the invention, but rather
as exemplifications of some of the preferred embodiments.
Other possible variations, modifications, and applications
are also within the scope of the invention. Accordingly, the
scope of the invention should not be limited by what has thus
far been described, but by the appended claims and their
legal equivalents.

What is claimed is:

1. A method of estimating an overlay error between at
least two layers, the method comprising:

illuminating a metrology target that comprises at least two

periodic structures which are at different layers, are
along a direction parallel to the target and have a same
pitch, such that at least two of the at least two periodic
structures are arranged such that they at least partly
share a same border or line with each other when
observed from a perspective perpendicular to the target
and do not overlap in a direction perpendicular to the
target, wherein the metrology target is symmetric with
respect to a 180° rotation about an axis that is perpen-
dicular to the target, and wherein the illumination is
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carried out simultaneously with respect to the at least
two periodic structures in order to effect a result
selected from the group of:
eliminating an algorithmic inaccuracy which is
inversely proportional to a size of the target;
reducing a sensitivity to an illumination asymmetry;
improving an overlay symmetry;
reducing a sensitivity to a target asymmetry;
reducing a sensitivity to a target noise;
eliminating a sensitivity to intra-target process varia-
tions;
reducing a size of the target required to be used at a
given sensitivity;
reducing a sensitivity to a fully correlated noise; and
increasing an optimization potential by increasing a
space of system parameters to be optimized over;
measuring interference of at least one diffraction order
from the at least two periodic structures; and
extracting the overlay error from the measured interfer-
ence.
2. The method of claim 1, wherein the rotational symme-

try satisfies wn(“)(ﬁ)ﬂp_n(“)(—ﬁ), where a is a layer, k is a
position in a pupil plane, n is a diffraction order number, and
W is a phase function of an electric field.

3. The method of claim 1, further comprising introducing
a controlled variable that affects at least one of the illumi-
nation and collection beams from at least one of the periodic
structures, and extracting the overlay error from the mea-
sured interference with respect to the introduced controlled
variable.

4. The method of claim 1, further comprising:

setting the illumination beams to exhibit no phase differ-

ences;

illuminating separately each periodic structure to measure

respective diffracted intensities;

illuminating simultaneously the periodic structures to

measure an interference term; and

extracting an overlay from the interference term for =1

diffraction orders and opposite locations k.

5. The method of claim 4, further comprising choosing a
programmed offset between the periodic structures to sim-
plify the overlay extraction.

6. The method of claim 4, further comprising using three
periodic structures, a first structure in one layer and two
structures in another layer with different programmed offsets
with respect to the first structure and extracting the overlay
from the interference terms for +1 diffraction orders of the
two structures in the same layer and the two structures in the
same layer.

7. The method of claim 1, further comprising:

taking multiple measurements with different illumination

intensities to extract the overlay; and

extracting the overlay from the interference measure-

ments for +1 diffraction orders and the different illu-
mination intensities.

8. The method of claim 1, further comprising:

imaging the metrology target to a field conjugate plane;

performing image shifting at the field conjugate plane;

compensating for the image shifting; and

extracting the overlay algorithmically from the compen-
sated image shifts.

9. The method of claim 1, further comprising:

imaging the metrology target to a field conjugate plane;

performing image shifting at the field conjugate plane;

processing uncompensated shifted images with respect to
phases which are dependent of pupil coordinates; and
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extracting the overlay algorithmically from the processing

uncompensated shifted images.

10. The method of claim 9, further comprising calibrating
the pupil to calculate the phases and extract the overlay
therefrom.

11. The method of claim 9, further comprising measuring
pupil images corresponding to several values of illumination
phases.

12. The method of claim 1, further comprising shifting a
phase of at least one of the illumination and collection beams
from at least one of the periodic structures, and extracting
the overlay error from the measured interference with
respect to the shifted phase.

13. The method of claim 12, further comprising:

using mutually orthogonal polarized illumination beams;

configuring a collection field stop to have respective

polarizers to separate the illumination beams; and
shifting phases of the reflected beams in the collection
arm with respect to the polarization of the beams.

