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Abstract

The need to  overlay patterns in sem iconductor circuit m anufacturing to better than 

20nm  is now  well recognized as a difficult and im portant challenge. Tw o broad strategies for 

m eeting  this challenge are described in this dissertation, one is physics-based and the other 

algorithm -based.

A physics-based approach is used to m inim ize the alignm ent errors resulting  from 

asym m etric resist coating, the m ost ubiquitous cause o f  alignm ent errors. T he technique 

em ploys transm agnetically  polarized light at the B rew ster angle o f the resist. Experim ental 

results show that resist-induced alignm ent errors as large as 25nm  can be m itigated  to less 

than 6nm  by using this m ethod.

W e provide a general fram ew ork for designing advanced algorithm s that are capable 

o f  correct alignm ent on m arks that are dam aged or distorted  by various processing. One 

exam ple , a subspace decom position based algorithm , is applied to m any types o f  m ark 

dam age and distortion. Experim ental results show  that fo r both artificially  dam aged  marks 

and C M P-corrup ted  m arks from  a m anufacturing process for w hich conventional algorithm s 

failed (overlay errors o f  200nm ), the new m ethod achieved a mean plus three sigm a alignm ent 

erro r less than 50nm .

It is dem onstrated that the com bination o f the physics- and algorithm -based techniques 

w ill b e  able to satisfy the overlay requirem ent of, and possibly beyond, the 0 .13um generation 

o f  lithography.
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PART I: CHALLENGES IN PATTERN PLACEMENT

Chapter 1. Introduction

In this chapter, we give a b r ie f introduction to  the prob lem  o f  pa ttern  

placem ent in lithography, and  discuss the associated  challenges that are  

fa c in g  current and  fu tu re  lithographic technologies.

1.1 Planar processing and lithography

The spectacular advances o f  the developm ent and application o f  integrated circuit 

technology are unparalleled in our history. As gauged by m any critical m easures, the 

technology o f  m aking integrated circuits has been progressing follow ing an exponential 

trend. W idely known as the M oore’s Law [l] , the num ber o f transistors that can be 

packed  on a certain area o f  silicon substrate approxim ately doubles every eighteen 

m onths. D ue to the now ubiquitous applications o f integrated circuits, this exponential 

law does not sim ply characterize the evolution o f the sem iconductor industry, it is also 

d ictating the rate o f progress for m any other aspects o f  inform ation technology. For 

instance, it has enabled the proliferation o f personal com puting. It has also catalyzed the 

revolution o f  telecom m unication. M any o f  the sw eeping technology and life-style 

changes we are experiencing today can be ultim ately attributed to the availability  of 

com puting devices that have been m ade ever so inexpensive, sm all and pow erful by the 

M oore’s Law.

It seem s, then, M oore’s Law is an im portant enough trend to ju stify  a rigorous 

study o f the underlying driving forces that made it possible. From  this understanding, we 

can then derive the possibility and probability o f it being sustainable over the years to 

com e. This is, o f  course, an area of active research that encom passes m any aspects of 

sem iconductor technology. In this thesis, we w ould like to exam ine closely one 

im portant aspect o f  sem iconductor technology, nam ely, the accuracy and precision of 

pattern placem ent during the lithography processes.

I
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Polysilicon
gate

Source Drain CVD

SiO-

p -type substrate

Figure 1-1. Illustration of an NMOS transistor in cross-section view.

W e argue that a critical attribute o f today’s integrated circu it technology is planar 

processing [2], A  schem atic cross-section o f  an n-type M OS transisto r is show n in Figure 

1-1. It can be seen that a sim ple transistor is actually a three dim ensional structure o f  

d ifferent m aterials built on top o f the w afer surface. T he correct functioning o f the 

transistor depends on the precise control o f  the topographical d im ensions and the 

electrical properties o f  these m aterials.

T his com plicated  structure is built in a layer-by-layer fashion, the so-called planar 

processing, by repeatedly applying a num ber o f basic processing steps that may include 

oxidation, etching, diffusion, sputtering, chem ical vapor deposition , ion im plantation, 

epitaxy and lithography [2]. A m ong these basic, or elem ental processing steps, all but 

one are blanket processing, i.e., they apply the sam e action at every location on the 

surface of the wafer. Any selectivity o f these actions m ust be introduced through the 

pivotal technology o f lithography, which defines the patterns that lim it w here the 

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

Condenser Lens

I ..--3 C=T
Mask

Chrome

Projection Optics

^/Resist
Wafer 

Stage

After development

Figure 1-2. Schem atics o f projection photolithography. The light source and 
condenser lens form  the illum ination system . The circuit pattern is first 
defined in the chrom e on the photom ask. The projection optics form s an im age 
o f  the m ask pattern in the photoresist coated  on the wafer. A fter developm ent, 
resist is selectively rem oved. The rem aining resist form s a barrier for 
subsequent processing.
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Lithography itself is a decidedly tw o-dim ensional technology. A s seen in Figure 

1-2, a tw o-dim ensional im age o f  the mask patterns is projected on to  the w afer surface. 

This im age is then transferred to the substrate via photoresist. T o  build a  three- 

dim ensional structure, such as the transistor in F igure 1-1, m any o f these lithography 

steps have to be used in order to stack up the tw o-dim ensional patterns to  build the third 

dim ension.

T he planar processing technique is essentially  a div ide-and-conquer approach that 

has made the task of building com plex three-dim ensional structures m ore am enable to 

process integration. T he m ultitude of lithographic steps necessitated by planar 

processing, how ever, requires the patterns o f a  particular layer be placed at the desired 

positions relative to w hat have already been m ade on the w afer in previous layers. This 

m eans although planar processing has great advantages, it necessitates one im portant 

param eter that the lithography technologies m ust learn to control: pattern placem ent.

M ost o f the attention of lithography research has been on resolution, or how small 

a feature can be reliably m ade on the wafer [3], W hat is as im portant, but has so far 

received inadequate research attention, is the issue o f pattern p lacem ent, or how well the 

lithographic technology can  control the positioning o f  the patterns.

A dequate pattern placem ent control is a necessary condition for practical 

sem iconductor technologies. For M oore’s Law to be sustained in fu ture years, m ethods 

m ust be found to assure tha t this necessary condition is satisfied.

1.2 Pattern placement in lithography

Pattern placem ent is achieved by the procedure o f alignm ent; and m easured and 

m onitored by overlay m etrology. W ithout losing any generality, w e lim it our discussion 

o f pattern p lacem ent to the case o f optical lithography [3], See F igure l -2.

T he m ask is m ade by som e other lithographic processes, typically electron beam 

lithography. To facilitate discussion, we will assum e that there is only one die per field,

i.e., the entire m ask contains the circuit patterns o f  a  single chip.

4
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T he w afer is held on a stage that is capable o f  m ulti-axis m otion and adjustm ent. 

The position  o f  the stage is m onitored by a laser in terferom eter system  that m easures 

position to  sub-nanom eter precision. Essentially, the laser in terferom eter readings 

establish a coordinate system against which positions o f  features on the w afer can be 

m easured.

1.2.1 The case of rigid wafer and geometric imaging

L et’s look at the exposure o f one particular die on the wafer. T o sim plify  the 

discussion, we will assum e for now  that patterns m ade on the w afer are perfect replicas o f 

the m ask patterns. In other w ords, w e are assum ing that the optical im age in the 

lithography step is a perfect geom etric image; and secondly, that the pattern transfer 

process through the resist does not introduce any distortion o r sm earing effects.

In addition, we assum e that the w afer substrate is m echanically rigid, i.e., it is not 

subject to  elastic deform ations o r therm al expansions. T he effects o f relaxing these 

assum ptions will be discussed later. F or the m om ent, w e also assum e that in-plane 

rotation o f  the w afer can be corrected using the global alignm ent procedure ou tlined in 

section 1.2.4.

W ith  the above assum ptions, the position of every feature in a particular d ie  can 

be readily  deduced if we know the position o f  any other feature inside the die. T he 

fiduciary can be the center o f  the die, a corner o f the die, or any other feature w ithin the 

die boundary. It is a com m on practice to design som e structures inside the “scribe lane” 

between die and use them  as the fiduciaries, which are com m only know n as alignm ent 

marks.

T he task of the lithography tool is to first find the fiduciary, o r alignm ent m ark, 

and accurately determ ine its position. Typically, an optical sensor [4] is used to detect 

and locate the position o f the alignm ent mark. Suppose that this is found to  be (xm,ym) in 

our coord inate system .

A ccording to  the rigid-body and geom etric im aging assum ptions, the position  of 

the alignm ent m ark relative to the die center is known to be exactly  as designed. Suppose

5
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Alignment 
M ark 

Om- y,n) Designed D istance (xk,yk)

D ie Center

(xd,yd)
Die

Wafer

X-axis

Figure 1-3. T he basic alignment procedure. F irst the lithography 
tool finds the alignment mark, and determ ines its position (xm,ym). 
The alignm ent mark is designed to be located at (xk,yk) w ith respect 
to  the die center. The position of the die center can then be 
determ ined. Next, the die center is m oved to the optical axis and the 
d ie  is exposed.

this is (xk,yt)- W e can then find the position o f  the die center to be 

(-T/’ .v,;) =  i x n ’y m) ~ ( x k».v*) • Next, the lithography tool instructs the w afer stage to move 

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

axis w ith the d ie center. The die is then exposed with the w afer held at this position. The 

geom etry o f this procedure is shown in Figure 1-3.
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Let (xc,yc) denote the position where a certain feature in the curren t layer is 

im aged. A ssum e it is supposed to lie exactly on top o f a feature in the previous layer 

w hich w as placed at position (xp,yp). T he  overlay error is then defined, for this particular 

feature, as O =  (Ox,O y) =  (x c, y i:) - ( x p, y p) . From this definition, it is c lear that overlay

error is defined everywhere inside the die. O verlay error, 0 (x ,v ), is therefore a tw o- 

d im ensional vector function that is defined everywhere inside the die.

The rigid-body and the geom etric imaging assum ptions greatly sim plify  the form  

o f  this function. In fact, under these assum ptions, 0 {x ,y)  is constant across the die. There 

can be only tw o reasons w hy 0 (x ,y ) is not identically zero. First, there could be an erro r 

in determ ining the position o f the alignm ent mark. This is called alignm ent erro r. 

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

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

1.2.2 Wafer distortion

The situation becom es m ore com plicated if we relax the rigid w afer assum ption. 

S uppose that the wafer deform s when subject to m echanical and therm al stresses. In this 

case, even if the previous m ask layer w as perfectly im aged on the wafer, the processing 

betw een the previous and current lithographic steps could have deform ed the w afer, i.e., 

the relative positions o f  circuit patterns with respect to that o f the fiduciary are changed. 

In other words, (xfo.v*) as defined in the last section is no longer identical to  its designed 

value. T he difference can be term ed w afer d istortion .

Furtherm ore, the am ount o f  w afer distortion can vary from  one feature in the die 

to another. This m akes the overlay 0 (x ,y )  a true tw o-dim ensional function: the sum  o f a 

constant term  across the die, given by the alignm ent error and the stage position ing  error; 

and a varying term  determ ined by the am ount of w afer distortion.

1.2.3 Field distortion

T he problem  o f overlay control is further com plicated by the issue o f  field  

d istortion. T he projected im age in the resist is never a geom etric rep lica o f  the m ask

7
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pattern. A berrations and distortions in the optics can cause the actual im age to differ 

from  the m ask pattern. This is known as optical field  distortion, a well understood 

phenom enon in classical optics [5],

F ield distortion has the sam e effects as wafer distortion. It varies across the 

optical field, and it causes (Xk,yk) to deviate from its know n, designed value. Now , one 

has to take into account the additional effects of field  distortions in order to fully 

characterize the overlay function 0(x,y).

1.2.4 Local and Global Alignment

W e have described placem ent control in lithography as a three-step procedure:

1. D eterm ine the position of the alignm ent m ark associated w ith the die

2. A lign the die center to the optical axis

3. E xpose current layer.

This is know n as the local alignm ent procedure, because it achieves p lacem ent 

control by detecting the alignm ent m arks that are associated with the d ie  right before it is 

exposed. A lthough used extensively in research laboratories for difficult-to-align 

situations, it is not usually practiced in high-volum e m anufacturing environm ent. The 

reason is that detecting  and locating the alignm ent m arks for each die is too costly -  it 

slow s down the lithography process and reduces throughput, and high throughput is 

needed for obvious econom ic reasons.

T here can be as many as hundreds o f die on a w afer, and the locations o f  these die 

on the w afer surface are typically laid out in a lattice, as show n in F igure 1-4. This lattice 

structure is know n as the die layout. Because o f the regularity  o f  the die layout, it w ould 

suffice to  find the position o f the whole lattice, rather than each individual die. T his leads 

us to global alignm ent.

In global alignm ent, only a few alignm ent m arks across the w afer are accurately 

located. The exact num ber of m arks being used by global alignm ent can vary from  tw o to 

ten for one wafer. A fter the positions of these m arks are determ ined, the shape and the 

location o f the w hole lattice is calculated by fitting the m ark positions to the regular 

lattice structure. O ften, it is assum ed that the actual lattice can only deviate from  the

8
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designed lattice by an in-plane rotation o f each axis, a m agnification along each axis, and 

a translation  along each axis: a total o f six param eters. F igure 1-5 show s the visual 

effects o f these param eters. It is obvious that such a lattice is only a linear d istortion  o f 

the designed  rectangular lattice.

Figure 1-4. Global alignm ent. D ie  on a wafer are typically  
laid out in a regular pattern, sim ilar to the rectangular lattice 
shown here. In the procedure o f  global alignm m ent, positions 
o f  several alignm ent marks are first determined. W e are 
show ing six  marks in this figure. T he position o f  the lattice 
can be determined from  the positions o f the alignm ent marks.

In this fram ew ork, global alignm ent finds the six param eters that characterize the 

linear lattice, from  which the position o f  each die is determ ined. S im ilarly  to local 

alignm ent, in the next step o f lithography, the tool aligns the die centers to optical axis, 

and then expose them. A detailed description o f  global alignm ent can be found in [6].
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(a) D es ig n ed  L a ttice

(b) S h ift

(c) S ca lin g

(d) R o ta tio n

F ig u re  1-5. P aram e te rs  to  be d e te rm in e d  by  g lo b a l a lig n m en t.
G lo b a l a lig n m e n t a ttem p ts  to  d e te rm in e  the p o sitio n  o f  a  d ie  la y o u t 
la ttice . It a s su m e  th a t th e re  o n ly  th ree  k in d s o f  d ev ia tio n s  f ro m  the 
d es ig n ed  la ttic e , as illu s tra te d  in  th is figu re , (a) T h e  d es ig n ed  
la ttice , (b) A  sh ift in  bo th  the  x- and  y -d ire c tio n s . (c) A  sc a lin g  in 
the x -d irec tio n . (d) A n  in -p lan e  ro ta tio n  o f  the  la ttice .

Clearly, using global alignm ent can im prove the throughput a  great deal if  the 

process o f locating the alignm ent m arks is tim e-consum ing com pared  to exposure, and 

th is does seem  to be the case. But the throughput im provem ent does not com e w ithout
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cost, because the global alignm ent procedure jeopard izes overlay perform ance. The 

d ifficu lty  lies in the fact that, due to w afer d istortions, the die layout is not necessarily a 

linear lattice. In fact, w afer distortion behaves in totally undeterm ined ways, and it can 

undoubted ly  m ake the die layout a nonlinear lattice. This leads us to the conclusion that 

if  g lobal alignm ent is used, there is yet another contributing factor to overlay error -  the 

nonlinearity  o f d ie layout lattices brought about by w afer distortion.

1.2.5 Overlay Metrology

A lthough overlay is a tw o-dim ensional vector function, we cannot m easure it 

everyw here in the die, because much o f  the die area is occupied by device patterns. 

Typically , there are overlay marks designed in the scribe lanes between die to allow  the 

m easurem ent and m onitoring of overlay errors. An overlay m ark consists o f a feature in 

the curren t layer interlocking another feature in the previous layer. If perfect overlay is 

achieved, the center o f  the current layer pattern and that o f  the previous layer pattern 

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

Outer Mark

Inner Mark

Figure 1 -6. O verlay M etrology. O verlay m etrology m easures 
overlay error using m etrology marks. In the exam ple shown here, 
the outer m ark is an open rectangle m ade in the precious 
layer. The solid box is the inner m ark and it is in the current 
layer. The difference between their center positions m easures the 
overlay error between the two layers.

1 1
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represents the overlay error between the tw o layers. See Figure 1 -6.

There is a fundam ental difficulty  o f determ ining the real overlay perform ance 

from  m etrology results. O verlay m etrology can only be perform ed on several discrete 

locations in the die. The values o f  the overlay function OQt.y) at other positions in the die 

have to  be interpolated or extrapolated from  the lim ited num ber o f  m etrology results. To 

the extent that both w afer and field distortions exist, such an in terpolation or 

extrapolation procedure can be very unreliable.

Furtherm ore, for the sam e reasons that cause alignm ent errors, overlay m etrology 

also suffers from  errors. Overlay m etrology has to  determ ine the  positions o f both the 

previous and current layer patterns, and errors can happen in either o f  these 

m easurem ents.

The perform ance o f overlay m etrology is a critical com ponent in pattern 

placem ent [7]. It is o f vital im portance that overlay m etrology is obtained using reliable 

m ethods. In later chapters, we will see d irect im pacts o f overlay m etrology on the design 

o f  alignm ent m ethodology, because m etrology results are used as the basis o f  analyzing 

and learning the characteristics o f an alignm ent system.

