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Abstract

The need to overlay patterns in semiconductor circuit manufacturing to better than
20nm is now well recognized as a difficult and important challenge. Two broad strategies for
meeting this challenge are described in this dissertation, one is physics-based and the other

algorithm-based.

A physics-based approach is used to minimize the alignment errors resulting from
asymmetric resist coating, the most ubiquitous cause of alignment errors. The technique
employs transmagnetically polarized light at the Brewster angle of the resist. Experimental
results show that resist-induced alignment errors as large as 25nm can be mitigated to less

than 6nm by using this method.

We provide a general framework for designing advanced algorithms that are capable
of correct alignment on marks that are damaged or distorted by various processing. One
example, a subspace decomposition based algorithm, is applied to many types of mark
damage and distortion. Experimental results show that for both artificially damaged marks
and CMP-corrupted marks from a manufacturing process for which conventional algorithms
failed (overlay errors of 200nm), the new method achieved a mean plus three sigma alignment

error less than 50nm.

It is demonstrated that the combination of the physics- and algorithm-based techniques

will be able to satisty the overlay requirement of, and possibly beyond, the 0.13um generation

of lithography.
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PART I: CHALLENGES IN PATTERN PLACEMENT

Chapter 1. Introduction

In this chapter, we give a brief introduction to the problem of pattern
placement in lithography, and discuss the associated challenges that are

facing current and future lithographic technologies.

1.1 Planar processing and lithography

The spectacular advances of the development and application of integrated circuit
technology are unparalleled in our history. As gauged by many critical measures, the
technology of making integrated circuits has been progressing following an exponential
trend. Widely known as the Moore’s Law [1], the number of transistors that can be
packed on a certain area of silicon substrate approximately doubles every eighteen
months. Due to the now ubiquitous applications of integrated circuits, this exponential
law does not simply characterize the evolution of the semiconductor industry, it is also
dictating the rate of progress for many other aspects of information technology. For
instance, it has enabled the proliferation of personal computing. It has also catalyzed the
revolution of telecommunication. Many of the sweeping technology and life-style
changes we are experiencing today can be ultimately attributed to the availability of
computing devices that have been made ever so inexpensive, small and powerful by the

Moore’s Law.

[t seems, then, Moore’s Law is an important enough trend to justify a rigorous
study of the underlying driving forces that made it possible. From this understanding, we
can then derive the possibility and probability of it being sustainable over the years to
come. This is, of course, an area of active research that encompasses many aspects of
semiconductor technology. In this thesis, we would like to examine closely one
important aspect of semiconductor technology, namely, the accuracy and precision of

pattern placement during the lithography processes.
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Figure 1-1. Illustration of an NMOS transistor in cross-section view.

We argue that a critical attribute of today’s integrated circuit technology is planar
processing [2]. A schematic cross-section of an n-type MOS transistor is shown in Figure
I-1. It can be seen that a simple transistor is actually a three dimensional structure of
different materials built on top of the wafer surface. The correct functioning of the
transistor depends on the precise control of the topographical dimensions and the

electrical properties of these materials.

This complicated structure is built in a layer-by-layer fashion, the so-called planar
processing, by repeatedly applying a number of basic processing steps that may include
oxidation, etching, diffusion, sputtering, chemical vapor deposition, ion implantation,
epitaxy and lithography [2]. Among these basic, or elemental processing steps, all but
one are blanket processing, i.e., they apply the same action at every location on the
surface of the wafer. Any selectivity of these actions must be introduced through the
pivotal technology of lithography, which defines the patterns that limit where the

subsequent processing steps take place on the substrate [3].

o
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Figure 1-2. Schematics of projection photolithography. The light source and
condenser lens form the illumination system. The circuit pattern is first
defined in the chrome on the photomask. The projection optics forms an image
of the mask pattern in the photoresist coated on the wafer. After development.
resist is selectively removed. The remaining resist forms a barrier for
subsequent processing.
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Lithography itself is a decidedly two-dimensional technology. As seen in Figure
1-2, a two-dimensional image of the mask patterns is projected onto the wafer surface.
This image is then transferred to the substrate via photoresist. To build a three-
dimensional structure, such as the transistor in Figure 1-1, many of these lithography
steps have to be used in order to stack up the two-dimensional patterns to build the third

dimension.

The planar processing technique is essentially a divide-and-conquer approach that
has made the task of building complex three-dimensional structures more amenable to
process integration. The multitude of lithographic steps necessitated by planar
processing, however, requires the patterns of a particular layer be placed at the desired
positions relative to what have already been made on the wafer in previous layers. This
means although planar processing has great advantages, it necessitates one important

parameter that the lithography technologies must learn to control: pattern placement.

Most of the attention of lithography research has been on resolution, or how small
a feature can be reliably made on the wafer [3]. What is as important, but has so far
received inadequate research attention, is the issue of pattern placement, or how well the

lithographic technology can control the positioning of the patterns.
Adequate pattern placement control is a necessary condition for practical

semiconductor technologies. For Moore’s Law to be sustained in future years, methods

must be found to assure that this necessary condition is satisfied.

1.2 Pattern placement in lithography

Pattern placement is achieved by the procedure of alignment; and measured and
monitored by overlay metrology. Without losing any generality, we limit our discussion
of pattern placement to the case of optical lithography [3]. See Figure 1-2.

The mask is made by some other lithographic processes, typically electron beam
lithography. To facilitate discussion, we will assume that there is only one die per field,

i.e., the entire mask contains the circuit patterns of a single chip.
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The wafer is held on a stage that is capable of multi-axis motion and adjustment.
The position of the stage is monitored by a laser interferometer system that measures
position to sub-nanometer precision. Essentially, the laser interferometer readings
establish a coordinate system against which positions of features on the wafer can be

measured.

1.2.1 The case of rigid wafer and geometric imaging

Let’s look at the exposure of one particular die on the wafer. To simplify the
discussion, we will assume for now that patterns made on the wafer are perfect replicas of
the mask patterns. In other words, we are assuming that the optical image in the
lithography step is a perfect geometric image; and secondly, that the pattern transfer

process through the resist does not introduce any distortion or smearing effects.

In addition, we assume that the wafer substrate is mechanically rigid, i.e., it is not
subject to elastic deformations or thermal expansions. The effects of relaxing these
assumptions will be discussed later. [For the moment, we also assume that in-plane
rotation of the wafer can be corrected using the global alignment procedure outlined in

section 1.2.4.

With the above assumptions, the position of every feature in a particular die can
be readily deduced if we know the position of any other feature inside the die. The
fiduciary can be the center of the die, a corner of the die, or any other feature within the
die boundary. It is a common practice to design some structures inside the “scribe lane”
between die and use them as the fiduciaries, which are commonly known as alignment
marks.

The task of the lithography tool is to first find the fiduciary, or alignment mark,
and accurately determine its position. Typically, an optical sensor [4] is used to detect
and locate the position of the alignment mark. Suppose that this is found to be (x,, y,) in

our coordinate system.

According to the rigid-body and geometric imaging assumptions, the position of

the alignment mark relative to the die center is known to be exactly as designed. Suppose
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Figure 1-3. The basic alignment procedure. First the lithography
tool finds the alignment mark, and determines its position (X,,,y,,)-
The alignment mark is designed to be located at (x,,y,) with respect
to the die center. The position of the die center can then be
determined. Next, the die center is moved to the optical axis and the

die is exposed.

this is (xw). We can then find the position of the die center to be

(x;,¥,) =(x,,¥,)—(x:, ¥ ). Next, the lithography tool instructs the wafer stage to move

so that the die center is placed at the axis of the exposure optics, or “aligning” the optical

axis with the die center. The die is then exposed with the wafer held at this position. The

geometry of this procedure is shown in Figure 1-3.
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Let (x.y.) denote the position where a certain feature in the current layer is
imaged. Assume it is supposed to lie exactly on top of a feature in the previous layer
which was placed at position (x,,y,). The overlay error is then defined, for this particular

feature, as O =(0,,0,)=(x,,y.)—(x,,y,). From this definition, it is clear that overlay

error is defined everywhere inside the die. Overlay error, O(x,y), is therefore a two-

dimensional vector function that is defined everywhere inside the die.

The rigid-body and the geometric imaging assumptions greatly simplify the form
of this function. In fact, under these assumptions, O(x,y) is constant across the die. There
can be only two reasons why O(x,y) is not identically zero. First, there could be an error

in determining the position of the alignment mark. This is called alignment error.

Second, there could be an error in positioning the die center at the axis of the exposure

optics, and this is due to the stage positioning error.

1.2.2 Wafer distortion

The situation becomes more complicated if we relax the rigid wafer assumption.
Suppose that the wafer deforms when subject to mechanical and thermal stresses. In this
case, even if the previous mask layer was perfectly imaged on the wafer, the processing
between the previous and current lithographic steps could have deformed the wafer, i.e.,
the relative positions of circuit patterns with respect to that of the fiduciary are changed.
In other words, (x;,y:) as defined in the last section is no longer identical to its designed

value. The difference can be termed wafer distortion.

Furthermore, the amount of wafer distortion can vary from one feature in the die
to another. This makes the overlay O(x,y) a true two-dimensional function: the sum of a
constant term across the die, given by the alignment error and the stage positioning error;

and a varying term determined by the amount of wafer distortion.

1.2.3 Field distortion

The problem of overlay control is further complicated by the issue of field

distortion. The projected image in the resist is never a geometric replica of the mask

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



pattern. Aberrations and distortions in the optics can cause the actual image to differ
from the mask pattern. This is known as optical field distortion, a well understood

phenomenon in classical optics [5].

Field distortion has the same effects as wafer distortion. It varies across the
optical field, and it causes (x4, y) to deviate from its known, designed value. Now, one
has to take into account the additional effects of field distortions in order to fully

characterize the overlay function O(x,y).

1.2.4 Local and Global Alignment
We have described placement control in lithography as a three-step procedure:

1. Determine the position of the alignment mark associated with the die

2. Align the die center to the optical axis

3. Expose current layer.

This is known as the local alignment procedure, because it achieves placement
control by detecting the alignment marks that are associated with the die right before it is
exposed. Although used extensively in research laboratories for difficult-to-align
situations, it is not usually practiced in high-volume manufacturing environment. The
reason is that detecting and locating the alignment marks for each die is too costly — it
slows down the lithography process and reduces throughput, and high throughput is
needed for obvious economic reasons.

There can be as many as hundreds of die on a wafer, and the locations of these die
on the wafer surface are typically laid out in a lattice, as shown in Figure 1-4. This lattice
structure is known as the die layout. Because of the regularity of the die layout, it would
suffice to find the position of the whole lattice, rather than each individual die. This leads
us to global alignment.

In global alignment, only a few alignment marks across the wafer are accurately
located. The exact number of marks being used by global alignment can vary from two to
ten for one wafer. After the positions of these marks are determined, the shape and the
location of the whole lattice is calculated by fitting the mark positions to the regular

lattice structure. Often, it is assumed that the actual lattice can only deviate from the

8
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designed lattice by an in-plane rotation of each axis, a magnification along each axis, and
a translation along each axis: a total of six parameters. Figure 1-5 shows the visual
effects of these parameters. It is obvious that such a lattice is only a linear distortion of

the designed rectangular lattice.

Figure 1-4. Global alignment. Die on a wafer are typically
laid out in a regular pattern, similar to the rectangular lattice
shown here. In the procedure of global alignmment, positions
of several alignment marks are first determined. We are
showing six marks in this figure. The position of the lattice
can be determined from the positions of the alignment marks.

In this framework, global alignment finds the six parameters that characterize the
linear lattice, from which the position of each die is determined. Similarly to local
alignment, in the next step of lithography, the tool aligns the die centers to optical axis,

and then expose them. A detailed description of global alignment can be found in [6].
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Figure 1-5. Parameters to be determined by global alignment.
Global alignment attempts to determine the position of a die layout
lattice. It assume that there only three kinds of deviations from the
designed lattice, as illustrated in this figure. (a) The designed
lattice. (b) A shift in both the x- and y-directions. (c) A scaling in
the x-direction. (d) An in-plane rotation of the lattice.

Clearly, using global alignment can improve the throughput a great deal if the
process of locating the alignment marks is time-consuming compared to exposure, and

this does seem to be the case. But the throughput improvement does not come without

10
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cost, because the global alignment procedure jeopardizes overlay performance. The
difficulty lies in the fact that, due to wafer distortions, the die layout is not necessarily a
linear lattice. In fact, wafer distortion behaves in totally undetermined ways, and it can
undoubtedly make the die layout a nonlinear lattice. This leads us to the conclusion that
if global alignment is used, there is yet another contributing factor to overlay error — the

nonlinearity of die layout lattices brought about by wafer distortion.

1.2.5 Overlay Metrology

Although overlay is a two-dimensional vector function, we cannot measure it
everywhere in the die, because much of the die area is occupied by device patterns.
Typically, there are overlay marks designed in the scribe lanes between die to allow the
measurement and monitoring of overlay errors. An overlay mark consists of a feature in
the current layer interlocking another feature in the previous layer. If perfect overlay is
achieved, the center of the current layer pattern and that of the previous layer pattern

should coincide with each other. If there is any difference between these two, it

Outer Mark

aik

o5

‘Irmer M

Figure 1-6. Overlay Metrology. Overlay metrology measures
overlay error using metrology marks. In the example shown here,
the outer mark is an open rectangle made in the precious

layer. The solid box is the inner mark and it is in the current
layer. The difference between their center positions measures the
overlay error between the two layers.

11
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represents the overlay error between the two layers. See Figure 1-6.

There is a fundamental difficulty of determining the real overlay performance
from metrology results. Overlay metrology can only be performed on several discrete
locations in the die. The values of the overlay function O(x,y) at other positions in the die
have to be interpolated or extrapolated from the limited number of metrology results. To
the extent that both wafer and field distortions exist, such an interpolation or

extrapolation procedure can be very unreliable.

Furthermore, for the same reasons that cause alignment errors, overlay metrology
also suffers from errors. Overlay metrology has to determine the positions of both the
previous and current layer patterns, and errors can happen in either of these
measurements.

The performance of overlay metrology is a critical component in pattern
placement [7]. It is of vital importance that overlay metrology is obtained using reliable
methods. In later chapters, we will see direct impacts of overlay metrology on the design
of alignment methodology, because metrology results are used as the basis of analyzing

and learning the characteristics of an alignment system.

1.3 Challenges in pattern placement

1.3.1 Overlay requirements of current and future technologies

The required accuracy of pattern placement depends on the size of the features

being made in the lithography process: the finer the structure we are making, the

Year 1995 1998 2001 2004 2007 | 2010
CD (um) 0.35 0.25 0.18 0.13 0.10 0.07
Gate Overlay (nm) 100 75 50 40 30 20
Metal Overlay (nm) 300 200 150 100 70 50
Current Performance 199.5 ? ? ? ?
on Metal (nm)
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Table 1.1. The overlay budgets for the gate and early metal layers for various
generations of lithographic technologies {8]. The overlay budget is defined
as the mean plus three sigma value of the overlay errors. The quoted current
stepper performance is based on an experimental study, which will be
presented in Chapter 9.

more accurately we need to place the patterns. Therefore, even for a single chip, the
required placement accuracy varies from layer to layer. The critical layer, or the layer that
makes the transistor gates, usually has the smallest features and, consequently, the most
stringent requirements on placement accuracy. For back-end processing, such as
interconnections in the metal layers, the placement requirement is usually much less
strict.

Table 1-1 outlines the required overiay performance for different generations of
lithographic technologies, both for critical layers and for some representative metal layers
[8]. In this table, the quantity called overlay budget, or overlay in short. is a statistical

measure of pattern placement. By definition, overia)7=llrz]+30', where m is the mean

and o is the standard deviation of a statistical sample of overlay errors taken from a
particular process. A rule of thumb that has been used by the industry is that overlay
should be less than one third of the feature size in the critical layer in order for the

lithography process to be usable.

What is striking about pattern placement control is that. although the overlay
requirement has become ten times more stringent since the 1970s, the overlay controi
capability has improved much less quickly, at best by a factor of two. This imbalance of
technology improvement has resulted in a serious danger that future generations of
lithography may not deliver according to the schedule in Table I-1. For instance. the
current overlay performance quoted in Table 1-1 is only marginally satisfactory for the
0.25um generation. Apparently, today’s alignment technology cannot satisfy the strict

overlay requirements of future technologies.

Let’s break down the overlay error into its components and review their historical

progress, current status and future outlooks.
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1.3.2 Progress in each error component of overlay

The first component is alignment error. As we will see in much more detail later,
alignment error depends on two factors: the optical systems used to detect the alignment
marks; and the processing steps that have been applied to the wafer which can damage or

distort the topographic structure of the alignment mark. [4]

The processing that an alignment mark has to go through has undoubtedly become
much more complex over the years. In particular, the recent introduction of Chemical
Mechanical Polishing [9] and the use of copper and damascene processes [10] pose
serious challenges to alignment because the alignment mark structure can be seriously
damaged during the polishing process. In contrast, the alighment systems on most
commercial lithography tools have remained the same designs as twenty years ago. Very
little fundamental progress, if any, has been made in how the alignment system
determines the position of an alignment mark. The increase of processing complexity and
the idling of alignment technologies lead us to believe that alignment errors have become

worse in recent years.

Stage positioning error is one area where some progress has been made recently.
The three sigma repeatability of stage positioning has been gradually decreased to its
current levels around 10nm [11]. Much of this progress was made possible by the
improvements in the mechanical and electrical designs of the stage. Further improvement
can be made if stage distortion can be calibrated out. This effect can be as large as 20nm.
But methods exist to exactly calibrate and eliminate stage distortion effects, at least for

the low-frequency components. [12].

As described in Section 1.2, the high-frequency components of wafer distortion
cause intra-field overlay errors, and the low-frequency parts contribute to alignment errors
if global alignment is used. Wafer distortion as large as 40nm has been measured . but
typically wafer distortion values are around a three sigma of 20nm [13]. It is very likely
that wafer distortion will increase as larger wafers are used in manufacturing. Some
efforts have been spent on how the wafers should be held on the stage, which was found

to be an important cause of wafer distortion.
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Field distortion is characterized by a three sigma of around 40nm [14]. Since this
is due to optical imperfections, we do not believe field distortion can be reduced to a level
substantially below this. A useful approach that has been devised to combat the field
distortion problem is called “stepper matching” [15], which means that subsequent
lithographic layers are made either on the same stepper, or on steppers that have similar
distortion patterns. Stepper matching is very effective: field distortion effects less than

15nm were reported after stepper matching was performed. [15]

1.3.3 Relative importance of various error components

Let’s put aside the issue of alignment errors, and assume that all other error
components are statistically independent of each other. This gives us an overlay of
approximately 30nm in the absence of alignment errors. This number is close to the
overlay budget of 0.10um generation. Obviously, to achieve the necessary pattern
placement control for technologies beyond the 0.10um generation, improvements must be

made not only in alignment, but also in all the other contributing factors of overlay errors.

Local and global alignment errors, however, remain the wildcards of overlay
control. For difficult-to-align situations such as chemical-mechanically polished wafers,
overlay error in excess of 0.lum is not uncommon [16]. Assuming we have a 30nm
contribution from all other error components, 0.1um overlay error means alignment errors
alone can be as large as 95nm. Hence, an overwhelmingly large portion of the overlay

budget is consumed by alignment errors.