14. A metrology system comprising:

an illumination arm arranged to illuminate a metrology

target that comprises at least two periodic structures
which are at different layers, are along a direction
parallel to the target and have a same pitch, such that at
least two of the at least two periodic structures are
arranged such that they at least partly share a same
border or line with each other when observed from a
perspective perpendicular to the target and do not
overlap in a direction perpendicular to the target,
wherein the metrology target is symmetric with respect
to a 180° rotation about an axis that is perpendicular to
the target, and wherein the illumination is carried out
simultaneously with respect to the at least two periodic
structures in order to effect a result selected from the
group of:
eliminating an algorithmic inaccuracy which is
inversely proportional to a size of the target;
reducing a sensitivity to an illumination asymmetry;
improving an overlay symmetry;
reducing a sensitivity to a target asymmetry;
reducing a sensitivity to a target noise;
eliminating a sensitivity to intra-target process varia-
tions;
reducing a size of the target required to be used at a
given sensitivity;
reducing a sensitivity to a fully correlated noise; and
increasing an optimization potential by increasing a
space of system parameters to be optimized over;

a collection arm arranged to measure interference of at

least one diffraction order from the at least two periodic
structures; and

a processor arranged to extract an overlay error from the

measured interference.

15. The metrology system of claim 14, wherein the

rotational symmetry satisfies wn(“)(f):w_n(“)(—F), where a
is a layer, k is a position in a pupil plane, n is a diffraction
order number, and is a phase function of an electric field.

16. The metrology system of claim 14, wherein at least
one of the illumination arm and the collection arm comprises
an introduced controlled variable that affects beams from at
least one of the periodic structures, and the processor is
arranged to extract the overlay error from the measured
interference with respect to the introduced controlled vari-
able.
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17. The metrology system of claim 16, wherein the
controlled variable is at least one of: a phase, a polarization,
and an intensity of the effected beam.

18. The metrology system of claim 14, wherein the
illumination arm is arranged to:

set illumination beam to exhibit no phase differences;

illuminate separately each periodic structure to measure

respective diffracted intensities; and

illuminate simultaneously the periodic structures to mea-

sure an interference term, and

wherein the processor is arranged to extract the overlay

from the interference term for +1 diffraction orders and
opposite locations k.

19. The metrology system of claim 18, wherein a pro-
grammed offset is chosen between the periodic structures
and the processor is arranged to extract the overlay with
respect to the programmed offset.

20. The metrology system of claim 18, wherein the target
comprises three periodic structures, a first structure in one
layer and two structures in another layer with different
programmed offsets with respect to the first structure and
wherein the processor is arranged to extract the overlay from
the interference terms for =1 diffraction orders of the two
structures in the same layer and the two structures in the
same layer.

21. The metrology system of claim 14, wherein the
illumination and collection arms are arranged, respectively,
to take multiple measurements with different illumination
intensities; and the processor is arranged to extract the
overlay from the interference measurements for +1 diffrac-
tion orders and the different illumination intensities.

22. The metrology system of claim 14, wherein the
collection arm is arranged to take one or more measurements
with a nonzero compensated field shift.

23. The metrology system of claim 14, wherein the
collection arm is arranged to take at least one additional
measurement with a nonzero phase shift.

24. The metrology system of claim 14, wherein the
collection arm is arranged to:

image the metrology target to a field conjugate plane;

perform image shifting at the field conjugate plane; and

compensate for the image shifting; and

wherein the processor is arranged to extract the overlay

algorithmically from the compensated image shifts.

25. The metrology system of claim 24, wherein the
illumination arm is arranged to carry out the compensation
optically.

26. The metrology system of claim 24, further arranged to
carry out the compensation by physically shifting the target.

27. The metrology system of claim 14, wherein the
collection arm is arranged to image the metrology target to
a field conjugate plane and perform image shifting at the
field conjugate plane; and wherein the processor is arranged
to process uncompensated shifted images with respect to
phases which are dependent of pupil coordinates and to
extract the overlay algorithmically from the processing
uncompensated shifted images.