1.3 Challenges in pattern placement

1.3.1 Overlay requirements of current and future technologies

The required accuracy o f pattern p lacem ent depends on the size o f the features 

being m ade in the lithography process: the finer the structure we are m aking, the

Year 1995 1998 2001 2004 2007 2010
CD  (pm ) 0.35 0.25 0.18 0.13 0.10 0.07

Gate Overlay (nm) 100 75 50 40 30 20
M etal Overlay (nm) 300 200 150 100 70 50

Current Perform ance 
on M etal (nm)

199.5 7 ? 7 7

12
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Table 1.1. The overlay budgets for the gate and early m etal layers for various 
generations o f  lithographic technologies [8]. The overlay budget is defined 
as the m ean plus three sigm a value o f  the overlay errors. The quoted current 
stepper perform ance is based on an experim ental study, which will be 
presented in C hapter 9.

m ore accurately we need to place the patterns. Therefore, even for a single chip, the

required placem ent accuracy varies from layer to layer. The critical layer, or the layer that

m akes the transistor gates, usually has the sm allest features and, consequently, the m ost

stringent requirem ents on placem ent accuracy. For back-end processing, such as

interconnections in the metal layers, the placem ent requirem ent is usually  m uch less

strict.

Table 1-1 outlines the required overlay perform ance for d ifferent generations o f 

lithographic technologies, both for critical layers and for som e representative metal layers 

[8]. In this table, the quantity called overlay budget, or overlay in short, is a statistical 

m easure o f pattern placem ent. By definition, overlay -  |/n| +  3cr, w here m  is the mean

and a  is the standard deviation o f a statistical sam ple o f  overlay errors taken from  a 

particular process. A rule o f  thum b that has been used by the industry is that overlay 

should be less than one third o f  the feature size in the critical layer in order for the 

lithography process to be usable.

W hat is striking about pattern placem ent control is that, although the overlay 

requirem ent has becom e ten tim es m ore stringent since the 1970s, the overlay control 

capability  has im proved m uch less quickly, at best by a factor o f two. This im balance of 

technology im provem ent has resulted in a serious danger that future generations of 

lithography may not deliver according to the schedule in Table 1-1. For instance, the 

current overlay perform ance quoted in Table 1-1 is only m arginally satisfactory for the 

0.25pm  generation. Apparently, today’s alignm ent technology cannot satisfy the strict 

overlay requirem ents o f  future technologies.

L et’s break down the overlay error into its com ponents and review  their historical 

progress, current status and future outlooks.

13
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1.3.2 Progress in each error component of overlay

T he first com ponent is alignm ent error. As w e will see in m uch m ore detail later, 

alignm ent error depends on two factors: the optical system s used to  detect the alignm ent 

m arks; and the processing steps that have been applied to the w afer w hich can dam age or 

d isto rt the topographic structure o f  the alignm ent m ark. [4]

T he processing that an alignm ent m ark has to go through has undoubtedly  becom e 

m uch m ore com plex over the years. In particular, the recent introduction o f  C hem ical 

M echanical Polishing [9] and the use o f  copper and dam ascene processes [10] pose 

serious challenges to alignm ent because the alignm ent m ark structure can be seriously  

dam aged during the polishing process. In contrast, the alignm ent system s on m ost 

com m ercial lithography tools have rem ained the sam e designs as tw enty years ago. Very 

little fundam ental progress, if  any, has been m ade in how  the alignm ent system  

determ ines the position o f an alignm ent mark. T he increase o f processing com plex ity  and 

the id ling  o f  alignm ent technologies lead us to believe that alignm ent errors h av e  becom e 

w orse in recent years.

S tage positioning error is one area w here som e progress has been m ade recently. 

The three sigm a repeatability o f stage positioning has been gradually decreased  to its 

current levels around lOnm [11]. M uch o f this progress was m ade possib le  by the 

im provem ents in the mechanical and electrical designs o f the stage. F urther im provem ent 

can be m ade if stage distortion can be calibrated  out. This effect can be as large as 20nm . 

B ut m ethods exist to exactly calibrate and elim inate stage distortion effects, at least for 

the low -frequency com ponents. [12].

A s described in Section 1.2, the high-frequency com ponents o f  w afer d istortion  

cause intra-field overlay errors, and the low -frequency parts contribute to  alignm ent errors 

if  global alignm ent is used. W afer distortion as large as 40nm  has been m easured  . but 

typically wafer distortion values are around a three sigm a o f 20nm  [13]. It is very likely 

that w afer distortion will increase as larger wafers are used in m anufacturing. Som e 

efforts have been spent on how the wafers should be held on the stage, w hich w as found 

to be an im portant cause o f w afer distortion.
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Field  d istortion is characterized by a three sigm a o f  around 40nm  [14]. S ince this 

is due to optical im perfections, we do not believe field distortion can be reduced to a level 

substantially  below  this. A  useful approach that has been devised  to com bat the field 

d istortion problem  is called “stepper m atching” [15], which m eans that subsequent 

lithographic layers are m ade either on the sam e stepper, o r on steppers that have sim ilar 

distortion patterns. S tepper m atching is very effective: field distortion effects less than 

15nm w ere reported after stepper m atching was perform ed. [15]

1.3.3 Relative importance of various error components

L et’s put aside the issue o f  alignm ent errors, and assum e that all o ther error 

com ponents are statistically  independent o f  each other. This gives us an overlay of 

approxim ately  30nm  in the absence o f alignm ent errors. This num ber is close to the 

overlay budget o f  0 .10pm  generation. Obviously, to achieve the necessary pattern 

p lacem ent control fo r technologies beyond the 0.10pm  generation, im provem ents m ust be 

m ade not only in alignm ent, but also in all the other contributing factors o f  overlay errors.

Local and global alignm ent errors, however, rem ain the w ildcards o f  overlay 

control. For d ifficult-to-align situations such as chem ical-m echanically  polished wafers, 

overlay error in excess o f  0 .1pm  is not uncom m on [16]. A ssum ing w e have a 30nm  

contribution  from all o ther error com ponents, 0 .1pm overlay error m eans alignm ent errors 

alone can be as large as 95nm . Hence, an overw helm ingly large portion  o f the overlay 

budget is consum ed by alignm ent errors.

T his analysis m otivates us to seek advanced m ethods o f  im proving alignm ent 

perform ance.
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Chapter 2. Generic approaches to improve alignment

In th is chapter, we describe the basic  com ponents o f  an a lignm ent system . 

Two broad categories o f  approaches to im prove a lignm ent w ill be 

introduced.

2.1 Components of an alignment system

2.1.1 The alignment mark and its optical description

As described in C hapter l, any topographic structure can be used as an alignm ent 

m ark. It can  be a  trench, a mesa, a com bination or even an array o f both. Typically, 

alignm ent m ark  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 o f  the trench. This is shown 

in F igure 2-1. This type o f  m ark is in fact tw o-dim ensional and is used to do the 

alignm ent in the direction perpendicular to its long axis. T o facilitate d iscussion, le t’s 

define the coordinate system  so that the .t axis is perpendicular to the long axis o f  the 

m ark; v axis is the long axis o f the structure; and z axis is norm al to the w afer surface. 

See F igure 2-1.

To g ive a concrete exam ple, a cross-section, i.e., the x-z  plane, m icroscope picture 

o f  an alignm ent mark is shown in F igure 2-2. The original m ark is an etched trench into 

the substrate. Tungsten is then deposited on top and excess m aterials are rem oved in a 

po lish ing process. However, some Tungsten is left inside the trench. A lum inum  is then 

deposited o v er the structure. The com posite structure that com prises the trench, the 

leftover Tungsten and the A lum inum  overcoat is our alignm ent m ark in this particular 

case. In fact, during alignm ent, there is also a resist coating on top o f w hat is show n in 

the figure, fu rther com plicating the alignm ent m ark structure. As illustrated by this 

exam ple, an alignm ent m ark is alm ost never a clean and nicely defined trench or mesa. 

B ecause o f  the processing steps that the w afer has to  go through, a resist coating, a
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deposited  metal layer, a grown polysilicon layer, etc., can all becom e parts o f  the structure 

that w e are aligning to.

(a)

(b)

Figure 2-1. G arden variety alignm ent marks, (a) A  
trench etched in the substrate, (b) A  mesa. Both 
m arks can be considered tw o dim ensional structures.
The Cartesian coordinate system  used in this thesis is 
also shown.

As described in C hapter 1, the position o f  an alignm ent m ark is know n relative to 

the cen ter o f the die and this inform ation is used in the procedure o f  alignm ent. S ince the 

alignm ent m ark itself has a structure, when we speak of the “position” o f an alignm ent 

m ark, we must have referred to the position o f a certain feature in the m ark structure, for 

instance, the sym m etry axis o f  the trench in dielectric as shown in F igure 2-2. H ereafter, 

we will refer to  this part o f  an alignm ent m ark as the “reference position” , and we will 

alw ays define the x  axis so that the origin x  = 0  is at the reference position  o f an 

alignm ent mark.

17
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Figure 2-2. Cross-sectional view (SEM ) o f an 
a lignm ent m ark covered 'w ith subsequent coatings.

T he sensors that we use to detect the alignm ent m arks are typically  optics-based 

[4], T he response o f  an alignm ent m ark in any kind o f  optical detection system  can be 

predicted  if its scattering matrix is known. The scattering m atrix S(p ,q ) is defined as the 

fo llow ing  with the reference position placed at x  = 0: if  an incident p lane w ave com es in 

at an angle p , the light scattered by the alignm ent m ark has a p lane w ave (or Fourier) 

com ponent that is outgoing at angle q, with a m agnitude and phase represented  by S(p,q). 

T he scattering  m atrix  can be calculated using vector theory o f  electrom agnetism  based on 

the m ark ’s three-dim ensional function o f the index o f  refraction, R(x,y,z). F or the 

translationally  invariant m arks, this function can be reduced to  tw o dim ensions: 

R ( x , y , z )  -  R ( x , z ) .

For reasons soon to becom e clear, sym m etry properties o f the scattering m atrix are 

very im portant. S uppose the distribution of refractive index R (x,y,z) is sym m etric about 

the reference position, i.e., R( x ,  v, z)  = R ( - x , y , z . ) . B ecause o f  the space sym m etry of 

electrom agnetism  [17], this leads to a sym m etric scattering  m atrix, i.e., 

S ( p , q )  =  S ( - p - q ) . W e say the alignm ent m ark is sym m etric if  the above equality 

holds.
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W e can draw tw o conclusions from  the above description. First, all parts o f  the 

alignm ent m ark contribute to the index o f refraction function, R(x,y,z), and hence 

u ltim ately  to the scattering matrix. T herefore all coatings, polishing and o ther processing 

that have been applied to the alignm ent m ark w ill likely change the m ark’s appearance in 

an optical detection system. Second, to know the exact extent and nature o f  these effects, 

w e have to  obtain detailed know ledge o f  the R (x,y,z) function for every alignm ent m ark, 

and that is im possible to accom plish.

W e now turn to  the optical system s that are used as alignm ent tools.

2.1.2 Imaging and scanning optics

A classical optical m icroscope, or a scanning optical m icroscope as show n in 

F igure 2-3 can be used as an alignm ent system. W orking principles o f  these instrum ents 

are w ell-docum ented [ 18], W e provide a few sim ple exam ples to illustrate how  the optics 

interacts w ith the alignm ent mark. W e assum e that the reference position o f  the alignm ent 

m ark is on the optical axis o f  the m icroscope.

Let F { p )  represent the phase and am plitude o f  the plane w ave com ponent o f  the 

illum ination  field that com es in at an angle p,  w here p  spans from  -pA to p A, representing  

the num erical aperture o f illum ination, as shown in Figure 2-3. T hese p lane w aves are 

then scattered  by the alignm ent m ark, resulting in a  scattered optical field given by

A(q)  oe j  F ( p ) S { p , q ) d p ,  Eq. 2-

w here A (q )  gives the am plitude and phase o f  the plane w ave outgoing at an angle q. 

Suppose now  that all light w ithin the aperture between -q& and qa are co llected , the im age 

is then given by [19]

H x )  =
‘M

J A (q )e l2™"Ul)Mdq
~‘U

Eq. 2-2

w here /  is the intensity image as a function o f position x.
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As is clear from  the above exam ple o f  a sim ple optical m icroscope, the alignm ent 

signal obtained from  a scanning o r im aging m icroscope is the outcom e o f  the alignm ent 

m ark ’s scattering m atrix  interacting with the specifics o f the optics. A lthough the above 

equations are quite sim ple, this interaction can be nonlinear and very com plicated  if 

effects such as partial coherence are included [20]. The com plexity  prevents a c lear and

Sensor

Eyepiece

C ondenser

Light
Source

Beam  Splitter

O bjective

O bject

Figure 2-3. Schem atic o f  an optical m icroscope used as an 
alignm ent tool. The critical param eters include the type of 
illum ination, illum ination aperture p., and the aperture of 
the collection optics qa.

intuitive, let alone quantitative, understanding o f  how various processing o f the alignm ent 

m ark structure translates into changes o f the alignm ent signal.
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T he sym m etry property o f the image I{x) can be easily  deduced. F or the sim ple 

system  described by Equations 2-1 and 2-2, the m icroscope is sym m etric about its optical 

axis because we have specified sym m etric illum ination 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 ) - I ( —x ) ,  i.e., the im age will be sym m etric about the 

reference position . The fact that a sym m etric alignm ent m ark im aged by a sym m etric 

optics gives sym m etric alignm ent signal is expected to  hold in general, as long as we 

include in the definition of sym m etric optics both the apertures and the aberration effects.

2.1.3 Interferometric Optics

A nother optical system that has been successfully  em ployed as a com m ercial 

alignm ent tools is based on coherent interferom etry [21, 22]. A schem atic o f such a 

system  is show n in F igure 2-4.

A periodic line-and-space pattern is m ade on the m ask, o r it could  be on a 

perm anent fiduciary som ew here inside the lithography tool. A  beam  o f laser light passes 

through the period ic pattern and is diffracted into m ultiple orders. A  spatial filter is used 

to block all but the  +1 and -1 orders. A fter passing through the im aging optics, we can 

w rite the optical field  o f  the +1 and -1 order diffraction as, respectively,

w here the coordinate system  is defined as in the last section; in particular, we note that 

x  = 0  corresponds to the reference position of the alignm ent m arks. kx and kz are the 

w ave vector com ponents in the x  and z directions respectively, w here

, i ( - k t x + k . z ) Eq. 2-3

.  1  . 1  i  /  \k~ + k~ ~  ( ;,nft tnnf n} = —— Eq. 2-4

A is the w avelength of light, p  is the incident angle as show n in Figure 2-4.
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L aser Illum ination

M ask

Filter

Bearn
SplitterImaging

Optics
Sensor

+ 1 Order -1 Order

W afer

Q :
j — i____r  l

W afer Scanning Direction

Figure 2-4. Interferometric alignem ent system . T w o  
plane wave incom ing at angle P  illum inate the mark, 
which is a periodic pattern. The illumination is diffracted  
by the periodic mark. The alignm ent signal is formed by 
measuring the intensity o f  the outgoing plane w ave along 
the optical axis, w hile the wafer is scanned.

T he alignm ent m ark is also a periodic line-and-space structure m ade on the wafer, 

w ith a spatial f re q u en c y /g iv e n  by

sin{p)  = X f . Eq. 2-5

Eq. 2-5 specifies that the periodic structure of the w afer alignm ent m ark d iffracts both the 

+  1 and -1 orders into the -z direction. See F igure 2-4. The light that’s ou tgo ing  at an 

angle q  =  0 has two com ponents in it, the diffraction o f the original +1 order and that o f 

the -1 order. U tilizing the scattering m atrix  S(p,q), w e can w rite the outgoing ligh t at zero 

angle as
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go =  [S (/^0 ) +  S (-p ,0 )]« r 'b . Eq. 2-6

Now le t’s suppose that we m ove the w afer by a sm all shift s. Then it is easy to 

see that Eq. 2-6 m ust be m odified as,

g„(s) =  [S (p ,0 )e 'k,v + S ( - p ,0 ) e " k‘x]e -kz • Eq. 2-7

If the alignm ent mark is sym m etric, we have S ( p , 0) = S ( - p , 0 ). T hen Equation 2-7 can 

be w ritten as

g0{s) =  2 S ( p , 0 ) c o s ( k ts ) e ~lk:. Eq. 2-8

T he intensity o f this signal is

I ( s )  = 4 |5 (p ,0 ) |~  cosr ^ t ^  ■?] • Eq. 2-9
A

W ith Equation 2-5 plugged in, this can be sim plified as

I ( s )  =  4 |S (p ,0 ) |' c o s 2 ( 2 7tfs) . Eq. 2-10

Equation 2-10 show s that when the w afer is scanned in the x  d irection, the 

outgoing signal at angle q  =  0  has an intensity that depends on the position  o f  the w afer 

in an sinusoidal m anner. T his sinusoidal function can be used as the alignm ent signal. 

The phase o f  this sinusoidal signal is proportional to the position o f  the wafer, with zero- 

phase corresponding to  the reference position o f  the mark.

This system  has som e advantages over the im aging type. F irst, the alignm ent is 

based on the collective location o f a periodic feature on the w afer: therefore it is more

robust against localized dam age to the alignm ent mark. Second, because the optics

essentially  uses only tw o plane waves o f  light, which we labeled +1 and -1 diffraction 

orders, they can be d ifferentially  m odulated in the tim e dom ain. Such a technique is 

ca lled  heterodyne [22], W e w ill not go into the details o f  heterodyne other than stating 

that it is a very effective m ethod to improve signal-to-noise ratio if used in com bination 

w ith a phase-locked am plification system.
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2.1.4 Alignment algorithm

The signal from  an optical alignm ent system  is given in Equation 2-2 for an 

im aging system  and in Equation 2-10 for an in terferom etric system . A lthough the signal 

m ay contain thousands o f data points, we need only one num ber from  it -  the reference 

position  o f the alignm ent mark.