This analysis motivates us to seek advanced methods of improving alignment

performance.
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Chapter 2. Generic approaches to improve alignment

In this chapter, we describe the basic components of an alignment system.
Two broad categories of approaches to improve alignment will be

introduced.
2.1 Components of an alignment system

2.1.1 The alignment mark and its optical description

As described in Chapter [, any topographic structure can be used as an alignment
mark. It can be a trench, a mesa, a combination or even an array of both. Typically,
alignment mark structures are translationally invariant along a certain direction. For
instance, a long, straight trench etched into the substrate can be described as being
translationally invariant in the direction along the long axis of the trench. This is shown
in Figure 2-1. This type of mark is in fact two-dimensional and is used to do the
alignment in the direction perpendicular to its long axis. To facilitate discussion, let’s
define the coordinate system so that the x axis is perpendicular to the long axis of the
mark; y axis is the long axis of the structure; and z axis is normal to the wafer surface.

See Figure 2-1.

To give a concrete example, a cross-section, i.e., the x-z plane, microscope picture
of an alignment mark is shown in Figure 2-2. The original mark is an etched trench into
the substrate. Tungsten is then deposited on top and excess materials are removed in a
polishing process. However, some Tungsten is left inside the trench. Aluminum is then
deposited over the structure. The composite structure that comprises the trench, the
leftover Tungsten and the Aluminum overcoat is our alignment mark in this particular
case. In fact, during alignment, there is also a resist coating on top of what is shown in
the figure, further complicating the alignment mark structure. As illustrated by this
example, an alignment mark is almost never a clean and nicely defined trench or mesa.

Because of the processing steps that the wafer has to go through, a resist coating, a

16
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deposited metal layer, a grown polysilicon layer, etc., can all become parts of the structure

that we are aligning to.

(a)

(b)

Figure 2-1. Garden variety alignment marks. (a) A
trench etched in the substrate. (b) A mesa. Both
marks can be considered two dimensional structures.
The Cartesian coordinate system used in this thesis is
also shown.

As described in Chapter I, the position of an alignment mark is known relative to
the center of the die and this information is used in the procedure of alignment. Since the
alignment mark itself has a structure, when we speak of the “position” of an alignment
mark, we must have referred to the position of a certain feature in the mark structure, for
instance, the symmetry axis of the trench in dielectric as shown in Figure 2-2. Hereafter,
we will refer to this part of an alighment mark as the “reference position”, and we will
always define the x axis so that the origin x=0 is at the reference position of an

alignment mark.

17
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Reference Position

Substrate

Figure 2-2. Cross-sectional view (SEM) of an
alignment mark covered with subsequent coatings.

The sensors that we use to detect the alignment marks are typically optics-based
[4]. The response of an alignment mark in any kind of optical detection system can be
predicted if its scattering matrix is known. The scattering matrix $(p,q) is defined as the
following with the reference position placed at x =0: if an incident plane wave comes in
at an angle p, the light scattered by the alignment mark has a plane wave (or Fourier)
component that is outgoing at angle g, with a magnitude and phase represented by S(p,¢).
The scattering matrix can be calculated using vector theory of electromagnetism based on
the mark’s three-dimensional function of the index of refraction, R(x,y,z). For the

translationaily invariant marks, this function can be reduced to two dimensions:
R(x,v,2)=R(x,z).

For reasons soon to become clear, symmetry properties of the scattering matrix are
very important. Suppose the distribution of refractive index R(x,y,z) is symmetric about
the reference position, i.e., R(x,v,2) = R(—x,y,z). Because of the space symmetry of
electromagnetism [17], this leads to a symmetric scattering matrix, i.e.,
S(p.q)=S(—=p,—q). We say the alignment mark is symmetric if the above equality

holds.
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We can draw two conclusions from the above description. First, all parts of the
alignment mark contribute to the index of refraction function, R(xy,z), and hence
ultimately to the scattering matrix. Therefore all coatings, polishing and other processing
that have been applied to the alignment mark will likely change the mark’s appearance in
an optical detection system. Second, to know the exact extent and nature of these effects,
we have to obtain detailed knowledge of the R(x,y,z) function for every alignment mark,

and that is impossible to accomplish.

We now turn to the optical systems that are used as alignment tools.

2.1.2 Imaging and scanning optics

A classical optical microscope, or a scanning optical microscope as shown in
Figure 2-3 can be used as an alignment system. Working principles of these instruments
are well-documented [18]. We provide a few simple examples to illustrate how the optics
interacts with the alignment mark. We assume that the reference position of the alignment

mark is on the optical axis of the microscope.

Let F(p) represent the phase and amplitude of the plane wave component of the

illumination field that comes in at an angle p, where p spans from -p, to p,, representing
the numerical aperture of illumination, as shown in Figure 2-3. These plane waves are

then scattered by the alignment mark, resulting in a scattered optical field given by

s
A@)= [F(p)S(p.g)dp, Eq. 2-1
~ra
where A(q) gives the amplitude and phase of the plane wave outgoing at an angle ¢.
Suppose now that all light within the aperture between -g4 and g, are collected, the image

is then given by [19]

2

“dA
JA(q)ei'!xsin(q).rlldq

~4a

1)

I(x)=

where / is the intensity image as a function of position x.
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As is clear from the above example of a simple optical microscope, the alignment
signal obtained from a scanning or imaging microscope is the outcome of the alignment
mark’s scattering matrix interacting with the specifics of the optics. Although the above
equations are quite simple, this interaction can be nonlinear and very complicated if

effects such as partial coherence are included [20]. The complexity prevents a clear and

—D— Sensor

/ ?\

Condenser l
Light ;
Source r
)

: Beam Splitter

/ I
]

i

|

[}
CD Objective

; Pa
™

Object

Figure 2-3. Schematic of an optical microscope used as an
alignment tool. The critical parameters include the type of
illumination, illumination aperture p, and the aperture of
the collection optics q,,.

intuitive, let alone quantitative, understanding of how various processing of the alignment

mark structure translates into changes of the alignment signal.

20
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The symmetry property of the image /(x) can be easily deduced. For the simple
system described by Equations 2-1 and 2-2, the microscope is symmetric about its optical
axis because we have specified symmetric illumination and collection apertures and we
have ignored all aberration effects. In this case, it is easy to show that if
S(p,q)=S(—p,—q), then I(x)=1(-x), i.c., the image will be symmetric about the
reference position. The fact that a symmetric alignment mark imaged by a symmetric
optics gives symmetric alignment signal is expected to hold in general, as long as we

include in the definition of symmetric optics both the apertures and the aberration effects.

2.1.3 Interferometric Optics

Another optical system that has been successfully employed as a commercial
alignment tools is based on coherent interferometry [21, 22]. A schematic of such a

system is shown in Figure 2-4.

A periodic line-and-space pattern is made on the mask, or it could be on a
permanent fiduciary somewhere inside the lithography tool. A beam of laser light passes
through the periodic pattern and is diffracted into multiple orders. A spatial filter is used
to block all but the +1 and -1 orders. After passing through the imaging optics, we can

write the optical field of the +1 and -1 order diffraction as, respectively,

g“ :ei(k,uk,:) and 8'_| ___ei(—k,nk::). Eq 2_3

where the coordinate system is defined as in the last section; in particular, we note that
x=0 corresponds to the reference position of the alignment marks. k. and %, are the

wave vector components in the x and z directions respectively, where

RY

kl+k, = (27”)2 and tan(p) =7'i— Eq. 2-4

A is the wavelength of light, p is the incident angle as shown in Figure 2-4.
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Figure 2-4. Interferometric alignement system. Two
plane wave incoming at angle P illuminate the mark,
which is a periodic pattern. The illumination is diffracted
by the periodic mark. The alignment signal is formed by
measuring the intensity of the outgoing plane wave along
the optical axis, while the wafer is scanned.

The alignment mark is also a periodic line-and-space structure made on the wafer,
with a spatial frequency f given by
sin(p) =Af . Eq. 2-5
Eq. 2-5 specifies that the periodic structure of the wafer alignment mark diffracts both the

+1 and -1 orders into the -z direction. See Figure 2-4. The light that’s outgoing at an
angle ¢ =0 has two components in it, the diffraction of the original +1 order and that of
the -1 order. Utilizing the scattering matrix S(p,q), we can write the outgoing light at zero

angle as

22
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20 =[S(p.O)+S(=p.0)le™. Eq. 2-6

Now let’s suppose that we move the wafer by a small shift s. Then it is easy to

see that Eq. 2-6 must be modified as,

g,(5)=[S(p,0)e"" + 5(~p,0)e * 1e™™. Eq. 2-7
If the alignment mark is symmetric, we have S(p,0) =S(-p,0). Then Equation 2-7 can
be written as

80(5) =28 (p.0)cos(k s)e ™. Eq. 2-8

The intensity of this signal is

2 2 2 i
I(s)=4IS(p.0) cos'[m 5]. Eq. 2-9
With Equation 2-5 plugged in, this can be simplified as
1(s) = 4|S(p.0)] cos’ (2nfs). Eq. 2-10

Equation 2-10 shows that when the wafer is scanned in the x direction, the
outgoing signal at angle ¢ =0 has an intensity that depends on the position of the wafer
in an sinusoidal manner. This sinusoidal function can be used as the alignment signal.
The phase of this sinusoidal signal is proportional to the position of the wafer. with zero-

phase corresponding to the reference position of the mark.

This system has some advantages over the imaging type. First, the alignment is
based on the collective location of a periodic feature on the wafer: therefore it is more
robust against localized damage to the alignment mark. Second, because the optics
essentially uses only two plane waves of light, which we labeled +1 and -1 diffraction
orders, they can be differentially modulated in the time domain. Such a technique is
called heterodyne [22]. We will not go into the details of heterodyne other than stating
that it is a very effective method to improve signal-to-noise ratio if used in combination

with a phase-locked amplification system.
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2.1.4 Alignment algorithm

The signal from an optical alignment system is given in Equation 2-2 for an
imaging system and in Equation 2-10 for an interferometric system. Although the signal
may contain thousands of data points, we need only one number from it — the reference

position of the alignment mark.

For imaging optics, many of the algorithms arc based on the expectation that
alignment marks are made to be symmetric about their reference positions. Therefore,
algorithms rely on finding the symmetry axis and use it as a proxy of the reference

position.

For instance, a simple algorithm to find the symmetry axis of a symmetric signal

using the concept of center-of-mass can be defined as,

jx[(x)dx

Xy =i Eq.2-11
0 j [(x)dx

where x, is the estimated reference position found from the signal. Recall that we have
defined our coordinate system so that the true reference position is at the x axis origin,

X, =0. If the signal is symmetric, i.e.,, /(x)=1(-x), the estimate of the reference
position given by Equation 2-11 is error-free, because x, =0=%,.

The disadvantage of this particular algorithm is that is uses all parts of the signal,
even including where the signal strength is low and therefore photon-counting noise can

be dominant. A better approach would be to use only part of the signal where the

intensity is strong so that the noise effect is relatively small.

Another possible variation on the theme can be the following: if there is a peak in
the signal, use only the part that is close to its peak and fit it to an inverted parabola. The

center of the parabola should give the reference position.

As shown by the examples above, there can be a variety of different algorithms,
all of which are designed to look for the symmetry axis of a symmetric signal. but in

slightly different ways [4]. The main differences between them are their responses to

24
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noise. Finding data in a noisy environment is a very well-studied and documented topic.
Since this is not the emphasis of this thesis, we will note in passing that most of the
classical results such as matched filtering can readily find their application in designing

alignment algorithms [4, 23].

If the signal is indeed symmetric, these algorithms are, on average, equivalent to
each other. In other words, given a statistical sample of alignment signals, these
algorithms may have different variances in their findings of the reference positions, but
they all have the same mean value. For the sake of conciseness, we will refer to this
group of algorithms as “symmetric algorithms”. Interestingly, almost all alignment
algorithms reported in the literature, including those used on commercial tools and those
in research projects, belong to this category of symmetric algorithms [4]. The only
exception being the correlation based algorithm implemented on one of the commercial

metrology tools, as will be detailed in Chapter 7.

2.1.5 Constructing an alignment system

We are now ready to build a complete picture of an alignment system. The
alignment mark is specified by its scattering matrix. An optical system, either imaging-,
scanning- or interferometry-based, can be used as an alignment system to detect the
alignment mark and form an alignment signal. The signal is then processed by an

algorithm to find the reference position. This is shown in Figure 2-5.

Reference

Mark Sensor Algorithm Position

Figure 2-5. Block diagram of a generic alignment systems. The
alignment mark is fully characterized by its scattering matrix. The
sensor is usually an optical imaging or scanning system, The
signal is processed by the algorithm to find the reference position
of the mark.
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Of particular importance are the following symmetry properties of the alignment

problem:

o A symmetric mark has a symmetric scattering matrix.

e A symmetric scattering matrix interacting with a symmetric optics gives, on
average, a symmetric signal.

e These signals yield, on average, correct reference positions when analyzed by
symmetric algorithms.

Equipped with this understanding, we next discuss the possible causes of

alignment errors in the following sections.

2.2 Causes of alignment errors

The generic picture of an alignment system shown in Figure 2-5 provides a
convenient framework to categorize and analyze different causes of alignment errors.

Suppose that the true reference position of an alignment mark is X,, and the
reference position found by the alignment system is x,, the alignment error is then
Axy =X~ X,.

First of all, alignment error can be caused by noise, resulting from the detection

electronics and the photon counting process. Since we are not particularly concerned

with noise effects, let’s examine the mean value of alignment error,
E(Ax,) = E(xy) = %,. Eq. 2-12

where E(.) stands for the expectation value over a statistical ensemble formed by

repeatedly sampling the alignment signals from the same alignment mark and optics.

If the above mean value of alignment error is not zero, assuming a symmetric
algorithm, we must have a situation where the signal is, on average, not symmetric.
According to the symmetry properties that are outlined in section 2.1.5, this leads us to
the conclusion that either the alignment mark or the optics must be asymmetric. We
emphasize that what is important is the mark’s symmetry property relative to the

reference position. The mark itself can be symmetric about some axis, but as long as the
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symmetry axis is different from the reference position, the mark is still asymmetric for the

purpose of alignment. In the following sections, each of these causes of signal symmetry

is discussed.

2.2.1 Wafer-induced signal asymmetry

If the cause of signal asymmetry is an asymmetric mark on the wafer, it is called a
wafer-induced effect.

As we have shown earlier, the scattering matrix depends on the details of the mark
structure, which is given by R(x,y,z), the function of index of refraction. If any of the
coating, polishing or processing on the mark results in an asymmetric R(x,y,z), we will
ultimately have an asymmetric signal even when the detection optics is symmetric.
Unfortunately, a plethora of different processing on the alignment mark can make it
asymmetric.

Resist coating is one example. During the spin-on process, resist flows in the
radial direction. If the relief features of the alignment mark are not parallel to the radial
direction, the resist has to climb up or slide down in order to cover the mark structure.
This often results in the so-called snow-fencing effect where the coating of the resist is
asymmetric about the reference position of the underlying mark. This is illustrated in

Figure 2-6.

Reference Position

Resist Flow :
Direction ;
—_— !

1

M
1

—_— : —
: Wafer

Figure 2-6. Asymmetric resist-coating over
alignment mark. When the resist flow direction is
not parallel to the mark structure, the coating can
become asymmetric about the mark reference
position.
27
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Another example is metal coating. Since metal layers are coated in a sputtering
process, if there is any non-uniformity in the angular flux of atoms when they impinge
upon the wafer, the snow-fencing effect will also happen. Although the wafers are often
rotated in a deposition chamber in order to even out the deposition flux from different
angles, statistical fluctuations of the flux can easily cause the metal coating to become

asymmetric. See Figure 2-7.

Deposition Flux

] ..
; Reference Position

Figure 2-7. Asymmetric metal coating over
alignment mark. When the deposition flux is not
angularly uniform, the coating can become
asymmetric about the reference position.

The most serious cause of mark asymmetry is undoubtedly Chemical Mechanical
Polishing (CMP). During a CMP process, a pad is pressed against the wafer surface,
while both the wafer and the pad are rotating about their own axes. A chemical solution,
known as a slurry, is applied between the wafer and the pad. The action of mechanical
polishing is of course abrasive, which causes patterns on the wafer to “bend” towards the
direction of the polishing. Perhaps what is more subtle is that the chemical reaction
catalyzed by the slurry can also lead to asymmetry. It is found that the reaction speed
varies depending on the topography of the neighboring relief patterns, because they can
either trap inside or leak away the chemical solutions and thus change the chemical’s

concentration [24]. This is can be called a proximity effect of polishing. Thus, an
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alignment mark can be made asymmetric if it does not have identical patterns in its

neighborhood on two sides of the reference position. See Figure 2-8 for an illustration.

Rotating
Polishing Pad

Slurry

Rotating
Platform

D

Figure 2-8. Illustration of Chemical-Mechanical
Polishing. The wafer is held on a rotating platform.
The polishing pad rotates and is pressed against the
wafer surface. A chemical solution known as slurry is
applied between the pad and the wafer.

These are but a few examples of identifiable causes that can make an alignment
mark asymmetric about its reference position. These problems tend to be very difficult to
model or understand quantitatively, but they obviously exist, and contribute to signal

asymmetry and alignment errors to varying degrees.

2.2.2 Tool-induced signal asymmetry
Even if the alignment mark is symmetric, the signal can still have asymmetry if
the optics is not perfectly symmetric.

Optics-caused asymmetry can be convincingly illustrated with the following
example. Suppose our alignment optics has a considerable amount of coma in it. To
make the argument simple, let’s also make the assumption that our alignment mark

consists of two point sources of light and that the reference position is the mid-point
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between them. Furthermore, assume that the reference point is not placed on the optical
axis. Both point sources will be imaged into comet-like clouds because of the coma.
However, since the two point sources are not placed symmetrically about the optical axis,
they are imaged differently. If we take the composite image of the two point sources as
the alignment signal, it is asymmetric. This signal asymmetry is caused by coma alone
because the idealized alignment mark is perfectly symmetric about the reference position.

See Figure 2-9 for a pictorial of this analysis.

! Optical
' Axis
p !
PSI i ! PS2
Reference o
Position RN

Figure 2-9. Asymmetry in image caused by coma.
Suppose two point sources PS1 and PS2 together form an
alignment mark, which is symmetric about the reference
position. An optics with coma is the alignment tool,
therefore the images IM 1 and IM2 are comet-like features.
Because PS1 and PS2 have different distances from the
optical axis, IM1 and IM2 have different shapes. The
alignment signal, or the composite image made up by IM|1
and IM2, is asymmetric about the reference position.

Although this is a thought experiment rather than a realistic example, it vividly
demonstrates that a simple aberration such as coma can cause serious problems in

alignment. Other optical imperfections such as aberration, distortion and misalignment,
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can all cause signal asymmetry {25, 26]. Although these tool-induced effects cannot be
completely avoided even when the optics is designed with great care, they can be
minimized by optical design and calibration. In some sense, wafer-induced effects,

including resist-coating and CMP, are more fundamental, as they are much more difficult

to avoid.