28. The metrology system of claim 27, wherein the
processor is further arranged to calibrate the pupil to calcu-
late the phases and extract the overlay therefrom.

29. The metrology system of claim 27, further arranged to
measure pupil images corresponding to several values of
illumination phases.

30. The metrology system of claim 14, wherein at least
one of the illumination arm and the collection arm is further
arranged to shift a phase of at least one of the illumination
and collection beams, respectively, from at least one of the
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periodic structures, and wherein the processor is further
arranged to extract the overlay error from the measured
interference with respect to the shifted phase.

31. The metrology system of claim 30, wherein the phase
shifting is carried out in the pupil plane.

32. The metrology system of claim 30, wherein the
illumination arm is arranged to use mutually orthogonal
polarized illumination beams, wherein a collection field stop
is configured to have respective polarizers to separate the
illumination beams, and wherein the collection arm is
arranged to shift phases of the reflected beams with respect
to the polarization of the beams.

33. The metrology system of claim 30, wherein the
collection arm comprises at least two paths having inverse
polarizations and collected by at least two respective pupil
cameras, the inverse polarizations selected to minimize
interference terms that do not contain overlay information.

34. The metrology system of claim 30, further arranged to
induce different phases for at least one of the +1 diffraction
orders and different diffraction orders.

35. The metrology system of claim 30, further arranged to
induce continuous phase shifts and make the shifts discrete
by a pixel light integration procedure.

36. The metrology system of claim 14, wherein the
processor is further arranged to apply a per-pixel weight
during the extraction of the overlay.

37. The metrology system of claim 36, wherein the
processor is further arranged to choose the pixel weights to
optimize a signal to noise ratio of the overlay measurement
on each pixel.

38. The metrology system of claim 36, wherein the
processor is further arranged to use the pixel weights to
perform a weighted average of the overlay across the pupil.

39. The metrology system of claim 36, further arranged to
calibrate the pupil using the overlay measurements.

40. The metrology system of claim 36, wherein the
collection arm is further arranged to modulate beam ampli-
tudes by at least one apodizer in at least one of pupil and
field planes.

41. The metrology system of claim 14, further comprising
a beam splitter arranged to split electromagnetic radiation
from at least one source to yield at least two illumination
beams which illuminate respective periodic structures
simultaneously via the illumination arm.

42. The metrology system of claim 41, wherein the
metrology target comprises N>2 periodic structures at N
wafer layers, all structures having a same pitch and a same
direction, and wherein the beam splitter and the illumination
arm are arranged to controllably yield and direct illumina-
tion beams at selected periodic structures.

43. A metrology target comprising at least two periodic
structures which are at different layers, are along a direction
parallel to the target and have a same pitch, such that at least
two of the at least two periodic structures are arranged such
that they at least partly share a same border or line with each
other when observed from a perspective perpendicular to the
target and do not overlap in a direction perpendicular to the
target, wherein such arrangement effects a result selected
from the group of:

eliminating an algorithmic inaccuracy which is inversely

proportional to a size of the target;

reducing a sensitivity to an illumination asymmetry;

improving an overlay symmetry;

reducing a sensitivity to a target asymmetry;

reducing a sensitivity to a target noise;

eliminating a sensitivity to intra-target process variations;
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reducing a size of the target required to be used at a given
sensitivity;

reducing a sensitivity to a fully correlated noise; and

increasing an optimization potential by increasing a space
of system parameters to be optimized over,

and the metrology target is symmetric with respect to a
180° rotation about an axis that is perpendicular to the
target.

44. The metrology target of claim 43, wherein the rota-

tional symmetry satisfies lpn(“)(?)ﬂp_n(“)(—f), where aisa
layer, k is a position in a pupil plane, n is a diffraction order
number, and 1) is a phase function of an electric field.

45. The metrology target of claim 43, comprising N*24 2
periodic structures at N wafer layers, all structures having a
same pitch and a same direction.

46. The metrology target of claim 43, wherein the at least
two periodic structures are designed to have a lower reflec-
tivity of a zeroth diffraction order than a reflectivity of +1st
diffraction orders.
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