For im aging optics, many of the algorithm s are based on the expectation that 

alignm ent m arks are m ade to be sym m etric about their reference positions. Therefore, 

algorithm s rely on finding the sym m etry axis and use it as a proxy o f the reference 

position.

For instance, a sim ple algorithm  to find  the sym m etry axis o f a sym m etric signal 

using the concept o f center-of-m ass can be defined as,

w here x<t is the estim ated reference position found from  the signal. Recall that w e have 

defined  our coordinate system  so that the true reference position is at the x  axis origin, 

x 0 = 0 .  If the signal is sym m etric, i.e., I ( x )  = I ( - x ) , the estim ate o f  the reference

position  given by Equation 2-11 is error-free, because x 0 -  0  =  a'0 .

The disadvantage o f  this particular algorithm  is that is uses all parts o f  the signal, 

even including w here the signal strength is low and therefore photon-counting noise can 

be dom inant. A  better approach w ould be to  use only part o f the signal w here the 

intensity  is strong so that the noise effect is relatively sm all.

A nother possible variation on the them e can be the follow ing: 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 

cen ter o f  the parabola should give the reference position.

As show n by the exam ples above, there can be a variety o f d ifferent algorithm s, 

all o f  which are designed to look for the sym m etry axis o f a sym m etric signal, but in 

slightly  different ways [4]. The m ain differences betw een them  are their responses to

|  x l ( x ) d x
Eq. 2-11
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noise. F inding data in a noisy environm ent is a very w ell-studied and docum ented topic. 

Since this is not the em phasis o f this thesis, we will note in passing that m ost o f  the 

classical results such as m atched filtering can readily find their application in designing 

alignm ent algorithm s [4, 23],

If the signal is indeed sym m etric, these algorithm s are, on average, equivalent to 

each other. In other words, given a statistical sam ple o f  alignm ent signals, these 

algorithm s m ay have different variances in their findings o f the reference positions, but 

they all have the sam e mean value. For the sake o f  conciseness, we will refer to  this 

group o f  algorithm s as “sym m etric algorithm s”. Interestingly, alm ost all alignm ent 

algorithm s reported in the literature, including those used on com m ercial tools and those 

in research projects, belong to this category o f  sym m etric algorithm s [4], The only 

exception being the correlation based algorithm im plem ented on one o f the com m ercial 

m etrology tools, as will be detailed in C hapter 7.

2.1.5 Constructing an alignment system

W e are now ready to build a  com plete picture o f an alignm ent system . The 

alignm ent m ark is specified by its scattering matrix. An optical system , either imaging-, 

scanning- or interferom etry-based, can be used as an alignm ent system  to detect the 

alignm ent m ark and form  an alignm ent signal. The signal is then processed by an 

algorithm  to find the reference position. This is show n in F igure 2-5.

Figure 2-5. B lock diagram  o f a generic alignm ent system s. The 
alignm ent m ark is fully characterized by its scattering m atrix. The 
sensor is usually an optical im aging or scanning system . The 
signal is processed by the algorithm  to find the reference position 
o f  the m ark.

Mark -► Sensor
Reference
PositionAlgorithm
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O f particular im portance are the follow ing sym m etry properties o f  the alignm ent 

problem :

•  A  sym m etric mark has a sym m etric scattering matrix.

•  A  sym m etric scattering m atrix interacting with a sym m etric optics gives, on 

average, a sym m etric signal.

•  These signals yield, on average, correct reference positions when analyzed by 

sym m etric algorithm s.

E quipped with this understanding, we next discuss the possible causes of 

alignm ent errors in the following sections.

2.2 Causes of alignment errors

T he generic picture o f  an alignm ent system shown in Figure 2-5 provides a 

convenien t fram ew ork to categorize and analyze d ifferent causes o f alignm ent errors.

Suppose that the true reference position o f  an alignm ent m ark is Jc0, and the 

reference position found by the alignm ent system  is x 0, the ahgnm ent error is then 

^ 0  =  -'•’<> — *0 •

F irst o f  all, alignm ent error can be caused by noise, resulting from  the detection 

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

w ith noise effects, le t’s exam ine the m ean value o f  alignm ent error,

£ (A x0) = E ( x „ ) - x 0 . Eq. 2-12

w here E(.)  stands for the expectation value over a  statistical ensem ble form ed by 

repeatedly  sam pling the alignm ent signals from the same alignm ent m ark and optics.

I f  the above m ean value of alignm ent error is not zero, assum ing a sym m etric 

algorithm , w e m ust have a situation where the signal is, on average, not sym m etric. 

A ccording to the sym m etry properties that are outlined in section 2.1.5, this leads us to 

the conclusion that either the alignm ent mark or the optics m ust be asym m etric. W e 

em phasize that w hat is im portant is the m ark’s sym m etry property relative to the 

reference position. The mark itself can be sym m etric about som e axis, but as long as the
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sym m etry axis is different from  the reference position, the m ark is still asym m etric fo r the 

purpose o f  alignm ent. In the follow ing sections, each o f  these causes o f  signal sym m etry 

is discussed.

2.2.1 Wafer-induced signal asymmetry

If the cause of signal asym m etry is an asym m etric m ark on the w afer, it is called  a 

w afer-induced effect.

As we have shown earlier, the scattering m atrix depends on the details o f  the mark 

structure, w hich is given by R ( x , y , z ) , the function o f  index o f refraction. If any o f  the 

coating , polish ing or processing on the m ark results in an asym m etric R ( x , y , z ) , we will 

u ltim ately  have an asym m etric signal even when the detection optics is sym m etric. 

U nfortunately, a p le thora o f different processing on the alignm ent m ark can m ake it 

asym m etric.

R esist coating  is one exam ple. D uring the spin-on process, resist flow s in the 

radial direction. I f  the relief features o f the alignm ent m ark are not parallel to the radial 

direction, the resist has to clim b up or slide down in order to cover the m ark structure. 

T his often results in the so-called snow -fencing effect w here the coating  o f  the resist is 

asym m etric about the reference position of the underlying m ark. T his is illustrated in 

F igure 2-6.

Reference PositionR esist Flow 
Direction

Resist

W afer

Figure 2-6. A sym m etric resist-coating over 
alignm ent mark. W hen the resist flow direction is 
not parallel to the m ark structure, the coating  can 
becom e asym m etric about the m ark reference 
position.
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A nother exam ple is metal coating. Since metal layers are coated in a spu ttering  

p rocess, if there is any non-uniform ity in the angular flux o f  atom s when they im pinge 

upon the w afer, the snow -fencing effect will also happen. A lthough the wafers are often 

rotated in a  deposition cham ber in order to even out the deposition flux from  different 

angles, statistical fluctuations o f  the flux can easily cause the metal coating to  becom e 

asym m etric. See Figure 2-7.

Deposition Flux

R eference Position

W afer

Figure 2-7. A sym m etric metal coating over 
alignm ent mark. W hen the deposition flux is not 
angularly uniform , the coating can becom e 
asym m etric about the reference position.

T he m ost serious cause o f m ark asym m etry is undoubtedly C hem ical M echanical 

P o lish ing  (CM P). D uring a C M P process, a pad is pressed against the w afer surface, 

w hile both the w afer and the pad are rotating about their ow n axes. A chem ical solution, 

know n as a slurry, is applied between the w afer and the pad. The action o f  m echanical 

po lish ing  is o f course abrasive, which causes patterns on the wafer to “bend” tow ards the 

d irection o f  the polishing. Perhaps what is m ore subtle is that the chem ical reaction 

catalyzed by the slurry can also lead to asym m etry. It is found that the reaction speed 

varies depending on the topography o f  the neighboring re lief patterns, because they can 

e ither trap inside or leak away the chem ical solutions and thus change the chem ical’s 

concentration  [24], This is can be called a proxim ity effect o f polishing. Thus, an
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alignm ent m ark can be m ade asym m etric if  it does not have identical patterns in its 

neighborhood on tw o sides o f  the reference position. See F igure 2-8 fo r an illustration.

Rotating 
Polishing Pad

Figure 2-8. Illustration o f  C hem ical-M echanical 
Polishing. The w afer is held on a rotating platform . 
T he polishing pad rotates and is pressed against the 
w afer surface. A  chem ical solution know n as slurry is 
applied  between the pad and the wafer.

These are but a few exam ples o f  identifiable causes that can m ake an alignm ent 

m ark asym m etric about its reference position. T hese problem s tend to be very difficult to 

m odel o r understand quantitatively, but they obviously exist, and contribute to  signal 

asym m etry and alignm ent errors to varying degrees.

2.2.2 Tool-induced signal asymmetry

Even if  the alignm ent m ark is sym m etric, the signal can still have asym m etry if 

the optics is not perfectly  sym m etric.

O ptics-caused asym m etry can be convincingly illustrated w ith the follow ing 

exam ple. Suppose our alignm ent optics has a considerable am ount o f com a in it. To 

m ake the argum ent sim ple, le t’s also make the assum ption that ou r alignm ent m ark 

consists o f tw o poin t sources o f light and that the reference position is the m id-point

Slurry

W afer

R otating
Platform
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betw een them. Furtherm ore, assum e that the reference point is not placed on the optical 

axis. Both point sources w ill be im aged into com et-like clouds because o f  the com a. 

H ow ever, since the two point sources are not placed sym m etrically about the optical axis, 

they are im aged differently. If  w e take the com posite im age o f the two po in t sources as 

the alignm ent signal, it is asym m etric. This signal asym m etry is caused by com a alone 

because the idealized alignm ent m ark is perfectly sym m etric about the reference position. 

S ee F igure 2-9 for a pictorial o f  this analysis.

! Optical 
! Axis

PS1

1

! _ PS2
N

Reference

///
/

.
..........Position

c m *; >
i i 
i • 
i 1
■ i 
i •

c m
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\ : '

IM 2 '  
>

»! ”  
>i '

A
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1
1

Figure 2-9. A sym m etry in im age caused by com a.
Suppose two point sources PS 1 and PS2 together form  an 
alignm ent m ark, which is sym m etric about the reference 
position. An optics with com a is the alignm ent tool, 
therefore the im ages 1M1 and IM 2 are com et-like features.
Because PS 1 and PS2 have different distances from the 
optical axis, 1M1 and IM 2 have d ifferent shapes. The 
alignm ent signal, or the com posite im age m ade up by IM 1 
and IM 2, is asym m etric about the reference position.

A lthough this is a thought experim ent rather than a realistic exam ple, it vividly 

dem onstrates that a sim ple aberration such as com a can cause serious problem s in 

alignm ent. O ther optical im perfections such as aberration, distortion and m isalignm ent,
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can all cause signal asym m etry [25, 26]. A lthough these tool-induced effects cannot be 

com pletely  avoided even w hen the optics is designed w ith great care, they can be 

m in im ized  by optical design and calibration. In som e sense, w afer-induced effects, 

including resist-coating and CM P, are m ore fundam ental, as they are m uch m ore d ifficult 

to  avoid.

2.2.3 Asymmetry problem exacerbated by signal variations

So far w e have concerned ourselves with the m ean alignm ent error defined in 

Equation 2-12. The com bination of w afer- and tool-induced effects can m ake the 

alignm ent signal seriously asym m etric, w hich, when processed by sym m etric algorithm s, 

inevitably result in non-vanishing mean alignm ent errors.

The statistical ensem ble that the expectation in Equation 2-12 is defined on 

represents the repeated sam pling of the signal com ing from  the sam e alignm ent m ark and 

the sam e alignm ent tool. In other w ords, they describe the noise effect only. The 

statistical ensem ble can be enlarged to include sam plings o f  signals from  alignm ent 

m arks located on d ifferent part o f a single wafer, from  different w afers, o r maybe signals 

collected  by d ifferent alignm ent tools. As is clear from  the d iscussion o f  both the wafer- 

and tool-induced signal asym m etry, there is no reason for us to  believe that each o f these 

signals contains the sam e am ount o f  asymmetry.

In fact, i f  all signals in our ensem ble contain the sam e am ount and type of 

asym m etry, the problem  is very easy to solve, because a fixed am ount and type of 

asym m etry gives a fixed am ount o f  alignm ent error. W e can experim entally  determ ine 

how m uch w e alw ays err. The alignm ent algorithm  can then be instructed  to com pensate 

for th is am ount and error-free alignm ent can be achieved.

A varying am ount or type o f  asym m etry in the alignm ent signals, how ever, leads 

to  im precise alignm ent. To the extent signal asym m etry varies, alignm ent errors can have 

a large variance. Therefore, the problem  o f signal asym m etry is exacerbated by signal 

variation.
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2.3 Generic approaches to improve alignment

T o look for ways to m inim ize alignm ent errors, w e again turn to Figure 2-5, 

w hich show s the flow chart of a generic alignm ent system .

If w e remain within the confinem ent o f  sym m etric algorithm s, we m ust reduce the 

am ount o f asym m etry and variation in the alignm ent signals in order to achieve accurate 

and p recise alignm ent. Since the signal is the result o f physical interactions betw een the 

m ark and the optics, any m ethods that reduce signal asym m etry m ust be physics-based. 

Typically , these m ethods study the physics of a specific cause o f  signal asym m etry and try 

to elim inate it either by changing the alignm ent m ark structure or the sensor design. A 

very sim ple exam ple o f  a physics-based im provem ent is m inim izing the com a in the 

optics. M ore sophisticated exam ples will be provided in subsequent chapters.

T he other possibility is to focus the attention on the algorithm s. T h is w ould 

require us to  devise an algorithm  that is capable o f finding the correct reference positions 

even w hen the signals are asymmetric. Evidently, this algorithm  cannot be based on 

find ing  the sym m etry axis, like all reported algorithm s do.

Figure 2-10 sum m arizes the different approaches o f physics- and algorithm -based 

techniques.

In subsequent chapters, we will provide the details o f  both physics- and algorithm - 

based approaches. A lthough both o f them will be shown to significantly  im prove 

alignm ent perform ances com pared to existing m ethods, there ex ist m ajor d ifferences in 

their approaches to the alignm ent problem . W e will com pare these tw o categories of 

m ethods and analyze their relative strengths and weaknesses. In the end, w e hope to 

arrive at an ideal solution.

2.4 Summary

In this chapter we detailed the building blocks o f  an alignm ent system . W e 

em phasized  the im portance o f sym m etry, the lack o f w hich results in alignm ent errors. 

T he asym m etry problem  is further exacerbated by signal variation. W hen alignm ent 

signals are both asym m etric and varying, alignm ent will be inaccurate and im precise.
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M ethods to im prove alignm ent perform ance can be e ither physics- o r algorithm - 

based. Physics-based algorithm s aim at reducing the am ount o f  asym m etry and variation 

in the signal. A lgorithm ic approaches attem pt to m inim ize the im pact o f signal 

asym m etry and variation on alignm ent results.

/
Symmetric
Algorithm

Mark; -*f-SensoB'- A sym m etries  
\Signals J

/ /

Reference 
JPosition

(a)

Asymmetri Reference 
Position

>• Sensor

(b)

Figure 2-10. G eneric approaches to im prove alignm ent, (a) Physics- 
based solution. It adjusts m ark  and sensor designs until the signals 
becom e sym m etric, (b) A lgorithm -based solution. It adjusts 
alignm ent algorithm  so that correct results can be obtained even from  
asym m etric signals.
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PART II: PHYSICS-BASED TECHNIQUES

Chapter 3. Physics of resist-induced signal asymmetry

In this chapter, we analyze the physics o f  resist-induced a lignm ent errors.

The analysis leads to the alignm ent technique o f  B rew ster A ng le

Illum ination.

3.1 Resist-induced alignment errors

A m ong the m any factors that give rise to signal asym m etry, asym m etric resist 

coating  is the m ost unavoidable one, because each tim e alignm ent is perform ed, the w afer 

m ust be coated with resist and ready for lithography.

R esist coating is applied in a spin-on process. Drops o f resist m aterial are placed 

at the cen ter o f the wafer, which is then accelerated to a high rotation speed o f  one to two 

thousand  revolutions per minute. The spinning motion creates a force field that causes 

the resist m aterial 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 com bined  effect o f 

flow ing, drying and the wetting o f  the w afer surface gives rise to a thin, uniform  coating  

over the w afer [3].

T he relief structure o f an alignm ent m ark behaves as a disturbance to the radial 

How o f resist. If  the relief structure is not parallel to the local radial direction, resist has 

to  “clim b up” or “slide dow n” in order to cover the structure. A nd all these happen when 

resist is flow ing in high speed in the radial direction. The outcom e is often a coating  that 

is asym m etric about the reference position o f the alignm ent mark. This is illustrated in 

F igure 2-6, and the above snow -fencing effect is briefly discussed in Section 2 .2 .1.

The asym m etric resist coating becom es part o f the alignm ent m ark, w hich may 

o therw ise be sym m etric about its reference position. Because of the asym m etry in resist 

coating , the index o f  refraction function, R ( x , y , z ) ,  no longer satisfies the sym m etry
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condition , i.e., R ( x , y , z )  *  R ( - x , y , z ) .  W e therefore have an  asym m etric m ark w ith an 

asym m etric scattering m atrix, w hich can eventually results in asym m etric signals.

In som e situations, resist-induced alignm ent errors can  becom e very serious. [27] 

reports an alignm ent erro r as large as 35nm that is believed to  be caused by resist coating. 

In research environm ents w here devices o f critical dim ensions less than 0 .1pm  are 

routinely fabricated, such a m agnitude of alignm ent errors can be devastating.