2.2.3 Asymmetry problem exacerbated by signal variations

So far we have concerned ourselves with the mean alignment error defined in
Equation 2-12. The combination of wafer- and tool-induced effects can make the
alignment signal seriously asymmetric, which, when processed by symmetric algorithms,

inevitably result in non-vanishing mean alignment errors.

The statistical ensemble that the expectation in Equation 2-12 is defined on
represents the repeated sampling of the signal coming from the same alignment mark and
the same alignment tool. In other words, they describe the noise effect only. The
statistical ensemble can be enlarged to include samplings of signals from alignment
marks located on different part of a single wafer, from different wafers, or maybe signals
collected by different alignment tools. As is clear from the discussion of both the wafer-
and tool-induced signal asymmetry, there is no reason for us to believe that each of these

signals contains the same amount of asymmetry.

In fact, if all signals in our ensemble contain the same amount and type of
asymmetry, the problem is very easy to solve, because a fixed amount and type of
asymmetry gives a fixed amount of alignment error. We can experimentally determine
how much we always err. The alignment algorithm can then be instructed to compensate

for this amount and error-free alignment can be achieved.

A varying amount or type of asymmetry in the alignment signals, however, leads
to imprecise alignment. To the extent signal asymmetry varies, alignment errors can have

a large variance. Therefore, the problem of signal asymmetry is exacerbated by signal

variation.
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2.3 Generic approaches to improve alignment

To look for ways to minimize alignment errors, we again turn to Figure 2-5,

which shows the flow chart of a generic alignment system.

If we remain within the confinement of symmetric algorithms, we must reduce the
amount of asymmetry and variation in the alignment signals in order to achieve accurate
and precise alignment. Since the signal is the result of physical interactions between the
mark and the optics, any methods that reduce signal asymmetry must be physics-based.
Typically, these methods study the physics of a specific cause of signal asymmetry and try
to eliminate it either by changing the alignment mark structure or the sensor design. A
very simple example of a physics-based improvement is minimizing the coma in the

optics. More sophisticated examples will be provided in subsequent chapters.

The other possibility is to focus the attention on the algorithms. This would
require us to devise an algorithm that is capable of finding the correct reference positions
even when the signals are asymmetric. Evidently, this algorithm cannot be based on

finding the symmetry axis, like all reported algorithms do.

Figure 2-10 summarizes the different approaches of physics- and algorithm-based
techniques.

In subsequent chapters, we will provide the details of both physics- and algorithm-
based approaches. Although both of them will be shown to significantly improve
alignment performances compared to existing methods, there exist major differences in
their approaches to the alignment problem. We will compare these two categories of
methods and analyze their relative strengths and weaknesses. In the end, we hope to

arrive at an ideal solution.

2.4 Summary

In this chapter we detailed the building blocks of an alignment system. We
emphasized the importance of symmetry, the lack of which results in alignment errors.
The asymmetry problem is further exacerbated by signal variation. When alignment

signals are both asymmetric and varying, alignment will be inaccurate and imprecise.
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Methods to improve alignment performance can be either physics- or algorithm-
based. Physics-based algorithms aim at reducing the amount of asymmetry and variation
in the signal. Algorithmic approaches attempt to minimize the impact of signal

asymmetry and variation on alignment results.

Reference
Position

| Symmetric
Algorithm

(a)

Reference
Position

Asymmetri

Mark {3 Sensor P¢
ignal

(b)

Figure 2-10. Generic approaches to improve alignment. (a) Physics-
based solution. It adjusts mark and sensor designs until the signals
become symmetric. (b) Algorithm-based solution. It adjusts
alignment algorithm so that correct results can be obtained even from

asymmetric signals.
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PART Il: PHYSICS-BASED TECHNIQUES

Chapter 3. Physics of resist-induced signal asymmetry

In this chapter, we analyze the physics of resist-induced alignment errors.
The analysis leads to the alignment technique of Brewster Angle

Hlumination.

3.1 Resist-induced alignment errors
Among the many factors that give rise to signal asymmetry, asymmetric resist
coating is the most unavoidable one, because each time alignment is performed, the wafer

must be coated with resist and ready for lithography.

Resist coating is applied in a spin-on process. Drops of resist material are placed
at the center of the wafer, which is then accelerated to a high rotation speed of one to two
thousand revolutions per minute. The spinning motion creates a force field that causes
the resist material to flow in the radial direction. This force field is strong enough to
evenly distribute the resist material over the surface of the wafer. The combined effect of
flowing, drying and the wetting of the wafer surface gives rise to a thin, uniform coating

over the wafer [3].

The relief structure of an alignment mark behaves as a disturbance to the radial
flow of resist. If the relief structure is not parallel to the local radial direction, resist has
to “climb up” or “slide down” in order to cover the structure. And all these happen when
resist is flowing in high speed in the radial direction. The outcome is often a coating that
is asymmetric about the reference position of the alignment mark. This is illustrated in

Figure 2-6, and the above snow-fencing effect is briefly discussed in Section 2.2.1.

The asymmetric resist coating becomes part of the alignment mark, which may
otherwise be symmetric about its reference position. Because of the asymmetry in resist

coating, the index of refraction function, R(x,y,z), no longer satisfies the symmetry

34

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



condition, i.e., R(x,y,z)# R(-x,y,z). We therefore have an asymmetric mark with an

asymmetric scattering matrix, which can eventually results in asymmetric signals.

In some situations, resist-induced alignment errors can become very serious. [27]
reports an alignment error as large as 35nm that is believed to be caused by resist coating.
In research environments where devices of critical dimensions less than O.lpm are

routinely fabricated, such a magnitude of alignment errors can be devastating.

3.2 Physics of the resist-induced signal asymmetry
We can gain some insight into the physics of the problem by asking, qualitatively,

how an asymmetric resist coating results in an asymmetric alignment signal.

Reflected light from the alignment mark forms the alignment signal. When the
alignment mark is covered by resist, there are two components in the reflection. One
component is the reflection from the resist-air interface, and the other one is the reflection
from the resist-wafer interface. The latter is the one that contains the information
regarding the relief structure of the alignment mark. Note that resists are usually

transparent at the wavelength of the alignment light. See Figure 3-1.

Typical resist thickness is around 1um, shorter than most alignment illurnination’s
coherence length. Hence an interference effect exists between the two components
described above. The net intensity of the reflection varies depending on whether the two
reflections interfere constructively or destructively. The path difference, or relative
phase, between the two reflections is approximately proportional to the local resist
thickness.

When we have an asymmetric resist coating as illustrated in Figure 3-1. the resist
thickness varies across the alignment mark structure. Most importantly. the thickness
variation is asymmetric about the reference position of the alignment mark. Therefore.
the phase difference between the two reflections. hence the net intensity of interference.
varies asymmetrically across the alignment mark.

This analysis qualitatively explains the physics of how an asymmetric resist

coating gives rise to asymmetric alignment signal. It is found that the important link is
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the thin-film interference between the reflection from the resist-air interface and that from

the resist-wafer interface.

[ltumination R2

: Rl

f Wafer

Figure 3.1. Reflected light from a resist-covered
alignment mark. R1 represents the reflection from
the resist-wafer interface. R2 is the reflection from
the resist-air interface. Both contribute to the
alignment signal.

The thin-film interference effect causes other problems in alignment as well. As
reported in [28]. interference effects are found to be responsible for ringing. changes in
signal contrast and signal shape. and may even invert the tone of a signal. i.e.. an
expected peak in the signal becomes a trough. Because many alignment algorithms rely
on a particular shape. contrast and tone. these uncertainties brought about by thin-film

interference can cause the alignment algorithm to fail all together.

At the heart of the problem is the sensitivity of the alignment signal to resist
thickness variation: the intensity of the reflection varies from minimum to maximum if
the thickness changes by a quarter of the wavelength. Solutions aimed at mitigating these
effects should seek ways to desensitize the signal. One approach is to use broad band
illumination {28]. which helps to reduce interference. but it has the shortcoming of
lowered resolution [18]. Options of different coherence factors in the alignment light are
often implemented on commercial steppers to provide different combinations of

sensitivity and resolution.
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3.3 Brewster angle illumination technique

In Figure 3-1, only the light reflected from the resist-wafer interface contains the
positional information about the alignment mark. The reflection from the resist-air
interface is in fact a noise or disturbance to the alignment problem. Ideally, we would
like to reduce or even eliminate the reflection from the resist-air interface, and form the
alignment signal with the resist-wafer reflection only. If this can be achieved, the
alignment signal should become much less sensitive to the local variation of resist
thickness. This should result in much less asymmetry in the signal even if the resist
coating remains asymmetric.

The theory of electromagnetism [17] shows that the light reflection from an
interface can be made to vanish if certain conditions are satisfied. First, the light must be
transmagnetically polarized, i.e., TM polarized. Secondly, the light must be a plane wave
with an incident angle of

6, =tan"'(n), Eq. 3-1
where 11 is the relative index of refraction of the two media that make up the interface. In
the case of resist-air interface, n is simply the index of refraction of the resist. 6, as
defined in Equation 3-1 is known as the Brewster angle of the interface.

The question remains whether we can build an alignment system under such
constraints. Interestingly, the interferometric system shown in Figure 2-4 and treated at
great length in section 2.1.3 can be adapted to satisfy these conditions. First, we can
polarize the illumination light before it enters the system. Second, we can find the correct
value of the alignment mark’s spatial frequency, f, so that the impinging angle p=6,.

According to Equation 2-5, we simply need

. sin(8,)
= —"F Eq. 3-2
f 3 q

For a typical photo resist, the index of refraction is about 1.6, which determines a
Brewster angle of about 58°. If we assume that the alignment light is He-Ne laser with a

wavelength of 633nm, we find a mark periodicity of 0.75um. Although this mark
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periodicity is much smaller than what is commonly used in interferometric alignment

systems [21], it can be fabricated using today’s technology without many difficulties.

We therefore have found a physically feasible alignment system that promises to
significantly reduce, even possibly eliminate resist coating-induced signal asymmetry.
The interferometry-based system employs linearly TM-polarized light, and the alignment
mark should have a periodicity of around 0.75um. We will name this approach the

Brewster Angle Illumination Technique, or BAIT in short.

3.4 Summary

By analyzing the physics of how an asymmetric resist coating gives rise to
alignment signal asymmetry, we reached the conclusion that the thin film interference
effect is the culprit. To eliminate the interference effect, we propose the technique of

Brewster Angle Illumination, which minimizes the reflection from the resist-air interface.

BAIT is believed to be very effective in suppressing the amount of signal
asymmetry even when resist coating is seriously asymmetric. In subsequent chapters, we
will demonstrate, both theoretically and experimentally, the effectiveness of BAIT in

reducing resist-induced alignment errors.
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Chapter 4. Brewster angle illumination - Theory

In this chapter, we provide some theoretical results to demonstrate the

advantages of the Brewster Angle Illumination Technique.

4.1 Introduction

In order to assess the effectiveness of the Brewster Angle [llumination Technique
in reducing the resist-induced alignment errors, we need to quantify the amount of
alignment errors caused by asymmetric resist coating, both with and without employing

the BAIT.

A reliable quantitative method should follow the scattering matrix approach
outlined in Chapter 2. Such an approach, however, requires the availability of reliable
methods to model the resist coating process. Unfortunately, such modeling techniques
are not yet available in the commercial or research communities. Modeling of resist
coating can be very complicated. First, the spin-coating process depends on many
different parameters, including the viscosity of the photoresist, spin speed, acceleration,
post-baking conditions, stress in the resist, and possibly even how the resist is initially
applied onto the wafer. Secondly, the spin-coating process involves the dynamics of
viscous fluid under violent motion conditions. The physics of such topics is still not very
well understood, nor are reliable numerical methods available. Due to these difficulties,
we elected to use a simple model of resist coating. Although simple, this model is
believed to capture the general behavior of resist coating.

In addition, solving three-dimensional Maxwell equations to obtain the scattering
matrix is largely a black box that is not amenable to analysis. It can hardly provide any
insights into the problem. We therefore adopt a much simpler method using basic scalar

diffraction theories [29].

As a consequence of the simplified resist model and the use of scalar diffraction
theory, we do not expect the modeling results to be directly comparable to experimental

data. But our model should be capable of at least revealing major qualitative trends.
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As we will see later, this simpler model also suggests an optimal design of the
wafer mark that is very intuitively appealing. The difficulty of obtaining any kind of
optimality using the scattering matrix approach attests to the power of our semi-.

quantitative but simpler methods.

4.2 Scalar diffraction model

4.2.1 Model of resist profile

As explained above, it is difficult to model the detailed shapes of resist coating in
any quantitative manner. There are, however, several properties of the resist coating
process that hold in general.

First, the peak-to-valley variation in the resist profile, labeled as 2d in Figure 4-1,
is usually much smaller than the peak-to-valley height variation in the underlying relief
structure, labeled as D in the same Figure. This is especially true when the resist is
relatively thick [30].

Second, the high spatial frequency components of the relief feature of the
alignment marks will not be followed exactly by the resist profile, i.e., the resist profile
behaves as a low-pass filtered version of the mark relief feature. The attenuation of high
frequency components of relief structures is more pronounced when the spatial
periodicity of the mark structure is small.

A possible explanation for these two observations can be found on the grounds of
surface tension. Because of the existence of a strong surface tension, the resist profile
tries to shrink its own surface area in order to lower the surface energy. Of course, it is
highly unlikely that the resist can reach energy equilibrium during the relatively short and
violent spinning and drying processes, but surface energy considerations must still have

their signatures on the resist profile.
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Let’s examine the coating of an isclated step, as shown in Figure 4-2(a). Assume

the ideal situation where the plateaus to the left and right of the step extend to infinity. In

UF\\_/—

h(x)

Y
_ -~
fo "

Figure 4-1. General resist coating behavior. The peak
amplitude of resist profile variation is denoted by 2d. I
the depth of etched trenches in the alignment mark. Ge
is much smaller than D. Also, resist profile does not fo
high-frequency components of the underlying relief sti
shown are the nominal resist thickness, hy; and resist p
function of position, h(x).

the areas that are far away from the step, resist profiles must be flat and parallel to the
substrate. Around the step, however, the resist profile cannot follow exactly the sharp
corners of the substrate, because such corners contain extremely large amount of surface
energy due to their vanishing radii of curvature. Thus, the resist surface follows the
familiar rounded shape to minimize its own surface energy, as shown schematically in
Figure 4-2(a). This idealized example of an isolated step establishes a length scale A: the
existence of the step is felt only within the distance A around the step; beyond A, the
resist ignores the existence of the step and becomes flat. This length scale is of course
determined by the surface tension, and the extent the resist is allowed to relax into energy
equilibrium during the coating and drying processes.

Now assume that the isolated step in Figure 4-2(a) is part of a periodic structure of
lines and spaces with a periodicity W, shown in Figure 4-2(b). In the case of W > A, we
expect the resist to follow faithfully the underlying structure except for within the
distance A of each step. Therefore, we have 2d — D. Since the resist profile is a

smoothed version of a square wave, its Fourier Transform should have some energy in the
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higher harmonics of the base frequency 1/W, although not as much as the Fourier

A
Resist \
wafer
(a)
A A
Resist Y\ 14
wafer
< W/2 >
(b)
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A
le—>]
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Figure 4-2. Lengths scales of resist coating. (a) An
isolated step. The presence of the step is felt within
the length scale A. (b) A periodic mark with
periodicity W>> A. (c) A periodic mark with W<< A.

Transform of the underlying square wave.
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In the other extreme case, where W << A, the resist profile ignores the ups and
downs of the high frequency structure and tends towards the limiting case of a completely
flat profile, i.e., 2d - D. The only Fourier component substantially different from

vanishing is the DC. This is schematically shown in Figure 4-2(c).

Height From Top of Oxide (0.1ptm)
oo
1

-10 0 10
Coordinate Across Mark (tm)

Resist

Oxide |€— y —> 0.33um

Figure 4-3. Measured resist profile as a function of mark width. The top
panel shows several resist profiles measured on 1um thick Novolak®
resist coated on alignment marks. The bottom panel shows the
underlying mark structure in cross-section. The oxide thickness is
0.33um and the mark is etched 0.04um into the substrate, thus depth of
the mark is 0.37um. From the top curve to bottom, the width of the mark
W is, respectively, 1, 2, 4, 6, 8, 10 and 15um.
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When W ~ A, the situation lies somewhere between the two extremes, but the

low-pass and attenuating properties are still expected to hold true.

Let’s look at some experimental measurements to support the above qualitative
analysis. Figure 4-3 shows profilometer measurements of the resist profiles covering
trench type alignment marks with varying width [31]. The structure is shown in cross-
section in the same figure. Complications of the measuring mechanism of a profilometer
prevent us from using this image as a quantitative measurement of the resist profile, but

several conclusions can be drawn from it.

First, the measurements can be used to estimate the length scale A. From this
figure, we estimate A >10um. Second, since the mark etch depth is kept constant at
0.37um, the changes in the modulation depth of resist profiles are caused by the variation
of mark width. On one hand, when the mark width is 15um, 2d — D, and on the other
hand, when the mark is 1um, 2d — 0. Both of these behaviors are predicted by a simple
analysis using the length scale and mark width, as we have described earlier. Third, the
resist profiles are much smoother than the underlying structure etched in the oxide,
indicating the low-pass property. And finally, there are visible amounts of asymmetry in

the measured profiles.

For the case of BAIT, the required mark periodicity W is 0.75um, using the value
of A estimated from Figure 4-3, we conclude that, 2d << D. Furthermore, since the
resist profile is a low-passed replica of the underlying structure, we assume that it
contains only the base frequency of the wafer mark structure.

The resist profile is thus modeled as,

h(x) = h, +d cos(2mfx) , Eq. 4-1
where f(x) is the resist profile measured from the wafer surface, fip is the nominal
thickness of the resist and f is the spatial frequency of the mark. See Figure 4-1 for
illustrations of these quantities. As usual, the x-axis is defined so that its origin lies at the
reference position. To be consistent, we also assume that the reference position is a

symmetry axis of the underlying mark structure.
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Since the h(x) function contains only one frequency, the only way that it can be

asymmetric about x =0 is to have a lateral shift, i.e.,
h(x) = hy+dcos[2af (x+9)], Eq. 4-2

where § is the lateral shift of the resist profile with respect to the underlying wafer mark

structure.

4.2.2 Optical description of resist-covered mark

When the alignment light comes in, part of it is reflected from, and the other part
transmits through the resist-air interface; the local reflection and transmission coefficients
as functions of position are given by

dh

r(x) =r[@, £ tan™ (—)] Eq. 4-3
dx
and
1" (x) = 1[0, £ tan™' (ili)] , Eq. 4-4
dx

where the superscript “ar” stands for “from air to resist”. The functions r(.) and #(.) are
the reflection and transmission coefficients of the resist-air interface as functions of the
local impinging angle. They also depend on the polarization. These functions are given
in [17]. B9 is the illumination angle measured from the optical axis. 6,=80, if BAIT is

used. The £ signs correspond to the left and right beams in Figure 4-4.
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Figure 4-4. Interferometric alignment system.
This figure shows the definition of the left beam,
right beam, incident angle 6, and the optical
axis in an interferometric alignment system.