3.2 Physics of the resist-induced signal asymmetry

W e can gain som e insight into the physics o f the problem  by asking, qualitatively, 

how  an asym m etric resist coating results in an asym m etric alignm ent signal.

R eflected light from the alignm ent mark form s the alignm ent signal. W hen the 

alignm ent m ark is covered by resist, there are tw o com ponents in the reflection. One 

com ponent is the reflection from  the resist-air interface, and the  o ther one is the reflection 

from  the resist-w afer interface. The latter is the one tha t contains the inform ation 

regarding the re lief structure o f the alignm ent mark. N ote that resists are usually 

transparent at the w avelength o f  the alignm ent light. See F igure 3-1.

Typical resist thickness is around 1pm, shorter than m ost alignm ent illum ination’s 

coherence length. H ence an interference effect exists betw een the tw o com ponents 

described above. The net intensity o f  the reflection varies depending on w hether the tw o 

reflections interfere constructively or destructively. The path difference, o r  relative 

phase, between the tw o reflections is approxim ately proportional to the local resist 

thickness.

W hen we have an asym m etric resist coating as illustrated in F igure 3-1. the resist 

thickness varies across the alignm ent mark structure. M ost im portantly, the thickness 

variation is asym m etric about the reference position o f  the alignm ent mark. T herefore, 

the phase d ifference between the two reflections, hence the net intensity  o f  interference, 

varies asym m etrically  across the alignm ent mark.

This analysis qualitatively explains the physics o f  how an asym m etric resist 

coating  gives rise to  asym m etric alignm ent signal. It is found that the im portant link is
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the th in-film  interference between the reflection from  the resist-air interface and that from 

the resist-w afer interface.

Illumination R2

Resist

W afer

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.

T he thin-film  interference effect causes o ther problem s in alignm ent 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 o f a signal, i.e.. an 

expected  peak in the signal becom es a trough. B ecause m any alignm ent algorithm s rely 

on a particu lar shape, contrast and tone, these uncertainties brought about by  thin-film  

in terference can cause the alignm ent algorithm  to fail all together.

A t the heart o f the problem  is the sensitivity  of the alignm ent signal to  resist 

thickness variation: the intensity o f  the reflection varies from  m inim um  to m axim um  if 

the th ickness changes by a quarter of the w avelength. Solutions aim ed at m itigating these 

effects should seek ways to  desensitize the signal. O ne approach is to use broad band 

illum ination  [28]. which helps to reduce interference, but it has the shortcom ing o f 

low ered resolution [18]. O ptions of different coherence factors in the alignm ent light are 

often im plem ented on com m ercial steppers to provide different com binations of 

sensitiv ity  and resolution.
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3.3 Brewster angle illumination technique

In Figure 3-1, only the light reflected from the resist-w afer interface con tains the 

positional inform ation about the alignm ent mark. The reflection from  the resist-air 

interface is in fact a noise or d isturbance to the alignm ent problem . Ideally, we w ould 

like to reduce or even elim inate the reflection from  the resist-air interface, and form  the 

alignm ent signal with the resist-w afer reflection only. If this can be achieved, the 

alignm ent signal should becom e m uch less sensitive to the local variation o f  resist 

thickness. This should result in m uch less asym m etry in the signal even if  the resist 

coating rem ains asym m etric.

The theory o f electrom agnetism  [17] shows that the light reflection from  an 

interface can be m ade to vanish if certain  conditions are satisfied. F irst, the light m ust be 

transm agnetically polarized, i.e., TM  polarized. Secondly, the light m ust be a p lane wave 

w ith an incident angle of

d B =  tan ( n ) , Eq. 3-1

w here n is the relative index o f refraction o f  the two m edia that m ake up the interface. In 

the case o f  resist-air interface, n is sim ply the index o f refraction o f the resist. d B as 

defined in Equation 3-1 is know n as the B rew ster angle o f  the interface.

T he question rem ains w hether we can build an alignm ent system  under such 

constraints. Interestingly, the in terferom etric system shown in Figure 2-4 and  treated at 

great length in section 2.1.3 can be adapted to satisfy these conditions. F irst, w e can 

polarize the illum ination light before it enters the system. Second, w e can find the correct 

value o f  the alignm ent m ark’s spatial freq u en cy ,/, so that the im pinging angle p  = d B. 

A ccording to Equation 2-5, we sim ply need

Eq. 3-2
X

F or a typical photo resist, the index o f refraction is about 1.6, w hich determ ines a 

B rew ster angle o f about 58°. If we assum e that the alignm ent light is H e-N e laser w ith a 

w avelength o f  633nm, we find a m ark periodicity o f  0 .75pm . A lthough this mark
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periodicity  is m uch sm aller than what is com m only  used in interferom etric alignm ent 

system s [21], it can be fabricated using today’s technology w ithout m any difficulties.

W e therefore have found a physically feasib le alignm ent system  that prom ises to 

sign ificantly  reduce, even possibly elim inate resist coating-induced signal asym m etry. 

T he in terferom etry-based system em ploys linearly T M -polarized light, and the alignm ent 

m ark should have a periodicity o f around 0 .75 |im . W e will nam e this approach the 

B rew ster A ngle Illum ination Technique, or BAIT in short.

3.4 Summary

By analyzing the physics of how an asym m etric resist coating  gives rise to 

alignm ent signal asym m etry, we reached the conclusion that the thin film  interference 

effec t is the culprit. To elim inate the interference effect, we propose the technique o f 

B rew ster A ngle Illum ination, which m inim izes the reflection from  the resist-air interface.

B A IT is believed to be very effective in suppressing the am ount o f signal 

asym m etry even w hen resist coating is seriously asym m etric. In subsequent chapters, we 

will dem onstrate, both theoretically and experim entally , the effectiveness o f BA IT in 

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

In  this chapter, w e provide som e theoretical results to dem onstrate the  

advantages o f  the B rew ster A ng le  Illum ination Technique.

4.1 Introduction

In order to  assess the effectiveness o f  the B rew ster A ngle Illum ination Technique 

in reducing the resist-induced alignm ent errors, we need to quantify  the am ount o f 

alignm ent errors caused by asym m etric resist coating, both with and w ithout em ploying 

the BAIT.

A  reliable quantitative m ethod should  follow  the scattering m atrix approach 

ou tlined  in C hapter 2. Such an approach, how ever, requires the availability  o f reliable 

m ethods to m odel the resist coating process. U nfortunately, such m odeling techniques 

are not yet available in the com m ercial or research com m unities. M odeling o f  resist 

coating  can be very com plicated. First, the spin-coating process depends on m any 

d ifferen t param eters, including the viscosity o f  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 dynam ics o f 

viscous fluid under violent m otion conditions. The physics of such topics is still not very 

well understood, nor are reliable num erical m ethods available. D ue to these d ifficulties, 

w e elected  to use a sim ple m odel o f resist coating. A lthough sim ple, this m odel is 

believed to capture the general behavior o f resist coating.

In addition, solving three-dim ensional M axwell equations to obtain the scattering 

m atrix  is largely a black box that is not am enable to  analysis. It can hardly provide any 

insights into the problem . W e therefore adopt a m uch sim pler m ethod using basic scalar 

diffraction theories [29],

As a consequence o f  the sim plified resist m odel and the use o f scalar diffraction 

theory, we do not expect the m odeling results to be directly  com parable to experim ental 

data. But our m odel should be capable o f at least revealing m ajor qualitative trends.
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As w e wiil see later, this sim pler m odel also suggests an optim al design o f  the 

w afer m ark that is very intuitively appealing. T he difficulty  o f  obtain ing any kind o f 

optim ality using the scattering m atrix approach attests to  the pow er o f  our sem i- 

quantitative but sim pler m ethods.

4.2 Scalar diffraction model

4.2.1 Model of resist profile

As explained above, it is difficult to m odel the detailed shapes o f  resist coating in 

any quantitative m anner. There are, however, several properties o f  the resist coating  

process that hold in general.

First, the peak-to-valley variation in the resist profile, labeled as 2 d  in F igure 4 - 1, 

is usually  m uch sm aller than the peak-to-valley height variation in the underlying relief 

structure, labeled as D in the sam e Figure. This is especially  true w hen the resist is 

relatively thick [30],

Second, the high spatial frequency com ponents o f  the relief feature o f  the 

alignm ent m arks will not be follow ed exactly by the resist profile, i.e., the resist profile 

behaves as a low-pass filtered version of the m ark relief feature. The attenuation o f  high 

frequency com ponents o f  relief structures is m ore pronounced w hen the spatial 

periodicity  o f  the m ark structure is small.

A possible explanation for these tw o observations can be found on the grounds o f 

surface tension. B ecause o f the existence of a strong surface tension, the resist profile 

tries to shrink its own surface area in order to low er the surface energy. O f 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 m ust still have 

their signatures on the resist profile.
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L et’s exam ine the coating o f  an isolated step, as show n in F igure 4-2(a). A ssum e 

the ideal situation w here the plateaus to the left and right o f the step extend to infinity. In

Figure 4-1. General resist coating behavior. T he peak 
am plitude o f  resist profile variation is denoted by 2d. I 
the depth of etched trenches in the alignm ent m ark. Ge 
is m uch sm aller than D. Also, resist p rofile does not fo 
h igh-frequency com ponents o f the underly ing re lie f sti 
shown are the nominal resist thickness, h0; and resist p 
function o f position, h(x).

the areas that are far away from the step, resist profiles m ust be flat and parallel to the 

substrate. A round the step, however, the resist profile cannot fo llow  exactly the sharp 

corners o f  the substrate, because such corners contain extrem ely  large am ount o f  surface 

energy due to their vanishing radii of curvature. Thus, the resist surface follow s the 

fam iliar rounded shape to m inim ize its own surface energy, as shown schem atically  in 

F igure 4-2(a). T his idealized exam ple o f an isolated step establishes a length scale A: the 

ex istence o f  the step is felt only within the distance A  around the step; beyond A , the 

resist ignores the existence o f the step and becom es flat. T his length scale is o f  course 

determ ined by the surface tension, and the extent the resist is allow ed to relax into energy 

equilib rium  during the coating and drying processes.

N ow  assum e that the isolated step in Figure 4-2(a) is part o f  a periodic structure o f 

lines and spaces with a periodicity W, shown in Figure 4-2(b). In the case o f  W  >■> A , we 

expect the resist to follow faithfully the underlying structure except fo r w ithin the 

d istance A  o f each step. Therefore, we have 2cl —> D .  S ince the resist profile is a 

sm oothed version o f a square wave, its Fourier T ransform  should have som e energy in the
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higher harm onics o f the base frequency MW, although not as m uch as the Fourier

Resist

w afer

(a)

Resist

wafer

>W /2'

(b)

I A  I

Resist

w afer

(c)

Figure 4-2. Lengths scales o f resist coating, (a) An 
isolated step. The presence o f the step is felt w ithin 
the length scale A. (b) A periodic m ark with 
periodicity W »  A. (c) A periodic m ark w ith W «  A.

Transform  o f the underlying square wave.
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In the o ther extrem e case, where W -<■< A , the resist p rofile ignores the ups and 

dow ns o f  the high frequency structure and tends tow ards the lim iting case o f a com pletely 

flat profile, i.e., 2 d —> D . The only F ourier com ponent substantially  different from  

vanishing is the DC. This is schem atically show n in F igure 4-2(c).

B
zL

<D
"2

O
o
&o

H
So

£

<u
DC

9

8

7

-1 0
Coordinate Across Mark ((Tm)

Resist

O xide

p  Substrate

Figure 4-3. M easured resist profile as a function o f  m ark width. T he top 
panel show s several resist profiles m easured on lp m  th ick  N ovolak®  
resist coa ted  on alignm ent marks. T he bottom  panel show s the 
underly ing m ark structure in cross-section. T he oxide thickness is 
0 .33pm  and the m ark is etched 0 .04pm  into  the substrate, thus depth  of 
the m ark is 0.37pm . From  the top curve to  bottom , the w idth o f  the m ark 
W  is, respectively, 1, 2, 4, 6, 8, 10 and 15pm.
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W hen W  ~  A , the situation lies som ew here between the tw o extrem es, but the 

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

L et’s look at som e experim ental m easurem ents to support the above qualitative 

analysis. F igure 4-3 show s profilom eter m easurem ents o f the resist profiles covering 

trench type alignm ent m arks w ith varying width [31]. The structure is show n in cross- 

section in the sam e figure. C om plications o f the m easuring m echanism  o f  a profilom eter 

prevent us from using this im age as a  quantitative m easurem ent o f the resist profile, but 

several conclusions can be drawn from  it.

First, the m easurem ents can be used to estim ate the length scale A . From this 

figure, we estim ate A>- 10pm . Second, since the m ark etch depth is kept constant at 

0 .37pm , the changes in the m odulation depth o f resist profiles are caused by the variation 

o f  m ark w idth. On one hand, when the mark w idth is 15pm, 2cl D ,  and on the other 

hand, when the m ark is lpm , 2d  —»0  . Both o f these behaviors are predicted  by a sim ple 

analysis using the length scale and m ark w idth, as we have described earlier. Third, the 

resist profiles are m uch sm oother than the underlying structure etched in the oxide, 

indicating the low-pass property. A nd finally, there are visible am ounts o f  asym m etry in 

the m easured profiles.

For the case o f BAIT, the required mark periodicity  VV is 0 .75pm , using the value 

o f  A  estim ated from  Figure 4-3, we conclude that, 2d  -X  D . Furtherm ore, since the 

resist profile is a low -passed replica o f  the underlying structure, we assum e that it 

con tains only the base frequency o f  the w afer m ark structure.

The resist profile is thus m odeled as,

h(x) = ha + d  cos(27i/x), Eq. 4-1

w here h(x) is the resist profile m easured from  the wafer surface, ho is the nominal 

thickness o f  the resist and /  is the spatial frequency of the m ark. See Figure 4-1 for 

illustrations o f these quantities. As usual, the x-axis is defined so that its origin lies at the 

reference position. To be consistent, we also assum e that the reference position is a 

sym m etry axis o f the underlying m ark structure.
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Since the h(x) function contains only one frequency, the only way that it can be 

asym m etric about x  =  0  is to have a lateral shift, i.e.,

h (x )  =  hn + cl co$[27tf'(x + 8 ) ] ,  Eq. 4-2

w here <5 is the lateral shift o f the resist profile w ith respect to the underlying w afer m ark 

structure.

4.2.2 Optical description of resist-covered mark

W hen the alignm ent light com es in, part o f  it is reflected from, and the o ther part 

transm its through the resist-air interface; the local reflection and transm ission coefficients 

as functions o f  position are given by

r"r (x)  =  r[8„ ±  tan -1 (— ■)] Eq. 4-3
ax

and

/"r (jc) =  /[0 o± t a n - ' A ] ,  Eq. 4-4
ax

w here the superscript “ar” stands for “from  air to resist” . The functions /-(.) and ?(.) are 

the reflection and transm ission coefficients o f  the resist-air interface as functions o f  the 

local im pinging angle. They also depend on the polarization. These functions are given 

in [17], 0o is the illum ination angle m easured from  the optical axis. d Q = 9 lt if  B A IT  is 

used. T h e  ±  signs correspond to the left and right beam s in F igure 4-4.
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Optical 
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] W afer

F igure 4-4. Interferom etric alignm ent system .
This figure show s the definition o f  the le ft beam , 
right beam , incident angle 0 () and the optical 
axis in an interferom etric alignm ent system .

The reflected  and transm itted light also pick up som e phase m odulation from  the 

resist relief profile. Putting these phase term s into the generalized  reflection and 

transm ission coefficients in Equations 4-3 and 4-4 yields,

dh
r ar{x)  = r[Qa ± ta n ~ '(— )]exp [-/2k /i(x )] 

dx

and Eq. 4-5

dh
t “r(x )  = t[Qa ± ta n “'( — )]exp[f/c(/i — l)/z(xr)], 

d x

w here k  is the w ave vector.

Note that both r“' and t‘" are periodic functions o f  position x. They can be 

decom posed into Fourier series, or diffraction orders. S ince only the light outgoing at 

angle q  =  0 is collected to form  the alignm ent signal, we need only the first orders for the

reflection coefficient r " :  r “r and .

The situation o f  the transm itted light is much m ore com plicated. It is first 

diffracted by the resist-air interface, then propagates to the w afer surface and gets 

diffracted there. T he reflected light propagates back through the resist and gets diffracted 

again at the resist-a ir interface. Part o f  it transm its to air and those orders em itting along
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the  optical axis contribute to the signal. The o ther part o f  it will be reflected back into the 

resist and undergo m ultiple reflections inside the photoresist. T he hope is that we can 

m ake som e approxim ations and truncate this process to analytically obtain the alignm ent 

signal as a function o f  the relative position o f  w afer and m ask s.

It is interesting to note that [32],

FT{exp[/fc(n -  1)/i(a')] }

= J r.[kd(n  — l ) ] ^ / ,  —m f)  Eq. 4-6
m=-w.

w here FT(.) stands for Fourier transform  and 7m(.) is the m -th order Bessel function. The 

last term  in Equation 4-6 is the Dirac 5-function. The Bessel functions are uniform ly 

bounded  from  above [32].

j./„.(c)| =  0(c'"')./w;*O.C5*O. Eq. 4-7

I f  c is sm all, i.e., c-<-<1, we can truncate the series in Eq. 4-6. S ince c = k d ( n -  1). 

c  «  1 is equivalent to

I d  - x —  ------- 0.32f a t .  Eq. 4-8
/ T ( n - l )

Therefore, if  the peak-to-valley variation o f the resist profile is sm all com pared  to 

0 .32pm . we can probably truncate the diffraction orders to  keep the 0 and ±1 orders only. 

The above approxim ation is o (c ~). W e also obtained F T ( f )  num erically. T he result 

show s that, fo r I d  < OAjdm. w e can indeed safely ignore diffraction orders h igher than 

±1 , because, collectively they account for less than 0.59c o f  the total incident energy. As 

w e w ill see later, the quantity 2 d  is never allow ed to becom e larger than 0 .4pm  in our 

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

A nother interesting phenom enon that also works in our favor is the fact that when 

the spatial frequency /  o f  the w afer m ark structure is high, the h igher diffraction orders 

becom e evanescent, and hence do not contribute to the alignm ent signal. In fact, for the
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case o f  BA IT, f  = —  = — ?----- , and all diffraction h igher than the ±2 orders is
IV 015/xm

evanescent and can be safely ignored when calculating the alignm ent signal.

W e conclude that the transm ission coefficient, f r, can be accurately characterized 

by the three diffraction coefficients f"r and C". The sam e argum ents apply to the 

transm ission o f  ligh t from the resist into air; it can also be represented by three diffraction 

coefficients, /™ and r f , . Note the change o f superscript from  “ar” to  “ra”, the la tter reads 

“from  resist to air” .

To concentrate our attention on the asym m etrical resist coating, we assum e an 

idealized w afer m ark. The underlying structure is m odeled as a square wave o f am plitude 

D and spatial frequency/ .  This is a classical phase grating and its diffraction efficiencies 

can be analytically obtained. D enote these by w here m  is the d iffraction order. W e 

have,

W /2  «■

Em =  —  ( J e i2m"p dx + e l2tD J e >lm,xd x ) . Eq. 4-9
^  0  W/ 2

The optical property of the resist-covered alignm ent m ark is fully  characterized by 

the am plitude diffraction coefficients given above, r " , t^r , r“f , t '“ , tl“, and Em.

4.2.3 Model the alignment signal

All diffraction coefficients described above are obtained with the reference 

position  o f  the m ark placed at the origin o f the x  axis. W hen the m ark, together w ith the

resist coating on top, shifts by an am ount s  in the a: direction, all these coefficients should

have an ex tra phase factor,

<b =  e x p ( + i 2 m n f s ) , Eq. 4 -10

w here m  is the d iffraction order. The upper sign is for the left beam  and low er sign for 

the right beam , because they see different shifts, +s or -s ,  respectively.
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Sim ilarly, since the asymmetry o f the resist profile is m odeled as a lateral shift o f 

the resist profile with respect to the mark, the diffraction coefficients associated w ith the 

resis t-a ir interface should have an extra phase factor of

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

g iven by Equations 4-10 and 4-11 are already included when we w rite the diffraction 

coefficients such as K\r , t™, etc.

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

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

Equation  4-12 is a rather com plicated form ula. W e will exam ine the term s one by one. 

First o f  all, all upper signs apply to L, and low er signs to R. Secondly, w e em phasize 

again that the diffraction coefficients can be d ifferent for L  and R, depending on the phase 

factors defined in Equations 4-11 and 4-12, and the reflection and transm ission 

coefficients defined in Equation 4-5. The first term  on the right, outside o f the 

sum m ation, is the reflection from  the resist-air interface. Only the ±1 orders are included 

because these are the only ones that contribute to the alignm ent signal. The first term  in 

the sum m ant, t "  , m eans that the light transm its from  air to resist, and we are looking at

the mo-th diffraction order. P  is an operator that propagates the light through the resist. 

A ssum ing  no attenuation, t is sim ply a phase factor that depends on the nom inal thickness 

o f  the  resist ho 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, 

fo llow ed by another propagation back to the resist-air interface. If  it is reflected again, 

ano ther pair o f parentheses will follow  to describe the sequence o f  propagation, reflection 

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

sequence term inates with a transm ission coefficients, r™ .

N ote that the sum m ation is lim ited to the set

0  =  zxp(+i27Cmf8) . Eq. 4-11

Eq. 4-12
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{ e  {0,1,-1 } ,£ /« , .  = ± l } , Eq. 4-13

w here the upper sign is for L  and the low er sign for R. The reason for the requirem ent 

mi 6  { 0 ,-1,+ 1} is that we have already ju stified  truncating all reflection and transm ission 

coefficients to include only the 0 and ±1 orders. T he condition

com es from the fact that only these com binations o f  diffraction result in light propagating 

along the optical axis.

W e sim plify Equation 4-12 by tw o further approxim ations. T he first one is that 

m ultip le reflections can be ignored. The reflection coefficient o f the resist-w afer 

interface is on the order o f  0.4, assum ing the w afer is silicon covered by native oxide. 

T he  reflection coefficient o f  the resist-air interface from  inside the resist is on the order of 

0.1 . H ence as light is bounced another tim e inside the resist, its energy is d im inished to 

only 0.16%  o f its original value. W e will therefore keep only those term s that are 

reflected from the w afer once. The second approxim ation is that, to be consistent with 

our earlier o (c2) approxim ation, only one o f the mi’s can be ±1 and all o thers should be 

zeros. This is equivalent to keeping only those contributions that have undergone ±1 

order d iffraction at m ost once. T his approxim ation can be ju stified  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 tw ice, its am plitude is 0 ( c 2) , and w e have already justified  

d iscarding such term s in the d iscussion follow ing Equations 4-7. W ith these 

approxim ations, Equation 4-12 has becom e

Eq. 4-13

Finally, the alignm ent signal is ju s t the interference o f  L  and R, i.e.,

I  = \l  + r \2 . Eq. 4-14

Som e straightforw ard algebra show s that,
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/  °c cos2[2 ^ f(5  +  e ) ] , Eq. 4 -15

and

£ =  —  Z ( L 'R ) ,  E q .4 -1 6
47tf

w here Z ( .)  denotes the phase angle o f a com plex quantity , and (.)* represents com plex 

conjugate.

C om paring Equations 4-15 and 2-10, we can see that £ is  the alignm ent error 

induced by the asym m etric resist coating.

4.3 Modeling results and discussion
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F igure 4-5. C alculated  alignm ent erro r p lo tted  against resist 
asym m etry, o r the lateral shift 8. T he upper cu rve is obtained under 
the conditions that em ulate a com m ercial stepper. T he bo ttom  curve
is calcu lated  using the B A IT conditions.
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Figure 4-5 plots the alignm ent error versus the am ount o f resist asym m etry. For 

the  upper curve labeled “reference” , w e take num erical values according to the 

specification o f  a successful in terferom etry-based com m ercial alignm ent system , in w hich 

case, D = 0.\6fMn, W  =  16f.lm. [2 1 ,3 0 ] W e also assum e that d  =  D / 2 . T he com m ercial 

alignm ent system  uses non-polarized light, w hich is sim ulated using an equal-energy mix 

o f  T E  and TM  in our model. This com bination o f param eters will be referred to  as the 

reference case. If the Brew ster A ngle Illum ination Technique is used, we specify that the 

polarization  is TM  and that W  =  0.75/t/n. All o ther param eters such as D  and d  are kept 

the sam e as in the reference case in order to put the com parison on fair grounds.

Both curves are linear in F igure 4-5, indicating a strong linear relationship  

betw een the resist asym m etry and its induced alignm ent error. Because the m odeling 

resu lt in Equation 4-16 is a first-order theory, th is linear relationship is not surprising. In 

fact, for all the num erical situations we explored, we found the alignm ent erro r e to 

depend  linearly on the asym m etry 8. T his enables us to  elim inate one variable and define 

an error transfer ratio, TJ,

?7 =  - .  Eq. 4-17
5

w hich m easures how m uch o f the resist asym m etry is transferred into the final alignm ent 

error, or, equivalently, how sensitive the alignm ent system  is to  resist asym m etry.

For the reference case, an erro r transfer ratio o f  rjnf = 0 .4 5  is found. B ut for the 

B A IT  case, we find t) bait = 0 .04, a better than ten-fold im provem ent over the 

perform ance o f  the com m ercial alignm ent system.

Thus the sem i-quantitative scalar d iffraction m odel predicts that BA IT should 

perform  much better than the conventional system . T he perform ance is m easured in the 

erro r transfer ratio, or how much o f the resist asym m etry translates into alignm ent error.

T he resist asym m etry, <5, can be d ifferent in the tw o system s we considered, due to 

com plications in the resist coating process, as explained in Section 4.2.1. T he above 

conclusion regarding the perform ance o f  tw o alignm ent system s does not specify how
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m uch resist asym m etry exists in either o f these tw o system , it sim ply states that B A IT  is 

m uch less sensitive to resist coating asym m etry than the configuration o f a com m ercial 

alignm ent tool.

N ext, le t’s exam ine the robustness o f the B A IT  against process variation. Since 

the pitch o f the alignm ent m ark is fixed at W  =  0.75fim  in order to  achieve the B rew ster 

angle effect, the only param eter we can vary is D, the etch depth o f  the alignm ent mark.

0.9
R eference

0.8
o
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V)c
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0.5

0.4l-
o1_ 0.3LU

0.2

BAIT0.1

0.0
0.3 0.41 0.2 
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Figure 4-6. Calculated error transfer ratio plotted aga inst m ark  
etch depth. The upper curve is obtained under conditions that 
em ulate a  com m ercial stepper. The low er curve is calculated  
using the BA IT conditions.

Figure 4-6 plots the error transfer ratio as a function o f the etch depth o f the 

alignm ent m ark, w hich is varied from 0.02pm  to 0 .4pm . T he upper curve is ob ta ined  for 

the reference case and the bottom  curve is the predicted behavior if B A IT  is used. The 

first feature to notice in th is graph is that the BAIT curve lies below  the reference curve,
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m eaning that fo r m ost m ark configurations, BA IT is less sensitive to resist asym m etry. 

A lso, the B A IT  curve changes m ore gradually than the com m ercial case, m eaning that 

B A IT  is relatively im m une to process conditions and w orks nearly equally well even 

when the m ark 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 .\9 /im  and D = 0 3 9 /lm .  This again happens in the BA IT case with D  = 0.31/M i. 

The interesting question is under what condition all resist asym m etry translates into 

alignm ent error.

To answ er this question, le t’s turn to E quation 4-13. It states that there are four 

com ponents in each of the left and right beam s’ contribution  to alignm ent signal. These 

four term s are graphically  represented in Figure 4-7. The first term  is a reflection term , 

w hich is m inim ized if BA IT is em ployed. Recall that all o f  the asym m etry o f the 

alignm ent m ark under consideration is contained in the resist profile, nam ely, the resist- 

air interface. A lso  recall that from  Equations 4-10 and 4-11, the 0-th order d iffraction  at 

an interface does not carry any inform ation about the  structures at the interface. H ence, 

the 0-th order diffraction at the resist-air interface cannot sense the existence o f 

asym m etry. T o  this light, the m ark is actually  sym m etric. The com ponent show n in 

F igure 4-7(d) has only 0-th order diffraction at the resist-air interface. It m ust be error- 

free.

S im ilarly, if the light undergoes 0-th order diffraction at the resist-w afer interface, 

it cannot at all sense the existence of the underlying m ark. The com ponents show n in 

F igure 4-7(b) and 4-7(c) are exam ples o f this situation. S ince they cannot “see” the 

correct location o f  the mark, which is defined at the resist-w afer interface, these 

com ponents actually align to the resist-profile. T hus if the com ponents depicted in Figure

4-7(b) and (c) are the only ones present, the error transfer ratio  is unity. T he sam e 

analysis applies to the reflection com ponent show n in F igure 4-7(a), it also fully transfers 

the error.
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W e therefore speculate that unity transfer ratio occurs when the com ponent in 

F igure 4-7(d) vanishes and alignm ent signals are form ed by the error-carry ing 

com ponents in F igure 4-6(a), (b) and (c). T his can only happen if E ±l = 0 .  R ecall that 

E quation  4-9 gives the diffraction efficiency as a function o f  the etch depth. Inspection o f 

th is equation  show s that, indeed, each o f  the unity transfer ratio in F igure 4-5 corresponds 

to a vanishing first o rder diffraction efficiency o f  the underlying square w ave mark.

Resist

filill:
Resist

(a) (b)

R esist

Wafer'

\ 1
R esist y

W afer._ '.\. '

(c)
(d)

Figure 4-7. The com ponents o f  alignm ent signal, (a) T he 
light goes through a +1 order diffraction, (b) The light 
goes through a 0-th order diffraction at the resist-air 
interface, then a 0-th order diffraction at the resist-w afer 
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) T he sequence 0-1-0.

Ideally, w e w ould like to elim inate all but the error-free com ponents o f  the 

alignm ent signal. The first error-carrying com ponent, the reflection, can be m in im ized  by 

BAIT. The tw o others in F igure 4-7(b) and (c) can be m ade to vanish if  £ ’, , = 0 ,  

according to Equation 4-13. A vanishing 0-th order diffraction efficiency is indeed
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achieved at D  =  0 .20 /r/n , explaining the vanishing erro r transfer ratio  in the B A IT  curve 

around this m ark  configuration.

This is a very encouraging result. It tells us that even when resist coating  contains 

substantial asym m etry, error-free alignm ent can still be achieved by m aking the alignm ent 

system  com pletely  im m une to this asymmetry. All that are needed are the Brew ster 

A ngle Illum ination T echnique and properly designed m arks. T he m ark should have 

vanishing 0-th order diffraction efficiency under resist.

4.4 Summary

A scalar diffraction  m odel reveals many encouraging features o f the problem  of 

aligning on resist-coated alignm ent marks. C alculations show  that the B rew ster Angle 

Illum ination Technique can suppress resist-induced alignm ent errors by m ore than ten

fold com pared with com m ercial alignm ent systems.

An extrem ely encouraging result is also indicated by this sem i-quantitative model: 

if  BA IT is em ployed on correctly designed marks, nearly error-free (less than 5nm  error) 

alignm ent can be achieved even when the resist coating  is grotesquely  asym m etric, e.g., 

resist p rofile shifts from  the underlying m ark pattern by as m uch as 0 .4 pm .
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Chapter 5. Brewster angle illumination -  Experiments

In th is chapter, we p resen t experim ental results that convincingly  

dem onstrate the effectiveness o f  B A IT  in elim inating resist-induced  

alignm ent errors.

S. 1 Motivation

W e dem onstrated the advantages of B A IT  using a scalar diffraction m odel. It is 

o f  course highly desirable to obtain experim ental evidence that the BA IT is a viable 

technique to reduce resist-induced alignm ent errors.

In fact, an experim ental study is also m otivated by the confusion over resist 

induced alignm ent errors that exists in the literature.

In C hapter 2, we stated that m any alignm ent mark structures can be described as 

being tw o-dim ensional because they are roughly invariant when translated along some 

axis. W hen the mark is coated with resist, the am ount o f  asym m etry in the resist coating 

depends on the relation between this axis o f  translational invariance and the local flow 

direction  o f  the resist. One expects that when the translational axis o f the alignm ent 

m arks is parallel to the flow  direction, there should be no asym m etry, because one side o f  

the reference position is no different from  the other. One further expects that asym m etry 

takes the m axim um  value when the translational axis is perpendicular to  resist flow. 

B etw een these tw o extrem es, i.e.. when the flow  direction m akes an acute angle w ith the 

translation  axis, som e am ount o f  resist asymmetry' is expected to exist.

Explicitly  o r im plicitly, m any researchers made the assum ptions that, first, the 

a lignm ent erro r as a tw o-dim ensional vector always lies in the direction o f radial flow , 

regardless o f  the orientation o f the alignm ent mark: and second, the m agnitude o f  

alignm ent erro r depends linearly on the m ark 's  distance to  the center o f the w afer. U nder 

these tw o assum ptions, the resist induced alignm ent errors across the w afer behave like 

the effect o f  a sim ple m agnification error. Som etim es, this belief is cited in order to 

ju s tify  ignoring the problem  o f  resist-induced error because m agnification errors can be 

easily  com pensated  for in the procedure o f  global alignm ent, 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 

tem plate to  look for resist-induced alignm ent errors [33].

It is ou r belief that the above assum ptions are very w eakly  supported. These 

assum ptions can only hold true if the resist behaves linearly. Specifically , we need to 

break down the radial flow velocity o f the resist into tw o orthogonal com ponents, one in 

the x  direction and one in the y  direction. N ote that the x  flow  com ponent is parallel to 

the v m ark and vice versa. Furtherm ore, we need to assum e that the resist asym m etry 

created in the y mark is proportional to the y  velocity, and sam e applies in the x  direction. 

O nly when these are true can w e expect the linear and radiating pattern o f  resist induced 

alignm ent errors. H ow ever, the resist coating process, w hich includes the flow  and 

dry ing  of viscous material under very violent motion conditions, is know n to  be highly 

nonlinear. The m easured resist profiles shown in F igure 4-3 strongly  suggests 

nonlinearity  in resist coating. The linear assum ptions m ade above are at best gross 

idealizations.

W e hence speculate that these com plications contribute to the inconsistency of 

reported results regarding resist induced errors [27, 33, 34], A t the sam e tim e, we feel 

com pelled  to conduct a system atic and w ell-defined study o f the issue o f  resist-induced 

alignm ent errors.

5.2 Experimental setup

To study the resist-induced alignm ent errors and to evaluate  the BA IT, we 

assem bled a relatively straightforw ard im plem entation o f the in terferom etric alignm ent 

optics. (Figure 4-4)

A sketch of the optics fo r the experim ental study [35] is show n in F igure 5-1. The 

definition o f a Cartesian coordinate system  follows the convention used in previous 

chapters and is show n in the Figure.