The reflected and transmitted light also pick up some phase modulation from the
resist relief profile. Putting these phase terms into the generalized reflection and

transmission coefficients in Equations 4-3 and 4-4 yields,
r(x)=r{0,% tan™ (%)]exp[—ﬂkh(x)]
and Eq. 4-5
r -1 dh :
1" (x)=1[8, £ tan (Z)]exp[zk(n— DA(x)],

where k is the wave vector.

Note that both r*" and 1 are periodic functions of position x. They can be
p p y
decomposed into Fourier series, or diffraction orders. Since only the light outgoing at

angle ¢ =0 is collected to form the alignment signal, we need only the first orders for the

ar, L

reflection coefficient /: n“ and r.

The situation of the transmitted light is much more complicated. It is first
diffracted by the resist-air interface, then propagates to the wafer surface and gets
diffracted there. The reflected light propagates back through the resist and gets diffracted
again at the resist-air interface. Part of it transmits to air and those orders emitting along
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the optical axis contribute to the signal. The other part of it will be reflected back into the
resist and undergo multiple reflections inside the photoresist. The hope is that we can
make some approximations and truncate this process to analytically obtain the alignment

signal as a function of the relative position of wafer and mask s.
It is interesting to note that [32].

FT{explik(n—1)h(x)]}

=7 i(—i)”’fm[kd(n - DIS(f, —mf) Eq. 4-6

m=—oo

where FT(.) stands for Fourier transform and J(.) is the m-th order Bessel function. The

last term in Equation 4-6 is the Dirac -function. The Bessel functions are uniformly

bounded from above [32],

[ (o)=otc™).m#0.c#0. Eq. 4-7
If ¢ is small, i.e., c<<1. we can truncate the series in Eq. 4-6. Since c=kd(n-1).
¢ <=1 is equivalent to

A

an-1

2d << ~032um. Eq. 4-8

Therefore, if the peak-to-valley variation of the resist profile is small compared to
0.32um. we can probably truncate the diffraction orders to keep the 0 and =1 orders only.
The above approximation is o(c’). We also obtained FI(r"") numerically. The result
shows that. for 2d €0.4m . we can indeed safely ignore diffraction orders higher than
1, because. collectively they account for less than 0.5% of the total incident energy. As
we will see later. the quantity 2d is never allowed to become larger than 0.4um in our

calculation. Thus. the expansion in Equation 4-6 can be truncated.

Another interesting phenomenon that also works in our favor is the fact that when
the spatial frequency f of the wafer mark structure is high, the higher diffraction orders

become evanescent. and hence do not contribute to the alignment signal. In fact. for the
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case of BAIT, f=i !

=—————, and all diffraction higher than the *2 orders is
W 075um

evanescent and can be safely ignored when calculating the alignment signal.

We conclude that the transmission coefficient, *, can be accurately characterized
by the three diffraction coefficients 7;"and t]. The same arguments apply to the
transmission of light from the resist into air; it can also be represented by three diffraction
coefficients, 7" and .. Note the change of superscript from “ar” to “ra”, the latter reads
“from resist to air”.

To concentrate our attention on the asymmetrical resist coating, we assume an
idealized wafer mark. The underlying structure is modeled as a square wave of amplitude
D and spatial frequency f. This is a classical phase grating and its diffraction efficiencies
can be analytically obtained. Denote these by E,,, where m is the diffraction order. We
have,

w)2 w
I(sz""'f"(l.\'+ejzw J-ejz”'"ﬁ‘d\'). Eq. 4-9
0

w/2

I
E =—
" W(

The optical property of the resist-covered alignment mark is fully characterized by

tld

the amplitude diffraction coefficients given above, ry, t;", 17, t*, £ and E, .

4.2.3 Model the alignment signal

All diffraction coefficients described above are obtained with the reference
position of the mark placed at the origin of the x axis. When the mark, together with the

resist coating on top. shifts by an amount s in the x direction, all these coefficients should

have an extra phase factor,

D = exp(Fi2mmfs), Eq. 4-10

where m is the diffraction order. The upper sign is for the left beam and lower sign for

the right beam, because they see different shifts, +s or -s, respectively.
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Similarly, since the asymmetry of the resist profile is modeled as a lateral shift of
the resist profile with respect to the mark, the diffraction coefficients associated with the

resist-air interface should have an extra phase factor of
O =exp(Fi2mmfd). Eq. 4-11

To avoid notation clutter, hereafter we will assume that proper phase factors as

given by Equations 4-10 and 4-11 are already included when we write the diffraction

ur ar

coefficients such as ), , etc.

Using these coefficients we can write down directly both the contribution from the

left and the right beams to the alignment signal, denoted by L and R, respectively,

L.R=r + Y tw(PE, P)r (PE, P)re...t0 Eq. 4-12

my

Equation 4-12 is a rather complicated formula. We will examine the terms one by one.
First of all, all upper signs apply to L, and lower signs to R. Secondly, we emphasize
again that the diffraction coefficients can be different for L and R, depending on the phase
factors defined in Equations 4-11 and 4-12, and the reflection and transmission
coefficients defined in Equation 4-5. The first term on the right, outside of the
summation, is the reflection from the resist-air interface. Only the %1 orders are included
because these are the only ones that contribute to the alignment signal. The first term in

the summant, ¢, means that the light transmits from air to resist, and we are looking at

y ?
the my-th diffraction order. P is an operator that propagates the light through the resist.
Assuming no attenuation, t is simply a phase factor that depends on the nominal thickness
of the resist Ay and the direction at which the light is propagating. The term inside the
parentheses represents first a propagation through resist, then a reflection from the wafer,
followed by another propagation back to the resist-air interface. If it is reflected again,
another pair of parentheses will follow to describe the sequence of propagation, reflection

and propagation. If it transmits through the resist-air interface back in to the air, the

sequence terminates with a transmission coefficients, z .

Note that the summation is limited to the set
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{tmym e01-11, 3 m =41}, Eq. 4-13

where the upper sign is for L and the lower sign for R. The reason for the requirement

m; € {0,—1,+1} is that we have already justified truncating all reflection and transmission

coefficients to include only the 0 and +1 orders. The condition
Zm,. =xl

comes from the fact that only these combinations of diffraction result in light propagating
along the optical axis.

We simplify Equation 4-12 by two further approximations. The first one is that
multiple reflections can be ignored. The reflection coefficient of the resist-wafer
interface is on the order of 0.4, assuming the wafer is silicon covered by native oxide.
The reflection coefficient of the resist-air interface from inside the resist is on the order of
0.1. Hence as light is bounced another time inside the resist, its energy is diminished to
only 0.16% of its original value. We will therefore keep only those terms that are

reflected from the wafer once. The second approximation is that, to be consistent with
our earlier o(c*) approximation, only one of the m;’s can be %1 and all others should be

zeros. This is equivalent to keeping only those contributions that have undergone *1
order diffraction at most once. This approximation can be justified because, according to

Equations 4-6 and 4-7, each *1 order diffraction involves an O(c) term. If the light goes

through such diffraction twice, its amplitude is O(c®), and we have already justified
discarding such terms in the discussion following Equations 4-7. With these

approximations, Equation 4-12 has become
L,R=r)] +1,’PE Pt + 1t PEPt" +1/PE, Pt . Eq. 4-13
Finally, the alignment signal is just the interference of L and R, i.e.,
I=|L+R[. Eq. 4-14

Some straightforward algebra shows that,
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I o< cos’[2af (s +€)], Eq.4-15

and

€=—I—L(L'R), Eq.4-16

4nf
where Z(.) denotes the phase angle of a complex quantity, and (.)" represents complex
conjugate.

Comparing Equations 4-15 and 2-10, we can see that €is the alignment error

induced by the asymmetric resist coating.

4.3 Modeling results and discussion
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Figure 4-5. Calculated alignment error plotted against resist
asymmetry, or the lateral shift 8. The upper curve is obtained under
the conditions that emulate a commercial stepper. The bottom curve
is calculated using the BAIT conditions.
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Figure 4-5 plots the alignment error versus the amount of resist asymmetry. For
the upper curve labeled “reference”, we take numerical values according to the
specification of a successful interferometry-based commercial alignment system, in which
case, D=0.16um, W =16um. [21,30] We also assume that d = D/2. The commercial
alignment system uses non-polarized light, which is simulated using an equal-energy mix
of TE and TM in our model. This combination of parameters will be referred to as the
reference case. If the Brewster Angle Illumination Technique is used, we specify that the

polarization is TM and that W =0.75um. All other parameters such as D and d are kept

the same as in the reference case in order to put the comparison on fair grounds.

Both curves are linear in Figure 4-5, indicating a strong linear relationship
between the resist asymmetry and its induced alignment error. Because the modeling
result in Equation 4-16 is a first-order theory, this linear relationship is not surprising. In
fact, for all the numerical situations we explored, we found the alignment error € to

depend linearly on the asymmetry 8. This enables us to eliminate one variable and define

an error transfer ratio, 7,

£
=—. Eq. 4-17
n 5 q

which measures how much of the resist asymmetry is transferred into the final alighment
error, or, equivalently, how sensitive the alignment system is to resist asymmetry.

For the reference case, an error transfer ratio of 1,, =045 is found. But for the
BAIT case, we find 7,, =004, a better than ten-fold improvement over the
performance of the commercial alignment system.

Thus the semi-quantitative scalar diffraction model predicts that BAIT should
perform much better than the conventional system. The performance is measured in the

error transfer ratio, or how much of the resist asymmetry translates into alignment error.

The resist asymmetry, 6, can be different in the two systems we considered, due to
complications in the resist coating process, as explained in Section 4.2.1. The above

conclusion regarding the performance of two alignment systems does not specify how
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much resist asymmetry exists in either of these two system, it simply states that BAIT is

much less sensitive to resist coating asymmetry than the configuration of a commercial
alignment tool.

Next, let’s examine the robustness of the BAIT against process variation. Since

the pitch of the alignment mark is fixed at W =0.75um in order to achieve the Brewster

angle effect, the only parameter we can vary is D, the etch depth of the alignment mark.
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Figure 4-6. Calculated error transfer ratio plotted against mark
etch depth. The upper curve is obtained under conditions that
emulate a commercial stepper. The lower curve is calculated
using the BAIT conditions.

Figure 4-6 plots the error transfer ratio as a function of the etch depth of the
alignment mark, which is varied from 0.02tm to 0.4pum. The upper curve is obtained for
the reference case and the bottom curve is the predicted behavior if BAIT is used. The

first feature to notice in this graph is that the BAIT curve lies below the reference curve,
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meaning that for most mark configurations, BAIT is less sensitive to resist asymmetry.
Also, the BAIT curve changes more gradually than the commercial case, meaning that
BAIT is relatively immune to process conditions and works nearly equally well even

when the mark configuration varies widely. In addition, there are other very interesting

features in this plot.

First, in the reference case, error transfer ratio approaches unity at both
D=0.19um and D=039um. This again happens in the BAIT case with D=0.37um.
The interesting question is under what condition all resist asymmetry translates into

alignment error.

To answer this question, let’s turn to Equation 4-13. It states that there are four
components in each of the left and right beams’ contribution to alignment signal. These
four terms are graphically represented in Figure 4-7. The first term is a reflection term,
which is minimized if BAIT is employed. Recall that all of the asymmetry of the
alignment mark under consideration is contained in the resist profile, namely, the resist-
air interface. Also recall that from Equations 4-10 and 4-11, the 0-th order diffraction at
an interface does not carry any information about the structures at the interface. Hence,
the O-th order diffraction at the resist-air interface cannot sense the existence of
asymmetry. To this light, the mark is actually symmetric. The component shown in
Figure 4-7(d) has only 0-th order diffraction at the resist-air interface. It must be error-

free.

Similarly, if the light undergoes O-th order diffraction at the resist-wafer interface,
it cannot at all sense the existence of the underlying mark. The components shown in
Figure 4-7(b) and 4-7(c) are examples of this situation. Since they cannot “see” the
correct location of the mark, which is defined at the resist-wafer interface, these
components actually align to the resist-profile. Thus if the components depicted in Figure
4-7(b) and (c) are the only ones present, the error transfer ratio is unity. The same
analysis applies to the reflection component shown in Figure 4-7(a), it also fully transfers

the error.
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We therefore speculate that unity transfer ratio occurs when the component in
Figure 4-7(d) vanishes and alignment signals are formed by the error-carrying
components in Figure 4-6(a), (b) and (c). This can only happen if E, =0. Recall that
Equation 4-9 gives the diffraction efficiency as a function of the etch depth. Inspection of
this equation shows that, indeed, cach of the unity transfer ratio in Figure 4-5 corresponds

to a vanishing first order diffraction efficiency of the underlying square wave mark.

Resist

(@)

T |

Resist ++ Resist w

© (d)

Figure 4-7. The components of alignment signal. (a) The
light goes through a +! order diffraction. (b) The light
goes through a 0-th order diffraction at the resist-air
interface, then a O-th order diffraction at the resist-wafer
interface, then a +1 order at the resist air interface.

The sequence can be denoted 0-0-1. (c) The sequence 1-0-0.
(d) The sequence 0-1-0.

Ideally, we would like to eliminate all but the error-free components of the
alignment signal. The first error-carrying component, the reflection, can be minimized by
BAIT. The two others in Figure 4-7(b) and (c) can be made to vanish if E;=0,

according to Equation 4-13. A vanishing 0-th order diffraction efficiency is indeed
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achieved at D =0.20um , explaining the vanishing error transfer ratio in the BAIT curve
around this mark configuration.

This is a very encouraging result. It tells us that even when resist coating contains
substantial asymmetry, error-free alignment can still be achieved by making the alignment
system completely immune to this asymmetry. All that are needed are the Brewster
Angle Illumination Technique and properly designed marks. The mark should have

vanishing O-th order diffraction efficiency under resist.

4.4 Summary

A scalar diffraction model reveals many encouraging features of the problem of
aligning on resist-coated alignment marks. Calculations show that the Brewster Angle
Hllumination Technique can suppress resist-induced alignment errors by more than ten-

fold compared with commercial alignment systems.

An extremely encouraging result is also indicated by this semi-quantitative model:
if BAIT is employed on correctly designed marks, nearly error-free (less than 5nm error)
alignment can be achieved even when the resist coating is grotesquely asymmetric, e.g.,

resist profile shifts from the underlying mark pattern by as much as 0.4 um.
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Chapter 5. Brewster angle illumination — Experiments

In this chapter, we present experimental results that convincingly
demonstrate the effectiveness of BAIT in eliminating resist-induced

alignment errors.

5.1 Motivation
We demonstrated the advantages of BAIT using a scalar diffraction model. It is
of course highly desirable to obtain experimental evidence that the BAIT is a viable

technique to reduce resist-induced alignment errors.

In fact, an experimental study is also motivated by the confusion over resist

induced alignment errors that exists in the literature.

In Chapter 2, we stated that many alignment mark structures can be described as
being two-dimensional because they are roughly invariant when translated along some
axis. When the mark is coated with resist. the amount of asymmetry in the resist coating
depends on the relation between this axis of translational invariance and the local flow
direction of the resist. One expects that when the translational axis of the alignment
marks is parallel to the flow direction. there should be no asymmetry, because one side of
the reference position is no different from the other. One further expects that asymmetry
takes the maximum value when the translational axis is perpendicular to resist flow.
Between these two extremes, i.e.. when the flow direction makes an acute angle with the

translation axis. some amount of resist asymmetry is expected to exist.

Explicitly or implicitly. many researchers made the assumptions that. first. the
alignment error as a two-dimensional vector always lies in the direction of radial flow,
regardless of the orientation of the alignment mark: and second. the magnitude of
alignment error depends linearly on the mark’s distance to the center of the wafer. Under
these two assumptions. the resist induced alignment errors across the wafer behave like
the effect of a simple magnification error. Sometimes. this belief is cited in order to
justify ignoring the problem of resist-induced error because magnification errors can be

easily compensated for in the procedure of global alignment. as is evident from the
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description in Section 1.2.4. In other cases, this linear and radiating pattern is used as a

template to look for resist-induced alignment errors [33].

It is our belief that the above assumptions are very weakly supported. These
assumptions can only hold true if the resist behaves linearly. Specifically, we need to
break down the radial flow velocity of the resist into two orthogonal components, one in
the x direction and one in the y direction. Note that the x flow component is parallel to
the v mark and vice versa. Furthermore. we need to assume that the resist asymmetry
created in the y mark is proportional to the v velocity, and same applies in the x direction.
Only when these are true can we expect the linear and radiating pattern of resist induced
alignment errors. However, the resist coating process. which includes the flow and
drying of viscous material under very violent motion conditions, is known to be highly
nonlinear. The measured resist profiles shown in Figure 4-3 strongly suggests
nonlinearity in resist coating. The linear assumptions made above are at best gross
idealizations.

We hence speculate that these complications contribute to the inconsistency of
reported results regarding resist induced errors {27, 33, 34]. At the same time. we feel
compelled to conduct a systematic and well-defined study of the issue of resist-induced

alignment errors.

5.2 Experimental setup

To study the resist-induced alignment errors and to evaluate the BAIT. we
assembled a relatively straightforward implementation of the interferometric alignment
optics. (Figure 4-4)

A sketch of the optics for the experimental study [35] is shown in Figure 5-1. The
definition of a Cartesian coordinate system follows the convention used in previous

chapters and is shown in the figure.

A 15mW He-Ne laser with wavelength A = 633nm and linear polarization is used
as the illumination source. The main optics comprises a pair of microscope objectives
(MOs). The first one is an off-the-shelf 10x MO. The second one has a magnification of

100x and a numerical aperture of 0.9. This MO is custom-made so that it can be used in
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Figure 5-1. Schematic of the experiments. FT stands for

Fourier Transform. SF is spatial filter. BS is beam splitter. MO is
microscope objective. Also shown are the coordinate axes. Please see
text for a detailed description.

either direction. It can be used as a microscope objective which amplifies the object by
one hundred times. It can also be used in the reverse direction. in which case it forms a
real image that is de-magnified by the same amount. The combination of this pair of

MOs images the mask pattern, shrunk by ten times. onto the wafer plane.

The mask is fabricated using electron beam lithography and comprises equally
spaced lines and spaces parallel to the v axis. It essentially serves as a transmission
grating. On the wafer we also etched some lines-and-spaces patterns parallel to the v axis
with a periodicity ten times smaller than that of the mask: therefore the wafer mark and
the mask image have the same periodicity. thus satisfying the condition for an

interferometry-based alignment system as shown in Figure 4-4.

After passing through the mask. the laser light is diffracted into multiple
diffraction orders. The Fourier Transform (FT) lens behind the mask focuses each
diffraction order into a spot on the FT plane. where a spatial filter is placed. The spatial
fiiter is essentially a plate with only two openings. coated with absorptive material. The
openings pass only the +1 and -1 orders of the diffraction. After this spatial filtering step.
the effective mask in our experiment is no longer a square wave transmission grating. it
becomes a sinusoidal one. The above are standard optical processing techniques that can

be found in classical Fourier Optics textbooks [13].
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The mask image formed by the two MOs on the wafer surface is the interference
pattern of two plane waves, i.e., a sinusoidal intensity pattern. The reflection from the
wafer is directed into the diode by the beam splitter. The FT lens and the pin-hole in
front of the diode form a spatial filter that collects only the plane waves propagating
along the optical axis, i.e., the O-th order diffraction. It is clear from this description that
our experimental setup as shown in Figure 5-1 is an implementation of the principles

described in Figure 4-4, i.e., an interferometric alignment system.