A 15mW  H e-N e laser w ith w avelength X = 633nm  and linear po larization  is used 

as the illum ination source. T he m ain optics com prises a pair o f  m icroscope objectives 

(M O s). The first one is an off-the-shelf lOx M O. The second one has a  m agnification  of 

lOOx and a num erical aperture o f  0.9. This M O  is custom -m ade so that it can be used in
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Figure 5-1. Schem atic of the experim ents. FT stands for 
Fourier Transform . SF  is spatial filter. BS is beam splitter. M O is 
m icroscope objective. Also shown are the coordinate axes. Please see 
text for a detailed description.

either direction. It can be used as a m icroscope objective w hich am plifies the object by 

one hundred tim es. It can also be used in the reverse direction, in w hich case it form s a 

real im age that is de-m agnified by the sam e am ount. T he com bination o f  this pair o f  

M O s im ages the m ask pattern, shrunk by ten tim es, onto the w afer plane.

T he m ask is fabricated using  electron beam  lithography and com prises equally  

spaced lines and spaces parallel to the y axis. It essentially  serves as a transm ission 

grating. On the w afer we also etched some lines-and-spaces patterns parallel to  the y axis 

w ith a periodicity  ten tim es sm aller than that o f the m ask: therefore the w afer m ark and 

the m ask  im age have the sam e periodicity, thus sa tisfy ing the condition for an 

in terferom etry-based  alignm ent system  as show n in F igure 4-4.

A fter passing through the mask, the laser light is d iffracted into m ultip le 

d iffraction  orders. The F ourier Transform  (FT) lens behind the m ask focuses each 

d iffraction  order into a spot on the FT plane, w here a spatial filter is placed. T he spatial 

filter is essentially  a  plate w ith only tw o openings, coated  with absorptive m aterial. The 

openings pass only the +1 and -1 orders o f the diffraction. A fter this spatial filtering step, 

the effective m ask in our experim ent is no longer a square w ave transm ission grating, it 

becom es a sinusoidal one. The above are standard optical processing techniques that can 

be found in classical Fourier O ptics textbooks [15].
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The m ask image form ed by the two M O s on the w afer surface is the interference 

pattern o f  tw o plane waves, i.e., a  sinusoidal intensity  pattern. The reflection from  the 

w afer is directed into the diode by the beam  splitter. The FT lens and the p in-hole in 

front o f the diode form  a spatial filter that collects only the plane w aves propagating  

along the optical axis, i.e., the 0-th order diffraction. It is c lear from  this description that 

our experim ental setup as shown in F igure 5-1 is an im plem entation o f  the principles 

described in Figure 4-4, i.e., an interferom etric alignm ent system .

There is also an incoherent im aging system  that exists in parallel w ith the 

coheren t interferom etric alignm ent tool. The incoherent light from  a bulb is d irected  on 

the w afer by the fiber bundle and the beam  splitter. The w afer’s im age is form ed on the 

C C D  cam era and m onitored on a TV  set. This im age is used for find ing  the patterns on 

the w afer, fo r focus, and for other adjustm ents.

The w afer is held on a com puter-controlled stage, w hich can m ove in the x, y  and 

z  d irections and rotate about the z. axis. In each o f  the x , y  and z d irections, stage 

positioning is controlled by the dual m otion capability  o f  a lead-screw  driven coarse stage 

and a piezo-electrically  driven fine stage. T he coarse stage has a  positioning precision  of 

around lp m  but is capable of linear m otion w ithin a  2m m  range. T he fine m otion stage 

has a positioning precision o f 3nm  but can only travel lOOpm, according to factory 

specification. The com bination o f  these tw o allow s for fine position ing  over a rather 

large area. T he stage’s * and y  m otion are used to scan the w afer relative to  the mask. 

The z. m otion is used to find the correct focus during im aging. Furtherm ore, the s ta g e ’s x  

position is m onitored by a laser interferom eter system , w hich has a resolution o f  5nm .

The stage vibration has a standard deviation o f 5nm  when the system  is left idle. 

The w hole experim ental setup is enclosed in a cloth tent to m inim ize the effect o f varying 

tem peratures and air turbulence. W e m easured the laser-interferom eter readings when 

the stage w as left idle for a long period o f  time. The stage drift obtained from  these 

experim ents varied from 0.003nm /s to  0 .12nm/s. S ince the data collection for a single 

experim ent takes much less than a second, the drift effect is sm all com pared  to the 

m easurem ent results, as will be shown later.
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W hen the w afer stage is driven by the piezos, the d iode co llects the alignm ent 

signal which is then am plified, sam pled and digitized, w hile the laser interferom eter 

system  records the position o f  the stage. Thus an alignm ent signal as a  function o f  the 

stage position is form ed. A sam ple signal is show n in F igure 5-2. A  typical value for the 

signal-to-noise ratio is 13dB.
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F igure 5-2. P lot o f  a sam ple alignm ent signal obtained from  our 
experim ental setup.

To characterize the perform ance of the instrum ent, we carried  ou t repeated 

m easurem ents on the sam e location o f  the wafer. T hese experim ents show ed that 

alignm ent error m easurem ents have a l a  repeatability o f  about 6nm. This offers an 

estim ate o f the detectable length scales using this instrum ent.
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5.3 Detailed measurement procedure

line and 
space 
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on wafer
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Figure 5-3. Illustration o f the experim ental procedure. There 
are four quadrants in this graph, from A to D. Position o f  the 
resist-covered m ark can be determ ined from the aa ’ scan.
Position o f the uncovered mark can be found by the b b \  cc ’ 
o r dd ’ scan. The difference between these is the resist- 
induced error. M any com plicated issues, such as rotation, 
stage cross-talk, etc. can com plicate such m easurem ents.
Also shown is the distance between the left and right halves 
o f  patterns, A.

T he resist-induced alignm ent errors are found to range from  several nanom eters to 

several tens o f  nanom eters. T o reliably m easure effects on this scale, the experim ental 

procedure needs to  be careful designed. W e tested several basic d ifferential m ethods and 

they are found to give statistically identical results if  careful calibrations and adjustm ents 

o f  the instrum ents are perform ed.

In F igure 5-3, we show the patterns m ade on the w afer. N ote there are four 

quadrants in the figure, labeled as “A ” to “D” . T he A quadrant is covered by resist and 

the three o ther quadrants contain uncovered marks.

In the first approach, we first take a scan in the A  quadrant, and im m ediately 

afterw ards, the w afer is m oved so that a scan in the B quadrant can be taken. The scans 

are labeled as aa ’ and bb ’ in F igure 5-3. Recall that the alignm ent signal is sinusoidal in
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such a system  and that the zero phase occurs when the w afer and the m ask are aligned. 

S uppose that fitting the signal from  the A  quadrant to a sinusoid  yields zero-phase 

locations,

=  x, + j  W /2 , Eq. 5-1

where./- is an integer, IV is the period o f  w afer m ark structure and W/2 is the periodicity  o f  

alignm ent signals. From  the B quadrant, we find zero-phase locations,

x„ = x 2 + m W /2 - A, Eq. 5-2

w here m  is another integer and A is the distance between the left and the right halves o f

patterns, A = 40 /im . Taking the d ifference o f  Equations 5-1 and 5-2, w e get

£ = (.I-, - x 2) + k W / 2  +  A =  £0 +  &IV/2 +  A , Eq. 5-3

w here k is also an integer. W e expect that Sn represents the resist-induced alignm ent 

error. The only com plication is that there is an am biguity  due to the periodicity . This 

am biguity , how ever, can be clarified quite easily  if we realize that the sm allest W w e will 

encoun ter is IV = 0 1 5 jim  and an resist-induced error as large as W /2  =  0 375 /im  is 

unim aginable. Thus the resist induced error, £«, can be determ ined by elim inating  all 

m ultip les o f W /2  from  £ in Equation 5-3. W e can call this approach an “A-B 

com parison” .

In the second approach, the com parison is m ade betw een tw o scan lines such as 

those  labeled aa ’ and d d ’ in the figure. This can be called an “A -D  com parison” .

A  third possible approach is to obtain alignm ent on each o f  the four quadrants and 

use the results in quadrants B and C to m ake sure that the lines-and-spaces are lined up 

w ith the y  axis, then the com parison between quadrant A  and quadran t D  is much more 

reliable. This can be called an “four-quadrant m easurem ent” .

Both the A-B and A -D  com parison m ethods can be underm ined by som e subtle 

problem s. In the A-B com parison m ethod, the stage has to m ove the w afer from  A 

quadran t to B quadrant; this is a relatively large step in the x  direction. S uppose that 

there is a cross-talk  betw een the x  and y stages, i.e., w hat is supposedly  a  step  in purely  

the x  direction involves both x  and y  m ovem ents. Then the A and B quadran t signals are
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taken from  different y-locations on the wafer. If the w afer has any residual-rotation in 

the x-y  p lane, y-location difference translates into a difference in the x  locations. This 

unknow n am ount o f x  location d ifference becom es part o f  our m easurem ents of 

alignm ent error.

S im ilarly, for the A -D  com parison m ethod, the large step in the y  d irection can 

introduce an unknow n am ount o f x m ovem ent if there is a  cross-talk  between the x  and y  

stages. Or, if  there is a residual rotation o f  the w afer in the x-y  plane, the m easured 

alignm ent errors contain an unknow n am ount of ro tation-induced x  location difference 

betw een the scan “ aa” ’ and “d d ” ’.

T he residual in-plane rotation can be m easured in-situ and corrected  by the 

rotation capability  o f the w afer-stage about the z axis. C ross-talks betw een axes o f  the 

stage can  also  be m easured. They are com pensated  for by special com puter program s 

which take the cross-talks into considerations when com m anding  the stage to  move.

Such calibration procedures perform ed at the beginning o f  the experim ent after 

m ounting each  chip  on the stage are necessary for the experim ent to  be trustw orthy. W e 

perform ed such calibration and found that, after these effects are taken care of, the 

aforem entioned three m ethods o f obtaining the resist-induced errors becom e statistically  

equivalent. F igure 5-5 show s the histogram s o f  m easured values o f  resist-induced errors, 

obtained using  the three different m ethods on the sam e chip. S tatistical testing  show s 

that they are identical distributions.

B ecause the stage cross-talk, drift and rotation can all change slightly  in the 

course o f tim e, w e chose the m ethod o f A-B com parison due to  its superior speed. All 

experim ental results presented in later sections are ob tained using this method.

T he analysis presented  here underscores the necessity  o f  a w ell-designed 

procedure for the m easurem ent o f such m inute effects as resist-induced alignm ent errors. 

The results show n in F igure 5-4 give us the confidence that our instrum ent and 

experim ental design are capable o f perform ing such m easurem ents.
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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

W e first m easured the resist-induced errors across the wafer. T o  avoid  the 

com plications described in the introduction section, we separated out the cases w hen the 

w afer m arks are parallel or perpendicu lar to the radial flow , w hich w ill be referred  to as 

the “parallel” and “perpendicular” m arks, respectively. T he resist used for th is study is 

SA L601® , and resist thickness is 1.0pm . Figure 5-5 show s the results ob ta ined  for a 

reference case. The alignm ent m ark is equally  w ide lines and spaces with a p itch  o f  4pm .
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T he im pinging angle in this case is 10°, far from  the B rew ster angle condition. In the 

figure, the circles and triangles represent perpendicular and parallel m arks, respectively. 

Each data po in t is the average o f tw enty repeated m easurem ents, with the erro r bar 

representing  standard deviation in the sam ple. It is clearly  seen that the perpendicular 

m arks show  m easurable alignm ent errors that have a roughly linear dependence on the 

distance from  the w afer center. The parallel m arks, how ever, show  alignm ent errors 

across the w afer being close or below  the instrum ent detectability , w hich can be 

considered  vanishing. This result clearly confirm s the in tuitive expectation o f the 

behavior o f  resist-induced alignm ent errors, as outlined in the introduction section.

A lignm ent Error A cro ss  W afer

40
P e rp e n d ic u la r
P ara lle l

30

20

— T-

-20

-30

-40
-40 -30 -20 -10

Distance From Center of Wafer (mm)
20 40

Figure 5-5. M easured resist-induced alignm ent errors at conditions 
far aw ay from  B rew ster angle illum ination. W hen the m ark is 
perpendicular to the radial direction, there exists significant 
am ount o f  alignm ent error. For the m arks that are parallel to resist 
flow , there does not exist m easurable resist-induced error.

N ext, we repeat the sam e experim ent on alignm ent m arks that are optim ized to 

elim inate resist-induced errors, i.e., using the error-free condition established in C hapter 

4 . T hese m arks are line-and-space patterns w ith 0.75 pm  periodicity  and an etch depth of
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0.2|0.m. (F igure 5-6) Both parallel and perpendicular m arks show alignm ent erro rs well 

below  lOnm across the w afer, in most cases close to o r below  the instrum ent resolution.

BAIT C ondition

— • —  P e r p e n d ic u la r  
— 4 —  P a ra lle l

-20
20 30 40-40 -30 -20 -10

Distance to Wafer Center (mm)

F igure 5-6. M easured resist-induced alignm ent errors at B A IT  
condition. Both perpendicular and parallel m arks show  alignm ent 
errors below detectability.

It is not c lear from this result alone w hether the B A IT  has elim inated  the resist- 

induced alignm ent errors or w hether there is sim ply less asym m etry in the resist coating. 

T hese w afers have m uch finer structures than the one used in F igure 5-5. As d iscussed  in 

C hapter 4, when coated on very fine structures, resist approaches a flat profile, ignoring 

the underly ing  relief. S ince a com pletely flat coating cannot be asym m etric, w e expect 

the resist asym m etry also lessens for finer m ark structures.

T o distinguish these tw o possibilities, we rotated the polarization  o f  the 

illum ination from  TM  to T E  by inserting a half-w ave plate into the optical path . All 

o the r param eters are left unchanged. Since the reflection from  the resist-a ir interface 

does not vanish at the B rew ster angle when the light is T E  polarized, we expect that the
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error-reduction  m echanism  to break down and hence, if there is any asym m etry in the 

resist coating, w e should  be able to m easure som e alignm ent errors. The results in F igure 

5-7 indeed show  m easurable am ount of errors for perpendicu lar m arks, yet the parallel 

m arks are still error-free.

BAIT bu t TE Po larization

— • —  p e rp e n d ic u la r  
■ ■■■jk—  p a ra l le l

u>
<  -10

-20
20-40 -30 -20 -10

Distance from Center of Wafer (mm)

Figure 5-7. M easured resist-induced errors using  Brew ster angle 
but w ith T E  polarization. These results proves the existence o f 
resist coating asym m etry on the B A IT -optim ized wafers. The 
asym m etry  is detectable using TE  polarization.

C om paring  Figures 5-6 and 5-7 leads us to the inarguable conclusion that first, 

there exists resist asym m etry  on the perpendicular m arks, and second, alignm ent is error- 

free on these asym m etrically  coated m arks if BAIT is em ployed.

For the perpendicular marks on these B A IT -optim ized w afers, the approxim ate 

linear relationship  betw een the alignm ent error and the distance to  center o f w afer is also 

apparent. T h e  m agnitudes of these errors are sm aller than those  o f the reference wafer, 

w hich m ay be attributed  to  lesser resist asym m etry as a result o f  finer structures o f  the 

alignm ent m arks.

68

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r the r  reproduction  prohibited without perm iss ion .



www.manaraa.com

5.4.2 Exploring the behavior of resist coating

Several o f  the figures above show  that, at least fo r the perpendicular m arks, the 

resist coating  asym m etry seems to be proportional to the radial distance to  center of 

w afer. As discussed in Chapter 4, we do not expect generally linear behavior from  the 

process o f  resist coating.

Define the orientation, £ ,  o f  an alignm ent mark as the sine o f  the acute angle <j> 

m ade by the radial direction and the lines-and-spaces o f  the mark, i.e., f  =  s in 0  . For 

instance, the perpendicular m ark has an orientation o f  unity  and a parallel m ark has zero. 

If  the resist induces linear errors over the wafer, we shall expect the x  com ponent o f  the 

alignm ent error to  be proportional to r £ , w here r  is the radial distance from  the m ark to 

the cen ter o f  the wafer. In Figure 5-8, we show a scatter p lo t o f  m easured alignm ent 

errors across a w afer obtained in the TE m ode, against the orientation o f  the m ark. There 

is very little evidence o f a linear dependence in this plot. The absence o f  linearity 

confirm s our expectation regarding the behavior o f  resist asym m etry.

In Figure 5-8, even for marks that have the sam e value o f /•£ , the m easured 

alignm ent errors can vary widely. The variation is definitely  beyond the m easurem ent 

repeatability , which is around 6nm. This indicates that resist asym m etry cannot be 

com pletely  characterized by radial distance and orientation. The largest possible error for 

each rC, value, how ever, does show a linear relationship. This occurs when the 

orientation  is unity, as already shown in F igures 5-9. A pparently, when the m ark is not 

perpendicu lar or parallel to  the resist flow , there are o ther factors than the radial distance 

and orientation affecting the values o f alignm ent errors. S im ilar results were already 

observed  in the literature [33],
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V alue o l r 'o r ie n ta tio n  (m m )

Figure 5-8. M easured alignm ent error vs the value o f r£. T hese data 
w ere obtained using T E  polarization across one w afer. If  resist coating  
behaves linearly, there should ex ist a linear rela tionsh ip  in this plot.
Each point in this graph is the average o f  15 repeated  m easurem ents.

N ext, we explored the cases o f  different spin speeds and resist thickness. Figure

5-9 show s that in general the resist-induced error decreases as the resist becom es thicker. 

H ow ever, these results are am biguous because there can be tw o factors that contributed  to 

the decrease o f error. First, because the resist is thicker, it “feels” less o f  the underlying 

structure. In the lim iting case when resist is so thick that it cannot feel the existence of 

the m ark  structure, the resist profile becom es com pletely flat and no asym m etry  exists. 

H ence a thicker resist tends to show  less asym m etry. Second, resist is th icker because we 

used a slow er spin speed and so, the radial flow  is also slow er. This could  also lead to a 

decreasing am ount o f  resist coating asym m etry.
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Figure 5-9. A lignm ent error vs resist thickness. T he alignm ent error 
used in the graph is the average o f  the m easured errors on the two 
outerm ost perpendicular m arks. D ifferen t resist thickness was 
obtained by adjusting spin speed.

T o  isolate these different factors, we dilu ted  the resist w ith various am ount o f 

Shipley  M icroposit®  thinner. In one experim ent, we diluted the resist so that a constant 

spin speed w as used but different resist thicknesses resulted. T he spin speed was kep t at 

1800rpm , w hile the volum e ratios o f th inner to  resist w ere 0.2, 0.3 and 0.5 for the 

resu lting  thickness o f 0.91pm , 0.78pm  and 0 .61pm , respectively . T he alignm ent errors 

w ere m easured from  the tw o outerm ost perpendicular m arks and the average value is 

show n in F igure 5-11. The errors m easured using T E  polarized light are visible but show 

a very slow  dependence on resist thickness. A nother interesting  phenom enon is that the 

effectiveness o f  B A IT  starts to break down when the resist becom es as thin as 0 .6pm . 

T his failure is believed to be attributable to  the ripples on the surface o f the resist, which 

cause the local im pinging angle to deviate from  the ideal B rew ster angle setting, and 

therefore the exact B A IT  condition can not be achieved. W hen resist becom es thin, its
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surface has large ripples due to the underlying structure and therefore B A IT  fails to 

elim inate the error.

Constant Spin Speed of 1.8 krpm

TE
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Resist Thickness (micron)
0.90.5 0.6

Figure 5-10. A lignm ent error vs resist thickness. The alignm ent 
errros show n here are averages o f those m easured on tw o outer
m ost perpendicular m arks. A  constant spin speed o f 1.8krpm  w as 
used. The different resist thicknesses w ere obtained using 
different dilu tion  ratios.

In another experim ent, we use different com binations o f  spin speed and dilution 

ratio to  obtain  a constan t thickness. The thickness is held at 0.610±0.005|a.m , w hile 

volum e ratios o f thinner to resist of 0.2, 0.33, 0 .4  and 0.5 w ere used in com bination  of 

spin speeds o f 4.0, 2.9, 2.3 and 1.8kprm, respectively, to achieve the constan t thickness. 

F igure 5-11 shows the m easured errors from  the two outerm ost perpendicu lar marks. 

N oticeably, the asym m etry as m easured by TE data show s a stronger dependence on the 

spin speed than on thickness. In this case, resist induced erro r can no longer be 

elim inated because the resist thickness is small and the BAIT is show ing signs of failure.
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Even under these adverse conditions, though, BA IT still perform s better than non-BA IT 

conditions such as the T E  polarization used for com parison.

Constant Thickness of 0 . 6 1 m icron
25
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1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8 4.0

Spin S p eed  (krpm)

Figure 5-11. A lignm ent error vs. spin speed. The alignm ent errors 
shown here are averages o f those m easured on tw o outer-m ost 
m arks. T he resist thickness was kept constant a t 0.61|J.m by 
com bining different spin speeds and dilution ratios.

5.4.3 Conclusions

From  the experim ental results shown above, we can draw  the follow ing 

conclusions. As detected by using the reference w afers o r T E  polarization on the BAIT 

w afers, resist coating is in general asym m etric w hen the m arks are not parallel to the 

radial flow direction, but no significant am ount o f asym m etry w as detected for marks 

parallel to radial flow. For marks that are neither parallel or perpendicular to the radial 

flow  direction, we found no evidence o f  a linearly-behaving resist coating asym m etry, as 

assum ed by som e casual observers. The am ount o f  asym m etry on the perpendicular 

m arks is m ore sensitive to spin speed o f the coating process than the resulting thickness.
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W e observed, on the perpendicular m arks, an alignm ent erro r that depends on the 

d istance to the cen ter o f w afer in an approxim ately linear fashion, and erro r am plitude 

can be as large as 25nm . This m agnitude depends on the structure o f the underlying 

alignm ent m ark: less asym m etry is observed for finer m arks w ith sm aller periodicity . 

T he use o f  B rew ster angle illum ination w ith TM  polarized light greatly reduces resist- 

induced error to below  the instrum ent resolution in m ost of the param eter spaces we 

explored.

C om parison o f TM  and TE polarized light unam biguously show s the 

im provem ent in alignm ent accuracy provided by BAIT. W hen the resist becom es thinner 

than 0 .6pm , how ever, BA IT starts to becom e less effective, m ost possib ly  due to  the 

enhanced relief structure on the surface o f  the resist. Even in these cases, how ever, BA IT 

still perform s considerably better than a non-B A IT alignm ent system . R eduction  in 

topography o f the alignm ent m arks should im prove the effectiveness o f B A IT  for thin 

resist.

5.4 Practical limitations of BAIT

In the delineation o f experim ental results, w e already noticed an im portant 

lim itation o f  BAIT: its relative ineffectiveness in reducing errors when the resist becom es 

thin.

T here are o ther rather fundam ental lim itations to BAIT as well.

F irst o f all, indices o f refraction o f  most photoresist determ ine that the  B rew ster 

angle is around 58°. This angle o f incidence translates into an extrem ely  h igh num erical 

aperture o f  0.85. Since m ost exposure optics for lithography require a relatively  large 

field-of-view  and a reasonable depth-of-focus, the num erical aperture is usually  lim ited to

0.65 or below. This m eans that the exposure optics cannot be used for alignm ent, i.e., the 

alignm ent system  m ust be im plem ented in a separate system . In the term inology  of 

stepper technology, this is called an “off-axis, non-TT L  (T hrough-T he-Lens)” alignm ent 

system . It is known that such non-TTL system s’ perform ances are inferior to those o f  the 

T T L  type[36], because o f  the introduction o f  a new  error source for overlay. This new 

factor is the instability of the d istance betw een the optical axes of the exposure and
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alignm ent subsystem s. Often called “base-line drift” , th is instability w as found to 

introduce overlay errors on the order o f  twenty to forty  nanom eters [36].

Furtherm ore, the indices o f  refraction dictate that the m ark periodicity  m ust be as 

sm all as 0.75p.m, unless the light w avelength is significantly  larger than 633nm . Recall 

that there is a l i t  uncertainty associated w ith determ ining the phase of a sinusoid, as 

explicitly  expressed in Equations 5-1 and 5-2. An unam biguous alignm ent using such 

phase-detecting techniques m ust rely on a pre-alignm ent m ethod that is accurate w ithin 

the signal periodicity . For BAIT, this translates into a  requirem ent o f  0.375|Xm m axim um  

error on the pre-alignm ent procedure. Since som e pre-alignm ent procedures are based on 

coarse and inexpensive m ethods [4], achieving such accuracy can be difficult or 

expensive in som e occasions.

F inally , ju s t like resist-coating, m any other processes behave like low -pass filters. 

W hen the m ark is coated by other m aterials, its m odulation depth D  m ay be seriously 

attenuated if the m ark has a very fine structure, resulting in a  relatively flat surface relief 

and hence a low -contrast signal. Therefore the fine structure o f  the alignm ent marks 

needed by B A IT m ay lead to loss o f signal contrast.

5.5 Summary

T he B rew ster A ngle Illum ination Technique w as found  to be a robust tool in 

elim inating  resist-induced alignm ent errors; for m ark geom etry  optim ized for BAIT 

(C hapter 4.), resist-induced alignm ent errors as large as 25nm  were reduced to an 

unobservable level o f  below  6nm.

W hile exploring general behaviors o f resist coating, a reduction in B A IT ’s 

effectiveness w as observed for resist thickness th inner than 0.6(im . It is a ttributed  to the 

ripple on the surface profile o f the resist.

O ther practical lim itations of BA IT w ere also discussed.

75

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



www.manaraa.com

PART III: ALGORITHM-BASED TECHNIQUES

Chapter 6. The learning approach -  Simulation

In this chapter, we introduce the [earning approach o f  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 o f  alignm ent com e from the existence o f  asym m etry  and 

variations in the signal. T he physics-based techniques presented in the first part of this 

thesis aim  at reducing or elim inating signal asym m etry and variation. B ut there is another 

approach to  solve the alignm ent problem . W e can take the signal asym m etry and 

variation as given and ask w hether o r not we can still achieve accurate alignm ent. In 

o ther w ords, we can try to weaken the link betw een, or possibly disconnect, signal 

asym m etry and errors in the final alignm ent results. As depicted by F igure 2-5, the 

conduit from  signal asym m etry to  alignm ent error is the algorithm . W e are therefore 

looking for algorithm -based approaches.

A lm ost all reported algorithm s are based on the hypothesis that the signal is 

sym m etric about the reference position. For these sym m etric algorithm s, signal 

asym m etry inevitably translates into alignm ent error. To achieve correct alignm ent on 

asym m etric signals, we m ust look beyond the group o f sym m etric algorithm s.

B ut if  the algorithm  does not look for the sym m etry axis o f  a signal, w hat should 

it look for?

This difficulty is a fundam ental one. To clarify the predicam ent o f  align ing  on an 

asym m etric signal, le t’s exam ine another thought experim ent. In F igure 6 - 1(a), w e show
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an ideal alignm ent m ark, as designed. N ote that it is sym m etric about the reference 

position. Suppose w hat is actually m ade on the w afer is the one show n in F igure 6 - 1(b). 

T he task of alignm ent is to find the correct reference position from  this m ark. If the m ark 

show n in F igure 6 - 1(b) is all the inform ation we have, it is absolutely im possible to find 

the correct reference position, because we have no convincing reason to  pick the correct 

reference position from  the m any o ther possible candidates show n in F igure 6 - 1(b). The 

inform ation about the reference position is sim ply absent from  the m ark structure, or any 

alignm ent signals resulting from  the mark.

Reference
Position
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. < 1 1 1 1 
1 1 1

• * wv .
A > 1 r K m m m t m ,

1
i '

m i  
1 1 ur  ' “ 2

Figure 6 - 1. Sketch illustrating the difficulty  o f 
alignm ent on asym m etric signals, (a) The 
designed alignm ent mark; it is sym m etric about 
the reference position, (b) The fabricated m ark on 
the wafer; is it asymmetric. 11 ’ and 2 2 ’ are other 
possible candidates for reference positions. There 
exists no logical reason to pick any o f them  and 
ignore the others.

The case in F igure 6-1 is definitely an overly sim plified  version o f  what can 

possibly happen in reality, but it underscores the general predicam ent o f  trying to align on 

asym m etric signals. W hen an alignm ent signal is asym m etric, the signal alone does not 

provide sufficient inform ation for us to determ ine the correct reference position. T his
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problem  can be nam ed “the absence o f truth” . It is the fundam ental d ifficulty  o f aligning 

on asym m etric signals or m arks.

6.1.2 Analogy to a communication problem

In its essence, alignm ent is very sim ilar to  a com m unication  problem .

A general com m unication system [36] is show n in F igure 6-2(a). The inform ation

Inform ation To 
B e T ransm itted

r r
( C o d e )

Encoder

[ N oisy, D istorted | 
I  V ersion o f  Code J

Decoder

R eceived
Inform ation y

(C orrect R eference 
Position A0

M ark D esign
-------

▼
( Ideal M a rk )

C om m unication Processing, C oating
Channel D etection O ptics —

A sym m etric & 
V arying Signal

A lgorithm

D eterm ined 
^ P o s i t i o n  .Vo

(a) (b)

F igure 6-2. Parallelism  between the alignm ent and com m unication  
problem s, (a) The flow  chart o f a  com m unication system , (b) T he 
flow  chart o f  an alignm ent system . A one-to-one correspondence 
betw een the com ponents o f  an alignm ent system  and those o f  a 
com m unication  system  is apparent.
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to be transm itted is contained in the code. The code is then transm itted  through the 

com m unication channel. A t the o ther end o f 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 w hich tries to  determ ine the inform ation being transferred.

A generic alignm ent system  is shown in F igure 6-2(b). T he inform ation that we 

w ould like to find is the location o f  the reference position. A ssum e this is .v„. The 

designed alignm ent m ark, the sym m etric one w ithout all the coverings and processing, is 

a code that represents „v(l. The coverings and processing on the m ark, together w ith the 

alignm ent optics, represent the com m unication channel through w hich the code 

propagates. The receiver senses the d istorted and noisy version o f  the code, w hich is the 

alignm ent signal I ( x ) . The alignm ent algorithm  functions as the decoder and tries to 

find the hidden inform ation o f x a from  the signal I ( x ) . In the com m unication  problem , 

channel distortion and noise is w hat m akes the decoding problem  difficult. A nalogously, 

coverings and processing o f  mark and im perfections o f the alignm ent optics are the 

culprits o f  alignm ent difficulties.

In any kind o f decoding problem , external inform ation m ust be available. By 

external, we mean “not contained in the code i ts e lf ’. T he external inform ation is 

typically contained in a  “code book” . The sam e applies to alignm ent algorithm s. For 

instance, all the sym m etric alignm ent algorithm s m akes use o f  the im portant external 

inform ation that the signal is sym m etric about the reference position. A sym m etry  is a 

form o f  channel distortion, in the presence o f which the external sym m etry assum ption 

breaks down. To correctly align on asym m etric signals, we m ust find o ther external 

inform ation, o r hypotheses, to build  our alignm ent algorithm  on.

There is a very general m ethod for designing decoding algorithm s in the presence 

o f  channel distortion and noise [36], T ransm it som e known inform ation, denoted  by 

through the channel and receive the transm itted code, denoted by I ( x ) .  R epeat this N  

tim es so that we have a statistical sam pling o f the channel behavior. Let 

y/(x0) = { /,(* ) ,/  =  1.../V} represent this collection o f received codes. R epeat this 

procedure for all possible choices of x 0. W e then have a one-to-one m apping, given by
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x0 h->(//(.r0),V x0 . Eq. 6-1

T his m apping, 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 tim e. T he ^ -m app ing  is a thorough but verbose 

m athem atical representation o f  the com m unication channel.

Let’s give an exam ple o f how the (//-mapping can be used. From  the (//-mapping, 

one can calculate the conditional probabilities o f  P[It (x)\x0] and P [x 0|/ ,(x ) ] .  The 

form er represents the probability o f receiving a particular signal when the transm itted 

inform ation is known. Conversely, the latter is the probability  o f  the transm itted 

inform ation being x n when the received code is /^ .v ) .  A  decoding algorithm  can be 

designed as the fo llow ing if these probabilities are known,

x 0 =  argm ax  P[.v0|/,(.r)] Eq. 6-2.
a il  rf,

i.e., the chosen value o fx 0 is the one that has the m ost probability  of occurring when the 

code is know n to the received one.

D irect im plem entation o f the decoding algorithm  in Equation 6-2 is o f course very 

inefficient. But the above derivation supports one im portant observation: the m uch 

needed external inform ation for any decoding problem  m ust be contained som ew here in 

the (//-mapping o f  E quation 6-1. The task of designing reliable and efficient algorithm s is 

adm ittedly the one o f  reducing or com pressing the inform ation contained in the (//- 

m apping.

The sam e conclusion can be drawn regarding the alignm ent problem . In order to 

find the algorithm  that is capable of accurate alignm ent on asym m etric signals, we m ust 

first go through the exercise o f  building the (//-mapping, w hich m ay then lead us to som e 

useful and concise external inform ation, based upon w hich the alignm ent algorithm  can 

be constructed.
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The above points us in the direction o f  a learning approach, because during the 

process o f building up the i/r-mapping, we are indeed learning about the characteristics o f  

the system .

6.2 Constructing and deciphering the y/-mapping

6.2.1 Constructing the (//--mapping

The first issue in constructing the ^/-mapping is that the signals in the set 

{/, (jc), i = l, 2 , . . . ,  N )  need to be representative o f  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 inform ation to  be present. It may as well be the 

case that differences between the tools are not observable. In this situation, w e hope we 

can elim inate the “redundancy” when interpreting the inform ation contained in the i/r- 

m apping. W e will see later that this is indeed achieved.

To construct the t/r-mapping, we need to  find corresponding pairs o f  x 0 , the 

reference position and i =  1,2 , . . . ,  N ] , the resulting alignm ent signals. The

alignm ent signals can be readily obtained if we sim ply record the signals during the 

process of lithography. There are essentially tw o m ethods to find the corresponding 

reference positions. One relies on overlay m etrology, the other on differential alignm ent.

To utilize overlay m etrology, alignm ent is first perform ed using any existing  

algorithm s, for instance, one of the sym m etric algorithm s. The algorithm  finds an 

estim ate of the reference position, .v0, w hich can be d ifferent from  the correct reference 

position, x 0 . Exposure is then perform ed assum ing x B is the m ark position. A fter 

developm ent and possibly other processing, overlay m etrology is used to m easure the 

alignm ent error. From  the m etrology data and the estim ate o f the reference position , we 

can reconstruct the correct reference position for each signal. This procedure is illustrated 

in F igure 6-3.
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O verlay E rror M easured 
by M etrology

R eference Position 
U sed for Exposure

Correct R eference 
Position

A lignm ent Signal

— ►

Position
A B

Figure 6-3. Illustration o f  finding correct reference position from  
overlay m etrology. For a g iven signal, any existing algorithm  is 
used to find an estim ate o f  the reference position (A). This estim ate 
is then used for exposure. O verlay m etrology tells how  m uch error 
resulted from  this procedure. The correct reference position (B) can 
be found based on this inform ation.