There is also an incoherent imaging system that exists in parallel with the
coherent interferometric alignment tool. The incoherent light from a bulb is directed on
the wafer by the fiber bundle and the beam splitter. The wafer’s image is formed on the
CCD camera and monitored on a TV set. This image is used for finding the patterns on

the wafer, for focus, and for other adjustments.

The wafer is held on a computer-controlled stage, which can move in the x, y and
z directions and rotate about the z axis. In each of the x, y and z directions, stage
positioning is controlled by the dual motion capability of a lead-screw driven coarse stage
and a piezo-electrically driven fine stage. The coarse stage has a positioning precision of
around ium but is capable of linear motion within a 2mm range. The fine motion stage
has a positioning precision of 3nm but can only travel 100im, according to factory
specification. The combination of these two allows for fine positioning over a rather
large area. The stage’s x and y motion are used to scan the wafer relative to the mask.
The z motion is used to find the correct focus during imaging. Furthermore, the stage’s x

position is monitored by a laser interferometer system, which has a resolution of Snm.

The stage vibration has a standard deviation of Snm when the system is left idle.
The whole experimental setup is enclosed in a cloth tent to minimize the effect of varying
temperatures and air turbulence. We measured the laser-interferometer readings when
the stage was left idle for a long period of time. The stage drift obtained from these
experiments varied from 0.003nm/s to 0.12nm/s. Since the data collection for a single
experiment takes much less than a second, the drift effect is small compared to the

measurement results, as will be shown later.
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When the wafer stage is driven by the piezos, the diode collects the alignment
signal which is then amplified, sampled and digitized, while the laser interferometer
system records the position of the stage. Thus an alignment signal as a function of the
stage position is formed. A sample signal is shown in Figure 5-2. A typical value for the

signal-to-noise ratio is 13dB.
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Figure 5-2. Plot of a sample alignment signal obtained from our
experimental setup.

To characterize the performance of the instrument, we carried out repeated
measurements on the same location of the wafer. These experiments showed that
alignment error measurements have a lo repeatability of about 6nm. This offers an

estimate of the detectable length scales using this instrument.
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5.3 Detailed measurement procedure
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Figure 5-3. Illustration of the experimental procedure. There
are four quadrants in this graph, from A to D. Position of the
resist-covered mark can be determined from the aa’ scan.
Position of the uncovered mark can be found by the bb’, cc’
or dd’ scan. The difference between these is the resist-
induced error. Many complicated issues, such as rotation,
stage cross-talk, etc. can complicate such measurements.
Also shown is the distance between the left and right halves
of patterns, A.
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The resist-induced alignment errors are found to range from several nanometers to
several tens of nanometers. To reliably measure effects on this scale, the experimental
procedure needs to be careful designed. We tested several basic differential methods and
they are found to give statistically identical results if careful calibrations and adjustments

of the instruments are performed.

In Figure 5-3, we show the patterns made on the wafer. Note there are four
quadrants in the figure, labeled as “A” to “D”. The A quadrant is covered by resist and

the three other quadrants contain uncovered marks.

In the first approach, we first take a scan in the A quadrant, and immediately
afterwards, the wafer is moved so that a scan in the B quadrant can be taken. The scans

are labeled as aa’ and bb’ in Figure 5-3. Recall that the alignment signal is sinusoidal in
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such a system and that the zero phase occurs when the wafer and the mask are aligned.
Suppose that fitting the signal from the A quadrant to a sinusoid yields zero-phase

locations,
x,=x+jW/2, Eq. 5-1

where j is an integer, W is the period of wafer mark structure and W/2 is the periodicity of

alignment signals. From the B quadrant, we find zero-phase locations,
Xy =2, +mW/[2-A, Eq. 5-2

where m is another integer and A is the distance between the left and the right halves of

patterns, A =40um. Taking the difference of Equations 5-1 and 5-2, we get
e=(x, - x,)+kW/2+A=¢,+kW/2+A, Eg. 5-3

where k is also an integer. We expect that & represents the resist-induced alignment
error. The only complication is that there is an ambiguity due to the periodicity. This
ambiguity, however, can be clarified quite easily if we realize that the smallest W we will
encounter is W =075um and an resist-induced error as large as W/2 =0375um is
unimaginable. Thus the resist induced error, &, can be determined by eliminating all

multiples of W/2 from € in Equation 5-3. We can call this approach an “A-B
comparison”.

In the second approach, the comparison is made between two scan lines such as

those labeled aa’ and dd’ in the figure. This can be called an “A-D comparison”.

A third possible approach is to obtain alignment on each of the four quadrants and
use the results in quadrants B and C to make sure that the lines-and-spaces are lined up
with the y axis, then the comparison between quadrant A and quadrant D is much more

reliable. This can be called an “four-quadrant measurement”.

Both the A-B and A-D comparison methods can be undermined by some subtle
problems. In the A-B comparison method, the stage has to move the wafer from A
quadrant to B quadrant; this is a relatively large step in the x direction. Suppose that
there is a cross-talk between the x and y stages, i.e., what is supposedly a step in purely
the x direction involves both x and y movements. Then the A and B quadrant signals are
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taken from different y-locations on the wafer. If the wafer has any residual-rotation in
the x-y plane, y-location difference translates into a difference in the x locations. This

unknown amount of x Jocation difference becomes part of our measurements of

alignment error.

Similarly, for the A-D comparison method, the large step in the y direction can
introduce an unknown amount of x movement if there is a cross-talk between the x and y
stages. Or, if there is a residual rotation of the wafer in the x-y plane, the measured
alignment errors contain an unknown amount of rotation-induced x location difference

between the scan “aa’” and “dd’”.

The residual in-plane rotation can be measured in-situ and corrected by the
rotation capability of the wafer-stage about the z axis. Cross-talks between axes of the
stage can also be measured. They are compensated for by special computer programs

which take the cross-talks into considerations when commanding the stage to move.

Such calibration procedures performed at the beginning of the experiment after
mounting each chip on the stage are necessary for the experiment to be trustworthy. We
performed such calibration and found that, after these effects are taken care of, the
aforementioned three methods of obtaining the resist-induced errors become statistically
equivalent. Figure 5-5 shows the histograms of measured values of resist-induced errors,
obtained using the three different methods on the same chip. Statistical testing shows

that they are identical distributions.

Because the stage cross-talk, drift and rotation can all change slightly in the
course of time, we chose the method of A-B comparison due to its superior speed. All

experimental results presented in later sections are obtained using this method.

The analysis presented here underscores the necessity of a well-designed
procedure for the measurement of such minute effects as resist-induced alignment errors.
The results shown in Figure 5-4 give us the confidence that our instrument and

experimental design are capable of performing such measurements.
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Figure 5-4. Histograms of measured resist-induced errors
using three different methods. From top panel to bottom,
(a) AB Comparison; (b) AD Comparison and (c) Four
Quadrant Measurement. These distributions are shown
to be identical by statistical testing.

5.4 Experimental results and discussion

We first measured the resist-induced errors across the wafer. To avoid the
complications described in the introduction section, we separated out the cases when the
wafer marks are parallel or perpendicular to the radial flow, which will be referred to as
the “parallel” and “perpendicular” marks, respectively. The resist used for this study is
SAL601®, and resist thickness is 1.0um. Figure 5-5 shows the results obtained for a

reference case. The alignment mark is equally wide lines and spaces with a pitch of 4um.
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The impinging angle in this case is 10°, far from the Brewster angle condition. In the
figure, the circles and triangles represent perpendicular and parallel marks, respectively.
Each data point is the average of twenty repeated measurements, with the error bar
representing standard deviation in the sample. It is clearly seen that the perpendicular
marks show measurable alignment errors that have a roughly linear dependence on the
distance from the wafer center. The parallel marks, however, show alignment errors
across the wafer being close or below the instrument detectability, which can be
considered vanishing. This result clearly confirms the intuitive expectation of the

behavior of resist-induced alignment errors, as outlined in the introduction section.
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Figure 5-5. Measured resist-induced alignment errors at conditions
far away from Brewster angle illumination. When the mark is
perpendicular to the radial direction, there exists significant
amount of alignment error. For the marks that are parallel to resist
flow, there does not exist measurable resist-induced error.

Next, we repeat the same experiment on alignment marks that are optimized to
eliminate resist-induced errors, i.e., using the error-free condition established in Chapter

4. These marks are line-and-space patterns with 0.75um periodicity and an etch depth of
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0.2um. (Figure 5-6) Both paralle! and perpendicular marks show alignment errors well

below 10nm across the wafer, in most cases close to or below the instrument resolution.
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Figure 5-6. Measured resist-induced alignment errors at BAIT
condition. Both perpendicular and parallel marks show alignment
errors below detectability.

It is not clear from this result alone whether the BAIT has eliminated the resist-
induced alignment errors or whether there is simply less asymmetry in the resist coating.
These wafers have much finer structures than the one used in Figure 5-5. As discussed in
Chapter 4, when coated on very fine structures, resist approaches a flat profile, ignoring
the underlying relief. Since a completely flat coating cannot be asymmetric, we expect

the resist asymmetry also lessens for finer mark structures.

To distinguish these two possibilities, we rotated the polarization of the
illumination from TM to TE by inserting a half-wave plate into the optical path. All
other parameters are left unchanged. Since the reflection from the resist-air interface
does not vanish at the Brewster angle when the light is TE polarized, we expect that the
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error-reduction mechanism to break down and hence, if there is any asymmetry in the
resist coating, we should be able to measure some alignment errors. The results in Figure
5-7 indeed show measurable amount of errors for perpendicular marks, yet the parallel

marks are still etror-free.

BAIT but TE Polarization

20

—@— perpendicular
- ook parallel

_
o

Alignment Error (nm)
(=]

_20 L 2 : L. ! : ! R S L

40 30 20 -10 O 10 20 30 40
Distance from Center of Wafer (mm)

Figure 5-7. Measured resist-induced errors using Brewster angle
but with TE polarization. These results proves the existence of
resist coating asymmetry on the BAIT-optimized wafers. The
asymmetry is detectable using TE polarization.

Comparing Figures 5-6 and 5-7 leads us to the inarguable conclusion that first,

there exists resist asymmetry on the perpendicular marks, and second, alignment is error-

free on these asymmetrically coated marks if BAIT is employed.

For the perpendicular marks on these BAIT-optimized wafers, the approximate
linear relationship between the alignment error and the distance to center of wafer is also
apparent. The magnitudes of these errors are smaller than those of the reference wafer,
which may be attributed to lesser resist asymmetry as a result of finer structures of the

alignment marks.
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5.4.2 Exploring the behavior of resist coating

Several of the figures above show that, at least for the perpendicular marks, the
resist coating asymmetry seems to be proportional to the radial distance to center of
wafer. As discussed in Chapter 4, we do not expect generally linear behavior from the

process of resist coating.
Define the orientation, ¢, of an alignment mark as the sine of the acute angle ¢

made by the radial direction and the lines-and-spaces of the mark, i.e., { =sin¢. For
instance, the perpendicular mark has an orientation of unity and a parallel mark has zero.
If the resist induces linear errors over the wafer, we shall expect the x component of the
alignment error to be proportional to r¢, where r is the radial distance from the mark to
the center of the wafer. In Figure 5-8, we show a scatter plot of measured alignment
errors across a wafer obtained in the TE mode, against the orientation of the mark. There
is very little evidence of a linear dependence in this plot. The absence of linearity

confirms our expectation regarding the behavior of resist asymmetry.

In Figure 5-8, even for marks that have the same value of r{, the measured
alignment errors can vary widely. The variation is definitely beyond the measurement
repeatability, which is around 6nm. This indicates that resist asymmetry cannot be
completely characterized by radial distance and orientation. The largest possible error for
each r{ value, however, does show a linear relationship. This occurs when the
orientation is unity, as already shown in Figures 5-9. Apparently, when the mark is not
perpendicular or parallel to the resist flow, there are other factors than the radial distance
and orientation affecting the values of alignment errors. Similar results were already

observed in the literature [33].
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Figure 5-8. Measured alignment error vs the value of r{. These data
were obtained using TE polarization across one wafer. If resist coating
behaves linearly, there should exist a linear relationship in this plot.
Each point in this graph is the average of 15 repeated measurements.

Next, we explored the cases of different spin speeds and resist thickness. Figure
5-9 shows that in general the resist-induced error decreases as the resist becomes thicker.
However, these results are ambiguous because there can be two factors that contributed to
the decrease of error. First, because the resist is thicker, it “feels” less of the underlying
structure. In the limiting case when resist is so thick that it cannot feel the existence of
the mark structure, the resist profile becomes completely flat and no asymmetry exists.
Hence a thicker resist tends to show less asymmetry. Second, resist is thicker because we
used a slower spin speed and so, the radial flow is also slower. This could also lead 10 a

decreasing amount of resist coating asymmetry.
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Figure 5-9. Alignment error vs resist thickness. The alignment error
used in the graph is the average of the measured errors on the two
outermost perpendicular marks. Different resist thickness was
obtained by adjusting spin speed.

To isolate these different factors, we diluted the resist with various amount of
Shipley Microposit® thinner. In one experiment, we diluted the resist so that a constant
spin speed was used but different resist thicknesses resulted. The spin speed was kept at
1800rpm, while the volume ratios of thinner to resist were 0.2, 0.3 and 0.5 for the
resulting thickness of 0.91um, 0.78um and 0.61um, respectively. The alignment errors
were measured from the two outermost perpendicular marks and the average value is
shown in Figure 5-11. The errors measured using TE polarized light are visible but show
a very slow dependence on resist thickness. Another interesting phenomenon is that the
effectiveness of BAIT starts to break down when the resist becomes as thin as 0.6um.
This failure is believed to be attributable to the ripples on the surface of the resist, which
cause the local impinging angle to deviate from the ideal Brewster angle setting, and

therefore the exact BAIT condition can not be achieved. When resist becomes thin, its
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surface has large ripples due to the underlying structure and therefore BAIT fails to

eliminate the error.
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Figure 5-10. Alignment error vs resist thickness. The alignment
errros shown here are averages of those measured on two outer-
most perpendicular marks. A constant spin speed of 1.8krpm was
used. The different resist thicknesses were obtained using
different dilution ratios.

In another experiment, we use different combinations of spin speed and dilution
ratio to obtain a constant thickness. The thickness is held at 0.610£0.005um, while
volume ratios of thinner to resist of 0.2, 0.33, 0.4 and 0.5 were used in combination of
spin speeds of 4.0, 2.9, 2.3 and 1.8kprm, respectively, to achieve the constant thickness.
Figure 5-11 shows the measured errors from the two outermost perpendicular marks.
Noticeably, the asymmetry as measured by TE data shows a stronger dependence on the
spin speed than on thickness. In this case, resist induced error can no longer be

eliminated because the resist thickness is small and the BAIT is showing signs of failure.
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Even under these adverse conditions, though, BAIT still performs better than non-BAIT

conditions such as the TE polarization used for comparison.
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Figure 5-11. Alignment error vs. spin speed. The alignment errors
shown here are averages of those measured on two outer-most

marks. The resist thickness was kept constant at 0.61pum by
combining different spin speeds and dilution ratios.

5.4.3 Conclusions

From the experimental results shown above, we can draw the following
conclusions. As detected by using the reference wafers or TE polarization on the BAIT
wafers, resist coating is in general asymmetric when the marks are not parallel to the
radial flow direction, but no significant amount of asymmetry was detected for marks
parallel to radial flow. For marks that are neither parallel or perpendicular to the radial
flow direction, we found no evidence of a linearly-behaving resist coating asymmetry, as
assumed by some casual observers. The amount of asymmetry on the perpendicular

marks is more sensitive to spin speed of the coating process than the resulting thickness.
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We observed, on the perpendicular marks, an alignment error that depends on the
distance to the center of wafer in an approximately linear fashion, and error amplitude
can be as large as 25nm. This magnitude depends on the structure of the underlying
alignment mark: less asymmetry is observed for finer marks with smaller periodicity.
The use of Brewster angle illumination with TM polarized light greatly reduces resist-
induced error to below the instrument resolution in most of the parameter spaces we

explored.

Comparison of TM and TE polarized light unambiguously shows the
improvement in alignment accuracy provided by BAIT. When the resist becomes thinner
than 0.6um, however, BAIT starts to become less effective, most possibly due to the
enhanced relief structure on the surface of the resist. Even in these cases, however, BAIT
still performs considerably better than a non-BAIT alignment system. Reduction in
topography of the alignment marks should improve the effectiveness of BAIT for thin

resist.

5.4 Practical limitations of BAIT
In the delineation of experimental results, we already noticed an important
limitation of BAIT: its relative ineffectiveness in reducing errors when the resist becomes

thin.
There are other rather fundamental limitations to BAIT as well.

First of all, indices of refraction of most photoresist determine that the Brewster
angle is around 58°. This angle of incidence translates into an extremely high numerical
aperture of 0.85. Since most exposure optics for lithography require a relatively large
field-of-view and a reasonable depth-of-focus, the numerical aperture is usually limited to
0.65 or below. This means that the exposure optics cannot be used for alignment, i.e., the
alignment system must be implemented in a separate system. In the terminology of
stepper technology, this is called an “off-axis, non-TTL (Through-The-Lens)” alignment
system. It is known that such non-TTL systems’ performances are inferior to those of the
TTL type[36), because of the introduction of a new error source for overlay. This new

factor is the instability of the distance between the optical axes of the exposure and
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alignment subsystems. Often called “base-line drift”, this instability was found to

introduce overlay errors on the order of twenty to forty nanometers [36].

Furthermore, the indices of refraction dictate that the mark periodicity must be as
small as 0.75um, unless the light wavelength is significantly larger than 633nm. Recall
that there is a 27 uncertainty associated with determining the phase of a sinusoid, as
explicitly expressed in Equations 5-1 and 5-2. An unambiguous alignment using such
phase-detecting techniques must rely on a pre-alignment method that is accurate within
the signal periodicity. For BAIT, this translates into a requirement of 0.375pm maximum
error on the pre-alignment procedure. Since some pre-alignment procedures are based on
coarse and inexpensive methods [4], achieving such accuracy can be difficult or
expensive in some occasions.

Finally, just like resist-coating, many other processes behave like low-pass filters.
When the mark is coated by other materials, its modulation depth D may be seriously
attenuated if the mark has a very fine structure, resulting in a relatively flat surface relief
and hence a low-contrast signal. Therefore the fine structure of the alignment marks

needed by BAIT may lead to loss of signal contrast.

5.5 Summary

The Brewster Angle Illumination Technique was found to be a robust tool in
eliminating resist-induced alignment errors; for mark geometry optimized for BAIT
(Chapter 4.), resist-induced alighment errors as large as 25nm were reduced to an

unobservable level of below 6nm.

While exploring general behaviors of resist coating, a reduction in BAIT’s
effectiveness was observed for resist thickness thinner than 0.6ium. It is attributed to the

ripple on the surface profile of the resist.

Other practical limitations of BAIT were also discussed.
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PART Ili: ALGORITHM-BASED TECHNIQUES

Chapter 6. The learning approach — Simulation

In this chapter, we introduce the learning approach of alignment, which is
necessitated by signal asymmetry. Simulation models and results will be

presented.

6.1 The necessity of learning

6.1.1 The absence of truth

The difficulties of alignment come from the existence of asymmetry and
variations in the signal. The physics-based techniques presented in the first part of this
thesis aim at reducing or eliminating signal asymmetry and variation. But there is another
approach to solve the alignment problem. We can take the signal asymmetry and
variation as given and ask whether or not we can still achieve accurate alignment. In
other words, we can try to weaken the link between, or possibly disconnect, signal
asymmetry and errors in the final alignment results. As depicted by Figure 2-5, the
conduit from signal asymmetry to alignment error is the algorithm. We are therefore

looking for algorithm-based approaches.

Almost all reported algorithms are based on the hypothesis that the signal is
symmetric about the reference position. For these symmetric algorithms, signal
asymmetry inevitably translates into alignment error. To achieve correct alignment on

asymmetric signals, we must look beyond the group of symmetric algorithms.

But if the algorithm does not look for the symmetry axis of a signal, what should

it look for?

This difficulty is a fundamental one. To clarify the predicament of aligning on an

asymmetric signal, let’s examine another thought experiment. In Figure 6-1(a), we show

76

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



an ideal alignment mark, as designed. Note that it is symmetric about the reference
position. Suppose what is actually made on the wafer is the one shown in Figure 6-1(b).
The task of alignment is to find the correct reference position from this mark. If the mark
shown in Figure 6-1(b) is all the information we have, it is absolutely impossible to find
the correct reference position, because we have no convincing reason to pick the correct
reference position from the many other possible candidates shown in Figure 6-1(b). The
information about the reference position is simply absent from the mark structure, or any

alignment signals resulting from the mark.

Reference
Position

Figure 6-1. Sketch illustrating the difficulty of
alignment on asymmetric signals. (a) The
designed alignment mark; it is symmetric about
the reference position. (b) The fabricated mark on
the wafer; is it asymmetric. 11’ and 22’ are other
possible candidates for reference positions. There
exists no logical reason to pick any of them and
ignore the others.

The case in Figure 6-1 is definitely an overly simplified version of what can
possibly happen in reality, but it underscores the general predicament of trying to align on
asymmetric signals. When an alignment signal is asymmetric, the signal alone does not

provide sufficient information for us to determine the correct reference position. This
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problem can be named “the absence of truth”. It is the fundamental difficulty of aligning

on asymmetric signals or marks.

6.1.2 Analogy to a communication problem

In its essence, alignment is very similar to a communication problem.

A general communication system [36] is shown in Figure 6-2(a). The information

Information To Correct Reference
Be Transmitted 0 Position X,

[ P> Sn—
Encoder Mark Design —
( Code; Ideal Mark
®] Communication Processing, Coating
Channel Detection Optics

Asymmetric &

Noisy, Distorted
Varying Signal

Version of Code

A

Decoder Algorithm ___¢

Determined
Position .,

Received

\()

Information -

(a) (b)

Figure 6-2. Parallelism between the alignment and communication
problems. (a) The flow chart of a communication system. (b) The
flow chart of an alignment system. A one-to-one correspondence
between the components of an alignment system and those of a

communication system is apparent.
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to be transmitted is contained in the code. The code is then transmitted through the
communication channel. At the other end of the channel, the receiver senses a possibly
distorted and noisy version of the original code. This distorted and noisy version is then

used by the decoder which tries to determine the information being transferred.

A generic alignment system is shown in Figure 6-2(b). The information that we
would like to find is the location of the reference position. Assume this is &,. The
designed alignment mark, the symmetric one without all the coverings and processing, is
a code that represents t,. The coverings and processing on the mark, together with the
alignment optics, represent the communication channel through which the code
propagates. The receiver senses the distorted and noisy version of the code, which is the
alignment signal /(x). The alignment algorithm functions as the decoder and tries to
find the hidden information of %, from the signal /(x). In the communication problem.
channel distortion and noise is what makes the decoding problem difficult. Analogously,
coverings and processing of mark and imperfections of the alignment optics are the

culprits of alignment difficulties.

In any kind of decoding problem, external information must be available. By
external, we mean “not contained in the code itself’. The external information is
typically contained in a “code book”. The same applies to alignment algorithms. For
instance, all the symmetric alignment algorithms makes use of the important external
information that the signal is symmetric about the reference position. Asymmetry is a
form of channel distortion, in the presence of which the external symmetry assumption
breaks down. To correctly align on asymmetric signals, we must find other external

information, or hypotheses, to build our alignment algorithm on.

There is a very general method for designing decoding algorithms in the presence
of channel distortion and noise [36]. Transmit some known information, denoted by I,.
through the channel and receive the transmitted code, denoted by /(x). Repeat this N

times so that we have a statistical sampling of the channel behavior. Let

w(%,) ={l,(x),i=1L..N} represent this collection of received codes. Repeat this

procedure for all possible choices of %,. We then have a one-to-one mapping, given by
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X, > W(X,). Vx,. Eg. 6-1

This mapping, which will be called y-mapping, should be able to fully
characterize the channel distortion and noise. as long as the channel is static in the sense
that its properties are not changing with time. The y-mapping is a thorough but verbose

mathematical representation of the communication channel.

Let’s give an example of how the y-mapping can be used. From the y~mapping.
one can calculate the conditional probabilities of P[I,(x)])?ol and P[% |l (x)]. The
former represents the probability of receiving a particular signal when the transmitted
information is known. Conversely, the latter is the probability of the transmitted

information being X, when the received code is/(x). A decoding algorithm can be

designed as the following if these probabilities are known,

Xp = argmax P[3,|1,(x)] Eq. 6-2.

i.e., the chosen value of x, is the one that has the most probability of occurring when the

code is known to the received one.

Direct implementation of the decoding algorithm in Equation 6-2 is of course very
inefficient. But the above derivation supports one important observation: the much
needed external information for any decoding problem must be contained somewhere in
the y-mapping of Equation 6-1. The task of designing reliable and efficient algorithms is
admittedly the one of reducing or compressing the information contained in the y-
mapping.

The same conclusion can be drawn regarding the alignment problem. In order to
find the algorithm that is capable of accurate alignment on asymmetric signals. we must
first go through the exercise of building the y-mapping. which may then lead us to some
useful and concise external information. based upon which the alignment algorithm can

be constructed.
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The above points us in the direction of a learning approach, because during the
process of building up the y-mapping, we are indeed learning about the characteristics of

the system.
6.2 Constructing and deciphering the y-mapping

6.2.1 Constructing the y-mapping

The first issue in constructing the yw-mapping is that the signals in the set
{I.(x),i=1,2,..., N} need to be representative of the processes under consideration. For
instance, if we use several different tools to polish the wafer, and we have reason to
believe that significant difference may exist between these tools, then we should include
signals from each tool in order for this information to be present. It may as well be the
case that differences between the tools are not observable. In this situation, we hope we
can eliminate the “redundancy” when interpreting the information contained in the y-

mapping. We will see later that this is indeed achieved.

To construct the y-mapping, we need to find corresponding pairs of x,, the
reference position and {[,(x),i=1,2,..., N}, the resulting alignment signals. The
alignment signals can be readily obtained if we simply record the signals during the

process of lithography. There are essentially two methods to find the corresponding

reference positions. One relies on overlay metrology, the other on differential alignment.

To utilize overlay metrology. alignment is first performed using any existing
algorithms, for instance, one of the symmetric algorithms. The algorithm finds an
estimate of the reference position, x,, which can be different from the correct reference
position, %,. Exposure is then performed assuming x; is the mark position. After
development and possibly other processing, overlay metrology is used to measure the
alignment error. From the metrology data and the estimate of the reference position. we
can reconstruct the correct reference position for each signal. This procedure is illustrated

in Figure 6-3.

81

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Overlay Error Measured

by Metrology
Refi Positi C
eference Position ! orrect Reference
Used for Exposure > Position
:
1
: Alignment Signal
]
A B -

Position

Figure 6-3. Illustration of finding correct reference position from
overlay metrology. For a given signal, any existing algorithm is
used to find an estimate of the reference position (A). This estimate
is then used for exposure. Overlay metrology tells how much error
resulted from this procedure. The correct reference position (B) can
be found based on this information.
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Figure 6-4. Illustration of finding reference position from
differential alignment. An extra lithography step is used to
remove the coatings on the alignment mark within a window.
The correct reference position of the mark can be determined
from the ideal mark revealed inside the window.
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To use differential alignment, an extra step of lithography is used to remove
partially the coverings that are affecting alignment. This step requires only coarse
alignment. After this step, we have essentially two alignment marks, placed right next to
each other, one with and one without the error-causing covering. Alignment can be
performed on uncovered part, which is presumably symmetric. The alignment result on
the uncovered mark is used as the correct reference position for the covered mark. This is
very similar to the experimental procedure presented in Chapter 5. See Figure 6-4 for an

illustration.

Neither of these two methods is error-free. As described in Chapter |, in addition
to alignment error, overlay error contains many other effects. The differential method is
also error-prone, as discussed in Chapter 5. In particular, the tool-induced effects cannot
be detected in the differential methods. Thus there could be errors in the reference
positions obtained using these methods. We will see the applications of both these

methods in the experimental studies presented in Chapter 7.

6.2.2 Simplifying the y-mapping
Each alignment signal can be written as, /(x;X,), with the dependence on X,

explicitly expressed. If we change the reference position and shift it by the amount A,

the signal should also shiftby A, i.e.,
I{(x; %) = I(x—A; %~ A) . Eq. 6-3

In other words, the functional form of the alignment signal should only depend on the

difference of x and %,, i.e.,
(X)) =1(x—-%,). Eq. 6-4

We can therefore simply the y-mapping by shifting all the signals until their

corresponding reference positions satisfy

%,=0. Eq. 6-5

The y-mapping now contains only a single map:
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O w(0)={I,(x),i=1,2,..,N,x,=0}. Eq. 6-6
We’ve reached the conviction that all the information regarding the alignment

system is contained in the set of alignment signals taken with the reference position fixed

at the origin of the x axis.

6.2.3 Deciphering the y-mapping: A physical model

We now build a physical model that characterizes the form and variation of
alignment signals [37].

Because the form of the alignment signal depends on which processing layer is
being aligned, which alignment sensor is used and where the alignment mark is located
on the wafer, etc., the only practical way to model alignment signals is to build a model
for a particular parameter set. We build a model for what we call a “controlled
environment” — a fixed processing layer, a particular alignment sensor and a fixed mark
position on the wafer. When any of these change, we have to build a different model.
Possible relaxation of some of the restrictions will be discussed later.

Assuming additive noise, the alignment signal can be written in the most general
form as I(x)=1(x; p,,pys....p,) +I1(x) where p;, k = 1,2,...,n, are n independent
variables that characterize the environment; [1(x) is random noise. Assume also we have
already simplified the y-mapping to the set {I,(x;p,,pys.. P ) i=12,.... N, %, =0}.
We will refer to this set as the sample data set.

In a perfectly controlled environment, all the p’s are fixed. Also, all N copies of
the alignment signals are identical, except for the noise term. We can take the average
signal T(x—Z%,) as a very simple model of the alignment system. We will refer to this

simple model a template, for reasons soon to become clear. Whenever we receive a

signal /(x), we know that it is simply the template plus some noise. The issue of finding
the position of a known signal in the presence of noise is well-studied [38], and a very

simple solution is the use of correlation, i.e.,
X, =arg m’ax[l(x—t)®1—(x—i0)] Eq. 6-7
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In this overly simplified case of a perfectly controlled environment, all the
information regarding the alignment problem is reduced to a single template function, and

a straightforward alignment algorithm can be designed based on correlation with the
template, as expressed in Equation 6-7.

In reality, however, there are always a few parameters that cannot be perfectly
controlled. Suppose that p;, j=/,2,...,r<n, undergo small but random fluctuations around

some fixed values p;(0). With this assumption, an alignment signal can be written as,

Lol
I(x) = I1(x; p,(0), p,(0),..., p,(0)) + 2—9 Ap, +h.o+TI(x)
=1 P Eq. 6-8

I(x)=1(x;0)+ 2 I', (x;00Ap, +h.o+TI(x)
k=1

where we have used the shorthand notation f(x;0) and /', (x;0) to represent the “average
signal” and its derivative evaluated when all parameters are at their fixed value p;(0);
“h.0.” stands for higher order terms; TI(x) represents for noise. The set

{I.(x;p,,Pyseees P ),i=1,2,..., N, X, =0}, or the sample data set corresponds to random

variations in the parameters, i.e.,

1,(x)=1(x;0) +2r,1'k (x;0Ap, +h.o+T1(x). Eq. 6-9
k=]

Let’s examine Equation 6-9 in detail. First of all, the alignment signals from a
controlled environment can be expressed as linear combinations of several functions.
The basis functions of the linear combination include I(x;0), IL(x;O) and higher order
derivatives. The first one is the alignment signal when all process parameters are held at
their fixed-point, or the intended values. The other basis functions represent the response
of this signal with respect to the changes in process conditions. Both of these can be said
to characterize the controlled environment we have defined. Despite the existence of
process variations, these basis functions remain the same as long as we are working in the

same controlled environment.
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The linear combination weights are random fluctuations of process parameters.
They characterize imperfections of process control. Although the variations are random
in nature, we expect their statistical properties to remain constant if the controlled

environment is not changed.

Lastly, the presence of noise has a very interesting effect. Some of the random
fluctuation terms in Equation 6-9 may be small compared to the amplitude of noise and
cannot be observed reliably. If we assume that the environment is reasonably well-
controlled so that fluctuations are small, there should be only a finite number of terms
fluctuating above the noise level. Thus the presence of noise truncates the series of
expansion in Equation 6-9. Consequently, the linear space spanned by the linear

combinations discussed above has a finite dimension.

We can now draw the conclusion that the alignment system as a whole, including
the covering and processing on the marks and the alignment optics, can be represented by
a finite-dimension linear space, if the process conditions are well-controlled so that
fluctuations are small. The dimension is determined by the number of process parameters
fluctuating above the noise level. The bases of the linear space are given by the average

alignment signal and its responses to various fluctuations of process conditions.

6.3 Subspace-based alignment algorithm

6.3.1 Finding the subspace

With the simplified and clear understanding of the information contained in the y-
mapping of the alignment communication channel, we are ready to devise an alignment
algorithm.

In the first step, the linear space described above needs to be determined. The

problem is stated as the following. Given a set of alignment signals

{1.(x; Py Dyseees D)= 1,2,.., N, X, =0}, knowing that these signals lie in a linear

space, determine the dimension and basis vectors that span the linear space.
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This is a well known problem. The problem of determining the basis vectors of a
linear space is solved by the procedure called Singular Value Decomposition (SVD).
SVD is a very versatile procedure that is well documented in many advanced linear
algebra textbooks [39,40]. Methods of determining the dimension are also available from
statistical literature, in particular, the ones related to Minimum Description Length
(MDL) theory [41, 42]. Similar to the procedures associated with an eigen-system, SVD
and MDL are most often used as canned procedures, because their implementations are
rather complicated, and very reliable numerical routines already exist in many numerical
calculation software packages [41 - 46]. Since we use both SVD and MDL as provided in
the references, we will skip the detailed descriptions here.

Let Q={B,,k=12,...,D} represent the linear space found from the SVD and
MDL procedures, where D is the dimension and By ’s are the bases vectors. Next, we

describe how a new signal with unknown reference position can be aligned using this

model space Q.

6.3.2 Alignment using the subspace

Start with the model Q and any estimate of the reference position, x, =¢. Shift
the basis functions of the model By so that their reference positions are at %, =t, and
denote these functions as Bi(¢). The collection of these shifted basis functions constructs
a shifted model space Q(r). Define the projection operator Pi(¢) that projects onto the

shifted basis functions as,

P,(0)I(x) =< I(x),B,(x,t) > B,(x,1), Eg. 6-10

where < . > represents inner product, which is defined for two real-valued functions f(x)

and g(x) as

< F)g(x)>= [ f(x)g(x)dx. Eq. 6-11

Also, define the residual energy, as a function of ¢, as
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E(t)=”(l—zm P, ()] 0. Eq. 6-12

In this construction, we first project the signal onto each of the shifted bases and sum up
the projections; this gives the projection of I into €(#). Subtracting this part from / results
in the residual part, which is orthogonal to Q(#). If ¢ is the correct alignment position, the
alignment signal I(x) should lie in the subspace Q(f). This property can be used to devise

a search algorithm to find the reference position, as given by

x, = argmin( E(t)) Eq. 6-13
i.e., the reference position is found when the residual energy is minimized.

Equation 6-13 represents the best effort alignment in a least square sense using the
given model Q. A geometric depiction of the procedure that leads to Equation 6-13 is
shown in Figure 6-5.

The value of minimum residual energy, E, , is a strong indication of how well the
model Q describes the new signal. If E, is comparable to the noise level in the
alignment signals, we should be confident that the model Q reliably characterizes the
alignment system from which the new signal resulted, because almost all energy in the
signal can be accounted for by the model.

Otherwise, if E, is much bigger than the noise magnitude, it is an indication of a
misfit between the model € and the alignment system. There could have been a dramatic
change in the process environment due to maintenance, adjustment or change of recipes,
etc. In this case, a new model needs to be found before reliable alignment can be
performed.

We will refer to the new alignment algorithm as Sub-Space Decomposition (SSD)
algorithm [37, 46-48]. It contains two steps. In the first step, the model space Q is

constructed. In the second step, the model Q is used to align new signals.
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Figure 6-5. Geometric interpretation of the SSD algorithm. Sample
alignment signals are used for training, i.e.., the determination of the
model space. To align a new signal, a minimization procedure is used.
Start with any trial location of the reference position, one can calculate
the residual energy, i.e.., the amount of energy in the signal that cannot
be explained by the model space (See Equation 6-12 for a definition of
residual energy). By minimizing the residual energy, the best location
of the reference position can be found.

We’d like to emphasize that it is of vital importance we explore and evaluate
some other critical issues surrounding the new algorithm, including numerical routines.
computational considerations, noise response and optimality, etc. In-depth and detailed
discussions on these issues of the SSD algorithm form the core of another thesis [46]. In
this thesis, instead of repeating these materials, we elected to emphasize the logical bases,

physical backgrounds, experimental procedures and results.
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6.4 Simulation results

6.4.1 Signal generation

We have implemented the SSD algorithm using computer simulation [37].

The signals are generated as

I, =S+0A,+B,A +I1, Eq. 6-14

where S is symmetric about a known position X, and Ap and A, are asymmetrical about
the same position. IT is a Gaussian-distributed noise with zero mean. The signal to noise
ratio is on the order of 20dB. o is fixed at 0.2 and B is a random variable uniformly
distributed between 0 and 0.2. o and [ are introduced to simulate both fixed and random
amounts of asymmetry in the signals. The signals are sampled at 128 points with a

sampling period of 0.25um. Some sample signals are shown in Figure 6-6.

The model building step is implemented using 20 samples generated by Equation
6-14. The resultant basis functions and the original ones are shown in Figure 6-7. We
see that the determined basis functions are linear combinations of the original ones,

characteristic of the SVD process.

We then generated 50 data signals, again using Equation 6-8. The minimization

procedure is implemented using Brent’s method of minimization [45].

6.4.2 Control algorithms

For comparison, we also implemented two algorithms: peak-detection and
template - correlation. The peak-detection algorithm belongs to the category of
symmetric algorithms. It band-passes the signal, which has the combined effect of
smoothing out the noise and estimating the first-order derivative of the signal. A peak in
the signal corresponds to a zero-crossing in the derivative. The peak position is found
based on the location of the zero-crossing of the band-passed signals. This algorithm is
implemented on one of the commercial steppers. To protect the proprietary information,

we do not provide the details of the algorithm in this thesis.
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Sample Alignment Signals
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Figure 6-6. Sample alignment signals generated for simulation. The signals are
shifted in the vertical direction for clarity. It is clear from this plot that the
signals used in the simulation contain asymmetry.

The correlation algorithm is already described in the discussion proceeding to
Equation 6-7. We saw earlier that the correlation algorithm is the algorithm of choice in
the absence of process variation, i.e., all process parameters are fixed exactly at their
desired values. A version of this basic correlation algorithm is implemented on a

commercial overlay metrology instrument.
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Extracted Basis Functions
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Figure 6-7. Extracted and input basis functions of the model space.
The bottom panel plots the two functions used as bases for the linear
space to generate alignment signals. The top panel plots the extracted
basis function using the SAD process. These two functions are linear
combinations of the inputs.

Together, these two algorithms should be representative of the state-of-the-art in

alignment algorithms before SSD is available.

6.4.3 Simulation resuits and discussion

The alignment performances of the control algorithms and the SSD algorithm are

summarized in Table 6-1.
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Alignment Performance SSD Peak Template -
(nm) Detection | Correlation

Error Mean -0.43 510.2 50.1

Error Standard Deviation 7.17 76.3 47.3

Table 6-1. Comparison of the alignment performance of SSD, Peak
Detection and Correlation algorithms on simulated alignment
signals. Compared to the two control algorithms, SSD significantly
reduces both the mean and variance of alignment errors, even on
these asymmetric and varying signals.

From Table 6-1., we see that not only the mean, but also the standard deviation of
the alignment performance is improved by using the SSD approach. The reason for the
improvement on error mean is clear, but it is more subtle for the standard deviation.
Equations 6-9 and 6-14 clearly state that, because of the fluctuation in the parameters,
there is randomness in the signal in addition to the additive random noise. The SSD
approach is able to characterize such randomness and eliminate its effects on alignment.
For the other algorithms used for comparison. such randomness contributes directly to the

variance of the alignment error.

It is seen from the simulation above that the SSD approach successfully built a
model given some example alignment signals and their correct reference positions. The
mode! can then be used to align signals coming from the same process. When compared
with other algorithms currently employed in the industry, the SSD algorithm shows

significant reductions in both the mean and the variance of the alignment errors.

The existence of a well-controlled environment so that Equation 6-9 holds true is
imperative for the SSD approach to be viable. The definition of the controlled
environment can be relaxed in some circumstances. For instance, there may exist such a
situation where one can express the alignment signals from different mark positions on

the wafer using Equation 6-9, only that the number of the parameters is increased by two
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— the x and y positions of the mark. Then the same model can be used for all marks at
different positions on the wafer.

The computer simulation presented here does not provide any information
regarding the validity of the basic assumption of a well-controlled environment. Exactly
to what extent this assumption can be justified can only be established by experimental

studies.

6.5 Summary
The fundamental difficulty of alignment on asymmetric signals arises from the

fact that an asymmetric signal may not contain sufficient information for us to determine

the correct reference position.

An analogy with the generic communications problem led us to a generic
approach to fully gather the information of an alignment system, resulting in a system

representation by a mathematical mapping.

A physical model of the alignment problem helps to simplify the system
representation and condense the information contained in it. It is found that, under
certain assumptions, an alignment system can be represented by a linear space, which can

then be used to perform alignment.

Computer simulation shows very promising performance for the SSD method.
However, the validity of the fundamental assumption, namely, the existence of a well-
controlled environment, cannot be established by simulations. Experimental studies are

needed to ascertain the foundation of the new approach to alignment.

94

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 7. Experiments with programmed asymmetry

In this chapter, we describe several experimental applications of the
Subspace Decomposition method. The signals in these experiments

contain deliberately introduced asymmetry and variations.

7.1 Introduction

In Chapter 6, we developed an algorithm-based solution to the problem of
alignment on asymmetric and varying signals. Although the SSD method initiated from
some very general considerations such as the analogy of alignment to communication,
there were a few central assumptions that the derivation was based upon. In particular, it
was assumed that there exists a well-controlled environment, i.e., processes fluctuate

around some average conditions and these fluctuations should be small.

It was shown using a straightforward computer simulation that the SSD method is
a very reliable algorithm for alignment, even when the signals contain varying amount of
asymmetries. The alignment performance of SSD, as measured by the mean and variance

of alignment errors, was exceptionally good compared with other algorithms currently

employed in the industry.

These results, however, can only hold up if the central assumption is true. We
need to provide experimental evidence to substantiate the viability of the new method. In
this chapter, we will apply the SSD algorithm to two kinds of alignment problems, both

of which contain programmed, i.e., deliberately introduced asymmetry.

7.2 Damaged marks

7.2.1 Mark fabrication

In the first experiment [49], the alignment mark is a 2um wide and Ipum deep
trench etched into a Silicon substrate. This is an ideal alignment mark because it
involves the minimum amount of processing. The reference position is defined as the

symmetry axis. This is shown in Figure 7-1.
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1 Reference Position

(@)

(b)

Figure 7-1. Cross-section of the alignment
mark used in the experiment of damaged Si
mark. (a) Ideal mark as designed, it is
symmetric about the reference position. (b) The
damaged mark using a second lithography step.

After the ideal alignment marks are made on the wafer, a second lithography step
is used to introduce some short line segments that straddle one edge of the alignment
marks. These line segments are 0.75um wide and etched 0.5um deep. They serve as
deliberately introduced damage to the ideal alignment marks. Since these line segments
are short, we have the undamaged and damaged alignment marks placed right next to
each other. The process of making these testing structures is shown in cross-section in

Figure 7-1.

Interestingly, the relative position of the distorting line segments and the
underlying alignment marks varies from die to die because of the overlay error of the two
lithographic steps. The stepper tool used for making these structures was an outdated
machine that sometimes failed to align even on the ideal marks when making the second
layer. Thus it relied on the inferior method of mechanical positioning when exposing the

damage. The result is that for different die on a single wafer or on different wafers, the
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form of damage to the ideal alignment mark can be significantly different. We will see

evidence of this later.

© Undamiéged  Damaged ~ Undamaged
Mark Mark Mark

D Lo o sy .t

Figure 7-2. Microscope image of the alignment structures. The box
marked “Damaged Mark” has a short line segment that straddles
one edge of the ideal mark. The boxes marked “Undamaged Mark”
show the ideal mark. The ideal mark has width of Zum.

A 50x microscope was used as the alignment tool. Figure 7-2 shows a typical

picture. Note that the image contains both the damaged and undamaged marks.

7.2.2 Image processing

First, residual rotation in each image is compensated. To do this, two sub-images
of the undistorted mark, labeled L and R in Figure 7-3, are taken from the image. The

gray scale value of each pixel in the two dimensional images of L and R can be written as
L=L(i,j)and R=R(, ), Eq.7-1

where i and j are indices to the pixels, with i indexing the y direction and j the x direction.
Note that the definition of these two axes is different from the usual manner in order for

the notation to be consistent with previous chapters. See Figure 7-3.
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One dimensional signals representing the ideal mark are obtained by projecting

the images L and R to the x axis,

1,(j)=Y, L(i,j) and I, (j) = > R, j) Eq.7-2
i R

These one-dimensional signals are processed using the peak-detection algorithm

described in Section 7.4.2 and yield reference positions of the ideal marks in the sub-
images L and R, x, and x;. If there is any residual rotation in the mark, they should be

different from each other. We can define the residual rotation 6 using

R L
tan(9) = 0, Eq.7-3
Yo = Yo

where vt and y§ are the average v coordinates of the L and R sub-images, respectively,
as shown in Figure 7-3.

After the residual rotation is determined, we can rotate the axes x and y into

x"and y’, with the x’ axis parallel to, and y” perpendicular to the mark. As shown in
Figure 7-3. Now the gray scale of the image pixels in the new coordinate system is given
by,

1,y =1, Y0, (0, Y01, Eq. 7-4
where i(x’,y") and j(x’,y") transform the new x’and y’coordinates of the pixel to the
indices (i, j).

Because the image is rotation-free in the new coordinate system, and each of the

sub-images D, L and R is translationally invariant in the y” direction, we expect,

I, y)=1(x"), Eq.7-5
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LS (xg.y8)
RS

R R
(xo » Yo )

Figure 7-3. Routine to eliminate residual rotation. The
alignment mark is shown as the shaded area. The images of
undamaged mark, L and R are projected to the x-axis to form the
1D signals LS and RS. These signals are used to determine the
centers of the mark positions, labeled as; and!
respectively. These can be used to determine the rotation. The
axes are then rotated so that y’ is parallel to the mark and x’ is
perpendicular to it. The mark images can be projected to the x’
axis to obtain rotation-free one dimensional signals.

This equation gives us the one-dimensional signal associated with the damaged and

undamaged marks.

7.2.3 Alignment results

After we take out the rotation in the picture, the ideal alignment mark is parallel to
the y’axis. We can therefore use the undamaged mark in the same picture to determine
the reference position of the damaged mark. This is done using the peak-detection
algorithm described in Section 7.2.4. In order to evaluate the reliability of the reference
position obtained using this method, we took many sub-images of the undamaged mark
and calculated their corresponding reference positions. We found a standard deviation of
5.77nm. This small variation of the reference positions not only attests to the stability of

the peak-detection algorithm, it also confirms that we have successfully eliminated
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rotation from the image in the procedure discussed above, because otherwise, the

reference position would vary strongly from one side of the image to another.
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Figure 7-4. Sample alignment signals from the damaged Si marks. Unit
for the x-axis is the sampling period of O.1um. The y-axis is the measured
gray scale intensity; it has arbitrary unit. Apparently, the signals here are
all asymmetric. There also exists a significant amount of variation in the
signals.

Some typical one dimensional signals of the damaged marks are shown in Figure
7-4. The amount of asymmetry is obvious in each of the signals. Also, there exists
strong variation from one signal to another. This variation is due to the overlay errors
between the two lithographic steps used to make the mark, as explained earlier. The
combination of the asymmetry and variation makes this an extremely difficult situation

for alignment.

For comparison, we have again used the two algorithms described in Section
7.2.4. The algorithm of peak-detection was slightly modified because of the existence of

two inverse peaks, or troughs, in the signal of the undamaged mark. The algorithm was
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changed so that it first finds the position of both troughs and then takes the average as the
reference position of the signal. The mean-correlation algorithm was unchanged, i.e., the

average signal obtained from the training set is used as the correlation template.

Table 7-1 compares the alignment performance of each of the three algorithms
[49]). These results are acquired using 143 signals from 19 different die on a single wafer.
Among the 143 signals, 113 were split into the training set, which is used to train both the

SSD and the correlation algorithm; the remaining signals were used to test alignment.

Alignment Mean Standard Deviation Enabling
Performance (nm) 1o (nm) Technology (um)
Peak Detection 730.8 224.5 4.5
Mean Correlation 19.7 75.1 0.8
SSD 2.1 13.9 0.13

Table 7-1. Comparison of alignment performances of the SSD, Peak
Detection and Correlation algorithms on damaged Si marks. In the last
column, the minimum feature size of lithography that is enabled by the
alignment performance is shown. This is based on the rule of thumb
that the overlay budget, or mean plus three sigma, is roughly one third
of the minimum feature size.

The peak-detection algorithm basically fails in this difficult situation. The reason
is that the algorithm is designed to look for two troughs in the signal, based on the design
of the ideal mark. When the mark is damaged, the signal can contain more than two
troughs, as shown in Figure 7-4. This confuses the algorithm. The correlation algorithm
performs much better than peak-detection, but the overlay, or the mean plus three sigma
value of overlay error is found to be over 200nm. Assume this is the alignment
performance we can get on a critical layer, the smallest features we can make using this
lithographic technology is 0.8um. On the other hand, the overlay of SSD algorithm is
smaller than S0nm, proving that even if the alignment marks for the critical layer are
damaged as badly as Figure 7-2 and 7-4 show, the SSD approach can still enable 0.13um

generation of lithography. The improvement is dramatic.
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7.3 Asymmetrically coated marks

7.3.1 Mark fabrication

In this experiment [49], the ideal marks are still 2m wide and 1um deep trenches
made in a Silicon substrate. After these ideal marks are made, the wafers are then coated
with 0.5um thick Al, using an electron-beam evaporator as the Aluminum source. When
depositing the Al layer, the wafers are tilted 40°, so that the metal coverage of the

alignment marks is uneven. This is illustrated in Figure 7-5.

A second lithographic step is used to remove the metal on some part of the wafer,

revealing the underlying symmetric, ideal alignment marks. Since this step only requires

coarse overlay, it can be performed by aligning to the asymmetrically coated marks. See
) .

Figure 7-5. Illustration of the tilted metal coating
process. When the Al atom flux is tilted with
respect to the surface normal, the resultant coating
is asymmetric.

Figure 7-6 for an microscope image of the metal-covered and uncovered marks.

In this case, strong variation of mark structure again exists because of the different

impinging angles of Al deposition at different locations on the wafer.

7.3.2 Alignment results

Similar to the experiment with damaged marks, the signals are obtained from the

images such as the one shown in Figure 7-6. The image processing steps are identical.
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The reference positions of the covered marks are found by detecting the position of the

uncovered marks.

Figure 7-6. Microscope image of the metal coated
alignment marks. Al layer is partially removed to reveal
the uncovered, ideal alignment mark.
Figure 7-7 shows some sample signals. Evidently, the alignment signals are

strongly asymmetric due to the tilted metal coating. The existence of variations in the

signals is also apparent.

The alignment results for the control algorithms and the SSD approach are shown
in Table 7-2. These are the results of processing 153 signals from twenty die on two
different wafers. In this case, 114 signals were used for training and the rest for

alignment test.
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Figure 7-7. Sample alignment signals from the metal-coated marks.
Unit for the x-axis is the sampling period of 0.1um. The y-axis is the
gray scale intensity of the signal and it has arbitrary unit. The
asymmetry and variations in the signals are apparent.
Alignment Mean Standard Deviation Enabling
Performance (nm) 16 (nm) Technology (Lm)
Peak Detection -28.9 117.7 1.2
Correlation 154 45.8 0.5
SSD -0.9 13.7 0.13

Table 7-2. Comparison of alignment performances of the SSD, Peak
Detection and Correlation algorithms on metal coated marks. In the
last column, the minimum feature size of lithography that is enabled by

the alignment performance is shown.

This is based on the rule of

thumb that the overlay budget, or mean plus three sigma, is roughly
one third of the minimum feature size.
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7.4 Discussion

The performance of the peak-detection algorithm in the metal-covered mark
experiment is somewhat better than the damaged mark case. This is due to the fact that
signals from the metal-covered marks do have two troughs, as expected by the peak-
detection algorithm. By comparing the results in Tables 7-1 and 7-2, we can conclude
that the peak-detection algorithm is overly dependent on signal details, such as the
number of peaks or troughs. Such algorithms completely fail if these detailed
assumptions on the signal form are not satisfied. This serious flaw is not limited to our
version of the peak-detection algorithm, it is quite common among the widely used and

discussed algorithms [4].

The correlation algorithm performs better than peak-detection in both experiments
with programmed asymmetry. We expect this observation to hold true in general. As
explained in Chapter 6, the correlation algorithm does a very simple and primitive form
of learning and it is optimal when the alignment system does not have any variations in it.
This is the reason why the mean errors obtained using the correlation methods are smaller
than those of symmetric algorithms represented by peak-detection. When signal
variations are significant, however, the correlation algorithm gives large error variances,
as demonstrated by the two examples here.

The performance of SSD is consistently impressive. The most important feature
of Tables 7-1 and 7-2 is the simultaneously reduction of mean and variance of alignment
errors when SSD is used. This can be understood on the basis of SSD’s usage of a
sophisticated learning approach that not only characterizes the asymmetry, but also the
variations in alignment signals.

Note that in both experiments, we have used the so-called differential method to
obtain the correct reference positions. As explained in Section 6.2.1, this method suffers

from several problems.
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The first one is the subtle issues of cross-talks and rotations, as detailed in Section
5.3; this is well accounted for in the process of image processing. See Section 7.2.2.
Another problem with the differential method is the possible existence of tool-induced
effects. Because we relied on the tool’s detection of the undistorted marks to obtain the
correct reference positions, even the SSD alignment procedure has no chance of
characterizing or eliminating these tool-induced errors, because there is imply no such

information in the training set.

In order to minimize this problem, we were careful to place the mark in the same
position in the optical field when we took the images. Most of the optical aberrations that
can lead to tool-induced errors are functions of the mark’s distance to the optical axis.
Thus by placing the marks at the same position in the field, the tool-induced errors, if they

exist, are made to be approximately constant.

The alignment performances in Tables 7-1 and 7-2 are measured relative to the
reference positions of the undistorted marks; if the latter err by a constant amount, the
alignment results presented here also err by the same amount. If this constant tool-
induced error can be somehow measured, all alignment results can be corrected and the

conclusions regarding the performance of different algorithms can remain unchanged.

7.5 Summary

In two experiments, we programmed asymmetry and variation into alignment
marks. The differential method was used to find the correct reference positions. The
results show that the Subspace Decomposition method dramatically reduces both the
mean and variance of alignment errors, compared to a symmetric algorithm and a

correlation algorithm.

The convincing performances of the SSD algorithm in these very difficult settings
prove that the hypothesis of a well-controlled environment does hold true. Since the
asymmetry and variation we introduced in our experiments are substantially larger than
what are commonly observed in manufacturing processes, we chalienged SSD with two
very difficult situations for alignment. It can be argued that if the linear space model is
valid in these rather extreme circumstances, it should also be justified in situations where
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less asymmetry and variation are encountered, such as those in real semiconductor

manufacturing.

We will carry out one more experiment to test the SSD algorithm for wafers that

have gone through processing steps in a manufacturing environment.
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Chapter 8. Experiment with CMP wafers

In this chapter, we apply the Subspace Decomposition method to the

alignment of chemical-mechanically polished wafers.

8.1 Introduction

Chemical-Mechanical Polishing (CMP) is needed largely because of the issue of
depth of focus in lithography [3]. The usable depth of focus actually shrinks faster than
the minimum feature size. Due to various processing steps, the wafer surface can become
rough on a microscopic scale, which makes simultaneous focus on different parts of the
wafer very difficult. CMP can planarize the wafer surface, and thus increasing the
process latitude when trying to focus on the wafer. In addition, the recent breakthrough
of Cu interconnect technology also relies on the availability of CMP to complete the

special damascene processes [10].

But CMP, in particular Tungsten CMP, is known to wreak havoc with alignment
[50].

The damages inflicted on the alignment marks by the CMP process are the
combined effects of abrasive mechanical motion and delicate chemical reactions. The
mechanics of CMP and how it causes asymmetry in alignment marks are laid out in

Section 2.2.1 and Figure 2-8.

To make the problem worse, CMP processes are also unstable. The wearing of
the pad, the evaporation and dilution of slurry chemicals, etc., can all contribute to

significant changes of CMP conditions over time.

Alignment on polished wafers is a perfect example of how signal variations
exacerbate the problem of signal asymmetry, and make it intractable. Because engineers
and researchers are accustomed to the notion of a systematic trend in the alignment errors,
there have been attempts to compensate such systematic alignment errors caused by
CMP. But unfortunately, polished wafers do not show reliable systematic trends in their

overlay errors [50].
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The predicament of randomly varying alignment errors is beyond the alignment
capability of most state-of-the-art lithography tools, but it is exactly where the subspace
decomposition method can make the most impact. We therefore apply the method of

SSD to the problem of aligning polished wafers.

Also, since the experiments in Chapter 7 involve only programmed asymmetry
and variation, we would like to use the CMP experiment to test the viability of SSD in a

real manufacturing environment.

8.2 Experimental procedures

8.2.1 Wafer fabrication

In this experiment, 19 wafers are processed in a state-of-the-art 0.25um
manufacturing facility. All processing is done on state-of-the-art commercial tools.
Processing conditions are identical to those used for a certain device that is being made in
the plant. To protect the proprietary information involve, we only give a qualitative

description as to how the wafers are processed.

Aluminum
W- Plug & CMP

Dielectric Film Stack
Si substrate

Figure 8-1. Scanning electron microscope image of the cross-section of a
typical alignment mark. This picture illustrates the processes that have
been applied to the marks. After these marks are etched in dielectric
films, W is deposited and then chemical-mechanically polished.
Aluminum is then coated on top.

A scanning electron microscope image of a cross-section of the alignment mark is

shown in Figure 8-1 [51]. In the first step, a stack of dielectric layers is deposited on the
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wafer. A lithography step is used to define the alignment marks, together with some
overlay metrology marks and other circuit patterns. After exposure and development, the
marks are etched into the dielectric film stack. Next, a blanket layer of Tungsten is
sputtered on the wafer, similar to the so-called Tungsten-plug process. In this step,
etched holes with small dimensions will be completely filled, thus the name “plug”. But
since the alignment mark is relatively wide compared with the thickness of the W film,
the relief structure of the mark is replicated to the surface of Tungsten film. The film is
then chemical-mechanically polished, removing the material on top of the wafer surface,
but leaving behind some Tungsten inside the mark trench, as can be seen in Figure 8-1. A

blanket Al layer is then deposited on top, similar to the first step of making metal
connections.

Although it is apparent that the Al coating is asymmetric on the two side walls of
the mark, it is not obvious what effects the CMP process has on the mark. The absence of
apparent CMP damage on the alignment marks even under close inspections with tools
such as the scanning electron microscope is a very common observation, and it

contributes to the difficulty of understanding and improving alignment on polished

wafers.

The wafers are then coated with resist. A commercial stepper is used to align to
the alignment marks buried under the Al coating. For eight different die on a wafer, the
stepper is instructed to record the alignment signals; and also the estimated corresponding
reference positions as given by the current alignment algorithm implemented on the
stepper. Without going into the details of the algorithm, we mention that it is similar to
the correlation-based approach we discussed earlier, but with a very important difference.
The correlation algorithm as we have defined in Equation 7-7 uses training signals to
obtain the correlation template, but the algorithm implemented by the stepper uses a fixed
template function, which is designed according to the expected signal shape. Also to
protect proprietary information, sample alignment signals are not shown here. Assuming
these positions found by the existing algorithm are the correct reference positions of the

marks, the stepper aligns and exposes the wafers.
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Tungsten

Substrate

Figure 8-2. Image of overlay metrology mark after
development. The sketch below the image associates the
features in the image with topographic structures in the cross-
section. The outer mark is an opening in the resist coating.
The inner mark is an Al-covered step in the residual W left
inside the mark by the CMP process. The edge definition of
the Al-coated step is rugged as indicated by the “cloudiness”
in the picture. This is not a very reliable mark for

metrology.

8.2.2 Overlay metrology

In this experiment we rely on overlay metrology to determine the correct reference
position for each alignment mark. The procedure is detailed in Section 7.2.1. After the
exposure, images of the overlay metrology marks are taken and analyzed. One example is
shown in Figure 8-2. The outer mark is the opening in the resist and the inner mark is the
Al-covered step formed by residual W; see Figure 8-2 for an illustration. For reasons that
are not completely clear, the edge definition of the inner mark is rugged and cloudy.
Overlay results obtained from these mark images cannot be reliable. Indeed, CMP layers
are reported to cause overlay metrology errors [24]. It is also reported that more reliable

overlay metrology can be performed after the removal of Al-coating [24]. Following
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these results, we etched away the Al on the wafers. In the etching step, we deliberately
increased the etching time so that the W inside the marks can be at least partially

removed.

Aluminum

Diefectric.

Aluminum
_ M%WM;: Tungsten
Rl e
7 B
§ gﬁ?ﬁ Rl Substrate

Figure 8-3. Image of overlay metrology mark after metal
etch and clean. The sketch below the image identifies
the features in the image with topographic structures in
the cross-section. The outer mark is a step in Al coating.
The inner mark is double edged, with one edge
corresponding to the side wall of the trench etched in the
substrate; and the other edge a step in the residual W left
inside the trench by the CMP process. Note that the W is
partially removed in the metal over-etch step. This mark
gives more reliable metrology results than that in Figure
8-2.

An optical image of an overlay metrology mark after the metal etch step and the
removal of resist is shown in Figure 8-3. Here the outer mark is a step in Al. The inner
mark is a double-edged feature. One of the edge is the step down from the dielectric to
the remaining W, and the other edges are the steps in W, as shown in Figure 8-3. The

overlay mark shown in Figure 8-3 has a much better edge definition. Therefore reliable
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metrology results can be obtained. We observed a one sigma repeatability of 2nm when

measuring the overlay errors.

After the overlay metrology is reliably performed, the procedure outlined in
Section 7.2.1 is followed to find the correct reference position corresponding to each
alignment signal. Alignment performances presented later are all measured relative to
this definition of true reference position. For this experiment, 285 signals were measured

from 19 wafers, processed using 4 different polisher/recipe combination.

8.3 Results and Discussions

Alignment Mean Standard Deviation Enabling
Performance (nm) 16 (nm) Technology (Lm)
Stepper 36.3 544 0.25
SSD 14 14.0 0.07

Table 8-1. Comparison of alignment performances of a commercial
stepper and the SSD algorithm on chemical-mechanically polished
wafers. The last column shows the minimum feature size allowed by
the corresponding overlay budget, which is defined as mean plus three
sigma. Note that WCMP are used on metal connection layers, the
overlay requirement is less stringent than that of the critical layer.

Table 8-1 summarizes the alignment performance of the stepper algorithm, and
the expected performance if SSD were used. The overlay, i.e., the mean plus three sigma
value of the overlay errors, given by the commercial stepper is nearly 200nm, not too
much smaller than the minimum feature size of 0.251um on the devices that are being
made using the same processes. Because this is the alignment on a metal layer, the
overlay budget is usually much less stringent than the critical layer. Such an overlay
performance is either problematic or marginally satisfactory, depending on the specific

overlay requirement for the device.
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(a)

(b)

Figure 8-4. Overlay vector maps from a commercial stepper and
the SSD method. (a) Overlay vectors across eight die on a wafer,
as measured by metrology. This represents the alignment errors
using current algorithms implemented on the stepper. (b)
Predicted overlay vectors for the same wafer if SSD were used.

On the other hand, the performance of the SSD algorithm can allow the 0.07um
generation of lithography, considering that we are aligning to a metal layer. The CMP
process studied is known to be notoriously difficult to align, yet the SSD method can still
deliver overlay performance below 50nm. Because the processing used in this

experiment is identical to actual technologies used for real devices, these results
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convincingly demonstrate the viability of SSD as a practical tool to improve alignment

€ITors.

One interesting effect is how local alignment considered here can lead to
problems and improvements for global alignment. Figure 8-4(a) shows the alignment
errors across one of the wafers in our samples. There exists a rotational pattern, which
results in a rotation error in the procedure of global alignment. This should be clear from
the description given in Section 1.2.4. Many other researchers have observed the same
phenomenon that, among the six parameters of global alignment, rotation error is most
likely the problematic one when CMP is used [24, 52]. Figure 8-4(b) shows the
corresponding pattern of alignment errors on the same wafer if SSD were implemented on
the stepper. Clearly, the magnitude of the error is much smaller. Also, the rotation pattern

is absent. Hence an error-free global alignment can be performed.

As in the case of differential alignment, the overlay metrology method of
determining the correct reference position is also prone to errors. In particular, overlay
metrology measures overlay error, which is not necessarily equal to the alignment error.
Other effects including stage positioning error, wafer and field distortions, etc., can all

contribute to overlay errors. These effects are enumerated in Section 1.2,

In our experiment, both layers between which we are measuring overlay errors
were made on the same stepper. Thus the effect of field distortion essentially cancels out,
i.e., a rather ideal case of the so-called “stepper matching” technique discussed in Section

1.2.3.

Stage positioning inaccuracy should have a minimum impact on our conclusion,
because when exposing the experimental die, the stage was essentially sitting idle at the
position of exposure. It is widely believed [11] that most of the stage positioning errors
occur when the stage is moving relatively fast. To keep the throughput high, exposures
are often done before the stage can settle down to the desired position and recover from
the fast motion involved in stepping. This impatience results in a considerable amount of
stage positioning error. When the stage is held idle at the desired position, stage

positioning errors are believed to be less than 5-10nm [53].
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Lastly, since we performed essentially local alignment, only the intra-field term
of the wafer distortion contributes to our alignment results. As explained in Section
1.2.4, inter-field wafer distortion results in overlay error only when global alignment is
used. Similar to the discussion of tool-induced effects in Section 7.4, a constant amount
of intra-field wafer distortion does not compromise the results shown in Table 8-1. What
can be problematic is the variation of intra-field wafer distortions from die to die. This
effect can be expected to be substantially smaller than the three sigma value of 20nm

often associated with total wafer distortion.

Thus the combined effect of stage positioning, wafer and field distortion is not
expected to contribute more than 20nm to the three sigma of reference positions. This is
well within the observed three sigma of nearly 50nm in the performance of SSD.
Therefore, the conclusions drawn above regarding the performance of SSD on CMP
wafers remain unchallenged even in the presence of the above complications in

interpreting measured overlay errors.

8.4 Summary

The process of CMP is needed for today’s lithography. We expect that the
importance of CMP will be increasingly emphasized when the depth of focus of
lithography keeps on shrinking. Therefore, it is of extreme importance to solve the

problem of alignment on CMP wafers.

The intrinsic asymmetry and variations have made alignment on polished marks a

very difficult task, in fact, the most difficult one according to many lithography engineers.

The experimental study described in this chapter confirms that SSD is capable of
achieving overlay of less than 50nm on Tungsten CMP wafers, proving the power and

versatility of the SSD method.

In addition, results here also support the central assumption for the applicability of
SSD, namely, the existence of a linear space model. If this assumption holds true in the

case of the notoriously unstable process of CMP, it should be reasonable to cxtrapolate
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from these results that SSD can perform equally well for less demanding problems, such

as tool-induced effects, etc.
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Chapter 9. General properties of algorithm-based techniques

Using the Subspace Decomposition method presented in previous chapters
as an example, we summarize the general properties of algorithm-based

solutions.

9.1 SSD as an algorithm-based solution

In designing the SSD approach, we started with a very general description of the
alignment problem by comparing it to a communication channel. In this analogy, all the
coatings and processing on the alignment marks, together with the physics of the
alignment sensors, are summarily included in the general notion of “channel
characteristics”. An empirical scenario is used to characterize an alignment system. It
treats the alignment system as a black box and learns about its behavior by examining the
inputs and outputs. The derivation that led to the SSD solution was basically the one of
representing, simplifying, deciphering and utilizing the all-inclusive “channel
characteristics” of an alignment system. This procedure does not make use of any
detailed information regarding the underlying physical processes.

If we return to Figure 2-5, which shows the block diagram of a generic alignment
system, the SSD method is a prototypical algorithm-based solution to the alignment

problem.

9.2 General advantages

Algorithm-based solutions, as exemplified by the SSD method, are remedies for
many of the shortcomings of physics-based approaches.

First, physics-based solutions usually require costly hardware implementations,
but algorithmic solutions can be implemented purely in software. Both the learning and
aligning algorithms given in Chapter 6 can be realized using standard digital signal
processing techniques. Software implementations have shorter turn-around times and

they are easier to test and less costly to implement.
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Second, physics-based solutions are problem-specific and hence inflexible, but
algorithm solutions are generally applicable and versatile. The learning step in the SSD
solution finds the type and amount of asymmetry and variation in the signals, and
prepares the alignment step for the idiosyncrasies of the targeted alignment system. The
use of such a tuning procedure makes the approach of SSD very versatile. Algorithm-
based approaches such as SSD should be able to achieve accurate and precise alignment,
regardless of the sources of the asymmetry or variation. Hence, they are versatile and
flexible. This conclusion is firmly supported by the consistent performances of SSD in
the three experiments presented in this thesis. Clearly, the three experiments contain very
different causes of alignment difficulties, yet the algorithm was applied without many

modifications.

Furthermore, algorithmic methods such as SSD can be said to be adaptive,
because, when new processes are introduced and new types of asymmetry difficulties
occur, it will automatically fix the problem, and we may never know the existence of the

new alignment problem.

Finally, we also find that SSD can help to improve the performance of global

alignment in the presence of wafer distortions. [54]

9.3 General limitations
Similarly, in the areas where the physics-based solutions are advantageous, the

algorithm-based solutions suffer from some limitations.

While physics-based solutions can help find the underlying causes of alignment
problems, algorithmic approaches mask the real culprits of mark damage and distortion.
Sometimes, finding the causes of alignment problems can lead to better process and tool
design that not only eliminates alignment, but also fixes other associated problems. One
example is again related to CMP. The overlay problems caused by CMP have prompted
the manufacturers of CMP tools to emphasize stability of the polishing behavior.
Apparently, these steps not only alleviate overlay difficulties, but also benefit the
uniformity and controllability of the polishing process. Vendors of CMP tools may not
have been as motivated if algorithmic approaches such as SSD were used to align the
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polished wafers. It is important to realize that SSD does learn about the process in the
model-building step, but it understands the physics in an abstract and mathematical

manner that is largely incomprehensible to us.

Furthermore, physics-based solutions can completely eliminate or at least reduce
the amount of asymmetry and variation in the signals. Even though algorithmic
techniques can align relatively reliably on imperfect signals, asymmetry- and variation-
free signals are still preferred. In the language of the communication problem, although
we can have very sophisticated and capable decoding algorithms, we still prefer a

distortion-free communication channel.

The advantage of having symmetric and stable signals is underscored by the
possibility that algorithmic approaches may require frequent training to function
satisfactorily. The procedure of training can be burdensome and expensive in a
manufacturing environment, especially when process tuning, maintenance adjustment and
tool upgrades are frequent, because these necessitate re-training of the model. Modern
and future semiconductor plants will likely emphasize rapid re-tooling and re-
configuration to increase technology and business flexibility.  This trend will
tremendously increase the number of possible combinations, and the frequency of change,
of processing parameters, resulting in an alignment system that can only be described by
very large models, or very frequent retraining if the model is to remain simple. A
possible solution is to find ways to carry out training on a real-time basis. If this can be

accomplished, learning based alignment techniques will be more practical and attractive.

9.4 An ideal solution?

Sections 9.2 and 9.3 bring about the impression that physics- and algorithm-based
solutions are complementary, in the sense that they fix each other’s problems. We
therefore speculate that a better solution can be found if we combine both approaches.
We use physics-based techniques to find and mitigate the sources of alignment errors.
For the residual asymmetry and variation in the signals, we can resort to algorithmic

solutions.

In fact, physics and algorithms can be combined in much more profound ways.
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Recall that, while deriving SSD, we found a very general approach of solving
alignment problems, namely, the procedure of characterizing, simplifying and
deciphering the channel characteristics of an alignment system. Interestingly, this process
can be made much more efficient if it is guided by in-depth physical understandings of

the system itself.

For example, the method of subspace decomposition was based on the rather
general physical model presented in Section 7.2.3, but we do not have to rely on such
general models. If we know the details of the physics of a particular problem, a precise
and concrete physical model can be built to replace the generic one in Section 7.2.3. This
should lead to more efficient algorithm design. The generic subspace decomposition
algorithm is therefore only needed when we do not possess any knowledge of the

underlying physics, or when the physics is too complicated to be useful.

A perfect example is CMP. Being a relatively young and immature technology.
CMP’s detailed physics or chemistry is still not very well understood. Confined by our
lack of knowledge, a generic algorithm such as SSD is the method of choice. But as our
understanding of the CMP process deepens, we may be able to design tailor-made

algorithms that are more efficient in solving CMP related problems.

By more efficient algorithms, we mean that the algorithm contains more a priori
information. In essence, what we have just described is a method of incorporating more a

priori knowledge into the algorithm. The more knowledge of the process we build into

the algorithm, the less training is necessary.

Let’s provide an example of how this can be done. Suppose an alignment tool has
pin-cushion distortion caused by aberrated optics (Figure9-1). When the alignment mark
is asymmetrically placed in the optical field, its image will be asymmetric. This can be
illustrated by imagining the upper left quadrant as the alignment mark. It is a perfectly
symmetric square in the object plane. Its image is the irregular shape shown in the upper-
left quadrant in the image plane. This image is asymmetric. Suppose that after a careful
study, we understand the reason for signal asymmetry is the pin-cushion field distortion

of the alignment optics. We can then design an algorithm to first restore the image to a
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pin-cushion-distortion-free version, which can be processed by subsequent algorithms to

find the correct alignment. .

This idealized example demonstrates the relationship between physics and
algorithms. Most importantly, we would like to emphasize that, to the extent we
understand the physics of the underlying processes, algorithms do not have to be

burdened with the task of learning the associated effects on alignment.

Object Plane Image Plane

Figure 9-1. Alignment optics with pin-cushion distortion.
The dashed line in the image plane outlines the ideal
geometric image without the distortion. Assume that

the upper-left quadrant is actually an square alignment mark.
It is symmetric about its centers. It is imaged into a shape
shown in the upper left corner in the image plane. The image
is not symmetric about any axis.

An ideal solution to the alignment problem is therefore the following. We carry
out an in-depth study of the causes of alignment errors. The knowledge gained during
this study is then incorporated in the design of algorithms. Because the knowledge of the
process is already built in the algorithm itself, a minimum amount of training is needed.
Not only does this approach retain all advantages of algorithmic techniques, it also

removes their serious limitations.
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