R eference position found 
from ideal m ark \

A lignm ent Marl

P rocessing & 
Coatings, etc..

S ignal from covered m ark

W indow  
O pened to 
Reveal 
Ideal M ark

S ignal from  ideal m ark

Figure 6-4. Illustration o f  finding reference position from  
differential alignm ent. A n extra lithography step is used to 
rem ove the coatings on the alignm ent m ark w ith in  a w indow . 
The correct reference position o f  the m ark can be determ ined 
from  the ideal m ark revealed inside the w indow.
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T o  use differential alignm ent, an ex tra  step of lithography is used to rem ove 

partially  the coverings that are affecting alignm ent. T his step requires only coarse 

alignm ent. A fter this step, we have essentially  tw o alignm ent m arks, placed right next to 

each other, one w ith and one w ithout the error-causing covering. A lignm ent can be 

perform ed on uncovered part, w hich is presum ably sym m etric. The alignm ent result on 

the uncovered m ark is used as the correct reference position for the covered m ark. This is 

very sim ilar to  the experim ental procedure presented in C hapter 5. See F igure 6-4 for an 

illustration.

N either o f  these two methods is error-free. As described in C hapter 1, in addition 

to  alignm ent error, overlay error contains m any o ther effects. The d ifferential m ethod is 

also error-prone, as discussed in C hapter 5. In particular, the tool-induced effects cannot 

be detected in the differential m ethods. Thus there could  be errors in the reference 

positions obtained using these m ethods. W e will see the applications o f both these 

m ethods in the experim ental studies presented in C hapter 7.

6.2.2 Simplifying the (//--mapping

Each alignm ent signal can be written as, I ( x \ x 0) ,  w ith the dependence on x„ 

exp lic itly  expressed. If w e change the reference position and shift it by the am ount A , 

the signal should also shift by A , i.e.,

I ( x \ x n) —> / (jc — A; x 0 -  A ) . Eq. 6-3

In o ther words, the functional form  o f the alignm ent signal should only depend on the

d iffe rence of x  and JcH, i.e.,

/ ( x ; x 0) = I ( x -  .*„). Eq. 6-4

W e can therefore sim ply the t/r-mapping by shifting all the signals until their 

corresponding  reference positions satisfy

*0 = 0 .  Eq. 6-5

T he i/r-mapping now contains only a single map:

83

R e p ro d u c e d  with perm iss ion  of th e  copyright ow ner.  F u r th e r  reproduction  prohibited without perm iss ion .



www.manaraa.com

0 1—> y/(Q) -  ( / (W , i  =  1 , 2 , N ,  x 0 =  0}. Eq. 6-6

W e ’ve reached the conviction that all the inform ation regarding the alignm ent 

system  is contained in the set o f  alignm ent signals taken w ith the reference position fixed 

at the origin o f the x  axis.

6.2.3 Deciphering the i/r-mapping: A physical model

W e now build a physical model that characterizes the form  and variation of 

alignm ent signals [37].

Because the form  o f the alignm ent signal depends on w hich processing layer is 

being aligned, which alignm ent sensor is used and where the alignm ent m ark is located 

on the w afer, etc., the only practical way to  model alignm ent signals is to  build a model 

for a particular param eter set. W e build a model for w hat we call a “controlled 

environm ent” —  a fixed processing layer, a particular alignm ent sensor and a fixed mark 

position on the wafer. W hen any o f  these change, we have to  build  a d ifferent model. 

Possib le relaxation of som e o f the restrictions will be d iscussed later.

A ssum ing additive noise, the alignm ent signal can be w ritten in the m ost general 

form  as l ( x ) - l { x \  p ], p 2, . . . , p k ) + Yl{x)  where p h k  = l ,2 ,. . . ,n ,  are n independent 

variables that characterize the environm ent; n(jc) is random  noise. A ssum e also w e have 

already sim plified the i/r-mapping to  the set {I j { x ; p l , p 2, . . . , p k ) , i =  1 ,2 ,. . . ,  N ,  x 0 =  0}. 

W e will refer to this set as the sam ple data set.

In a perfectly controlled environm ent, all the pk s are fixed. A lso, all A 'cop ies of 

the alignm ent signals are identical, except for the noise term . W e can take the average 

signal I ( x - x 0) as a very sim ple model o f  the alignm ent system . W e will refer to  this 

sim ple m odel a tem plate, for reasons soon to becom e clear. W henever w e receive a 

signal I ( x ) , w e know that it is sim ply the tem plate plus som e noise. T he issue of finding 

the position o f a know n signal in the presence o f  noise is w ell-stud ied  [38], and a  very 

sim ple solution is the use o f  correlation, i.e.,

x u = a r g m a x [ / ( jc - r ) ® /( jc  — Jc0)] Eq. 6-7
t
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In this overly sim plified case o f  a perfectly controlled environm ent, all the 

inform ation regarding the alignm ent problem  is reduced to a  single tem plate function, and 

a straightforw ard alignm ent algorithm  can be designed based  on correlation w ith the 

tem plate, as expressed in Equation 6-7.

In reality, how ever, there are always a few param eters that cannot be perfectly 

contro lled . Suppose that pj,j=J,2 ,. . . ,r<n,  undergo sm all but random  fluctuations around 

som e fixed values P j ( 0 ) .  W ith this assum ption, an alignm ent signal can be written as,

I ( x )  = / ( * ;p ,(0 ) , / j , ( 0 ) , . . . ,p „ (0 ) )  + T ' - ^ - A p k +li.o.+Yl(x)

“  Eq. 6-8
r

I ( x )  = /(jt;0 ) +  ] r / ' t (jc;0)Ap k + /r.o .+FI(x)
*=i

w here we have used the shorthand notation /(x ;0) and I \  (x ;0) to represent the “average 

signal” and its derivative evaluated when all param eters are at their fixed value P j ( 0 ) ;  

“h.o.” stands for higher order terms; I"I(x) represents for noise. The set 

{ f i ( x ; p i , p 2, . . . , p k ) , i -  1 ,2 , . . . , N , x a = 0 ) ,  o r the sam ple data set corresponds to random  

variations in the param eters, i.e.,

/, (x) = /(x ;0 )  +  I ' k (x\0)Apik +  h.o.+Yl(x) . Eq. 6-9
*=i

L et’s exam ine Equation 6-9 in detail. F irst o f  all, the alignm ent signals from  a 

contro lled  environm ent can be expressed as linear com binations of several functions. 

T he basis functions o f  the linear com bination include 7(x;0), Ik (x;0) and higher order 

derivatives. The first one is the alignm ent signal when all process param eters are held at 

their fixed-point, or the intended values. The o ther basis functions represent the response 

o f  this signal with respect to the changes in process conditions. Both o f these can be said 

to characterize the controlled environm ent w e have defined. D espite the existence o f 

process variations, these basis functions rem ain the sam e as long as we are w orking in the 

sam e contro lled  environm ent.
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T he linear com bination w eights are random  fluctuations o f  process param eters. 

They characterize im perfections of process control. A lthough the variations are random  

in nature, we expect their statistical properties to remain constant if  the controlled 

environm ent is not changed.

Lastly, the presence o f  noise has a very interesting effect. Som e o f  the random  

fluctuation term s in Equation 6-9 may be small com pared to the am plitude o f  noise and 

cannot be observed reliably. If w e assum e that the environm ent is reasonably well- 

controlled so that fluctuations are sm all, there should be only a  finite num ber o f  term s 

fluctuating  above the noise level. Thus the presence o f noise truncates the series o f 

expansion in Equation 6-9. Consequently, the linear space spanned by the linear 

com binations discussed above has a finite dim ension.

W e can now draw  the conclusion that the alignm ent system  as a w hole, including 

the covering and processing on the m arks and the alignm ent optics, can be represented by 

a finite-dim ension linear space, if  the process conditions are w ell-controlled so that 

fluctuations are sm all. T he dim ension is determ ined by the num ber o f  process param eters 

fluctuating above the noise level. The bases o f the linear space are given by the average 

alignm ent signal and its responses to  various fluctuations o f  process conditions.

6.3 Subspace-based alignment algorithm

6.3.1 Finding the subspace

W ith the sim plified and clear understanding o f the inform ation contained in the y/- 

m apping o f  the alignm ent com m unication channel, we are ready to devise an alignm ent 

algorithm .

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

problem  is stated as the following. G iven a set of alignm ent signals 

{I j ( x \ p l , p 2, . . . , p k ) , i  = l , 2 , . . . , N , x 0 = 0 } ,  know ing that these signals lie in a linear 

space, determ ine the dim ension and basis vectors that span the linear space.
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This is a well known problem . The problem  o f  determ ining the basis vectors o f  a 

linear space is solved by the procedure called  S ingular V alue D ecom position (SV D ). 

S V D  is a very versatile procedure that is well docum ented in m any advanced linear 

algebra textbooks [39,40]. M ethods o f determ ining the dim ension are also available from  

statistical literature, in particular, the ones related to M inim um  D escription Length 

(M D L) theory [41, 42], S im ilar to the procedures associated with an eigen-system , SVD  

and M D L  are m ost often used as canned procedures, because their im plem entations are 

rather com plicated, and very reliable num erical routines already exist in m any num erical 

calculation  softw are packages [41 - 46], Since w e use both SV D  and M D L  as p rovided  in 

the references, w e will skip the detailed descrip tions here.

Let £2=  {Bk , k  = 1 ,2 ,...,D) represent the  linear space found from  the SV D  and 

M D L  procedures, w here D  is the dim ension and  Bk ’s are the bases vectors. N ext, we 

describe how a new signal w ith unknow n reference position  can be aligned using  this 

m odel space £2.

6.3.2 Alignment using the subspace

Start w ith the model £2 and any estim ate o f  the reference position, x0 = t . Shift 

the basis functions o f  the model B k so that the ir reference positions are at x 0 =  t , and 

deno te  these functions as Bk{t). The collection o f  these shifted  basis functions constructs 

a  sh ifted  m odel space £2(t). D efine the projection operator P/f) that projects on to  the 

sh ifted  basis functions as,

? j ( t ) I ( x )  =< I { x ) ,B j ( x , t )  > B j ( x , t ) , Eq. 6-10

w here <  . > represents inner product, w hich is defined  for tw o real-valued functions ./(.v) 

and  g(x)  as

< f ( x ) , g { x )  >=  ^ f ( x ) g { x ) d x  . Eq. 6-11

A lso , define the residual energy, as a function o f  t, as
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£ ( 0  =  | | ( 1 - X  p y( 0 ) / p ° .  Eq. 6-12

In this construction, we first project the signal onto each o f  the shifted bases and sum  up 

the projections; this gives the projection o f  /  into £2(r). Subtracting this part from /  results 

in the residual part, w hich is orthogonal to £2(f). If  t is the correct alignm ent position, the 

alignm ent signal I(x) should lie in the subspace £2(f). This property can be used to devise 

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

x 0 =  a rg m in (£ ( r) )  Eq. 6-13

i.e., the reference position is found when the residual energy is m inim ized.

Equation 6-13 represents the best effort alignm ent in a least square sense using the

given m odel £2. A geom etric depiction o f the procedure that leads to Equation  6-13 is 

show n in F igure 6-5.

The value o f m inim um  residual energy, E m, is a strong indication o f  how well the 

m odel £2 describes the new signal. If Em is com parable to the no ise level in the 

alignm ent signals, we should be confident that the m odel £2 reliably characterizes the 

alignm ent system  from  which the new signal resulted, because alm ost all energy in the 

signal can be accounted for by the model.

O therw ise, if  E m is m uch bigger than the noise m agnitude, it is an indication o f  a 

m isfit between the model £2 and the alignm ent system. There could  have been a dram atic 

change in the process environm ent due to m aintenance, adjustm ent o r change o f  recipes, 

etc. In this case, a new model needs to be found before reliable alignm ent can be 

perform ed.

W e will refer to the new alignm ent algorithm  as Sub-Space D ecom position  (SSD) 

algorithm  [37, 46-48]. It contains two steps. In the first step, the m odel space £2 is

constructed. In the second step, the model £2 is used to align new  signals.
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Trial Reference Positions

M inim um  Residual 
E nergy Em i

Signal to be alignei

M odel Space,

A lignm ent S ignals 
Used for T ra in in g /

F igure 6-5. G eom etric interpretation o f the SSD  algorithm . Sam ple 
alignm ent signals are used for training, i.e.., the determ ination  o f  the 
m odel space. T o align a new signal, a m inim ization procedure is used.
S tart w ith any trial location o f the reference position , one can calculate 
the residual energy, i.e.., the am ount o f  energy in the signal that cannot 
be explained  by the m odel space (See Equation 6-12 for a defin ition  o f 
residual energy). By m inim izing the residual energy, the best location 
o f  the reference position can be found.

W e’d like to  em phasize that it is o f  vital im portance we explore and evaluate 

som e o ther critical issues surrounding the new algorithm , including num erical routines, 

com putational considerations, noise response and optim ality, etc. In-depth and detailed 

discussions on these issues o f the SSD  algorithm  form  the core o f another thesis [46]. In 

this thesis, instead of repeating these m aterials, we elected  to  em phasize the logical bases, 

physical backgrounds, experim ental procedures and results.
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6.4 Simulation results

6.4.1 Signal generation

W e have im plem ented the SSD  algorithm  using com puter sim ulation [37].

The signals are generated as

I J = S  + aA0 + PjA,+n,  Eq. 6 - 14

w here S  is sym m etric about a known position x0 and Ao and A\ are asym m etrical about 

the sam e position, n  is a G aussian-distributed noise with zero mean. The signal to noise 

ratio  is on the order o f 20dB. a  is fixed at 0 .2  and (3 is a random  variable uniform ly 

d istribu ted  between 0 and 0.2. a  and P are introduced to sim ulate both fixed and random  

am ounts o f asym m etry in the signals. The signals are sam pled at 128 points w ith a 

sam pling  period o f  0.25pm . Som e sam ple signals are show n in Figure 6-6.

T he m odel building step is im plem ented using 20 sam ples generated by Equation

6-14. The resultant basis functions and the original ones are shown in Figure 6-7. W e 

see tha t the determ ined basis functions are linear com binations o f  the original ones, 

characteristic o f the SVD  process.

W e then generated 50 data signals, again using Equation 6-8. The m inim ization 

procedure is im plem ented using B ren t’s m ethod o f m inim ization [45].

6.4.2 Control algorithms

For com parison, we also im plem ented tw o algorithm s: peak-detection and 

tem plate - correlation. The peak-detection algorithm  belongs to the category of 

sym m etric algorithm s. It band-passes the signal, which has the com bined effect of 

sm oothing out the noise and estim ating the first-order derivative o f the signal. A  peak in 

the signal corresponds to a zero-crossing in the derivative. The peak position is found 

based on the location o f the zero-crossing o f the band-passed signals. This algorithm  is 

im plem ented on one o f the com m ercial steppers. T o protect the proprietary inform ation, 

w e do  not provide the details o f  the algorithm  in this thesis.
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Sample Alignment Signals
D.6
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0.3

0.2

- 0.1
140100 12020 40 60 60

Position (Sampling period of 0.25|im)

Figure 6-6. Sam ple alignm ent signals generated for sim ulation . T he signals are 
shifted in the vertical direction for clarity. It is c lear from  th is p lo t that the 
signals used in the sim ulation contain asym m etry.

The correlation algorithm  is already described in the d iscussion  proceeding to 

E quation 6-7. W e saw earlier that the correlation algorithm  is the algorithm  o f  choice in 

the absence o f  process variation, i.e., all process param eters are fixed  exactly  at their 

desired values. A version o f this basic correlation algorithm  is im plem ented on a 

com m ercial overlay m etrology instrum ent.
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F igure 6-7. Extracted and input basis functions o f  the m odel space.
T he bo ttom  panel plots the two functions used as bases for the linear 
space to generate alignm ent signals. The top panel plo ts the ex tracted  
basis function using the SAD process. T hese tw o functions are linear 
com binations o f the inputs.

T ogether, these two algorithm s should be representative o f the sta te-of-the-art in 

alignm ent algorithm s before SSD is available.

6.4.3 Simulation results and discussion

T he alignm ent perform ances o f  the control algorithm s and the SSD  algorithm  are 

sum m arized  in T able 6-1.
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A lignm ent Perform ance 
(nm)

SSD Peak
Detection

T em plate - 
C orrelation

Error M ean -0.43 510.2 50.1
Error S tandard D eviation 7.17 76.3 47.3

Table 6-1. Com parison o f  the alignm ent perform ance o f  SSD, Peak 
D etection and C orrelation algorithm s on sim ulated alignm ent 
signals. C om pared to the two control algorithm s, SSD  significantly 
reduces both the m ean and variance of alignm ent errors, even on 
these asym m etric and varying signals.

From  Table 6-1. we see that not only the m ean, but also the standard deviation  of 

the alignm ent perform ance is im proved by using the SSD approach. The reason for the 

im provem ent on error m ean is clear, but it is m ore subtle for the standard deviation. 

E quations 6-9 and 6-14 clearly  state that, because of the fluctuation in the param eters, 

there is random ness in the signal in addition to  the additive random  noise. The SSD 

approach is able to characterize such random ness and elim inate its effects on alignm ent. 

F or the other algorithm s used for com parison, such random ness contributes d irectly  to  the 

variance of the alignm ent error.

It is seen from  the sim ulation above that the SSD  approach successfully  built a 

m odel given som e exam ple alignm ent signals and their correct reference positions. The 

m odel can then be used to  align signals com ing from  the sam e process. W hen com pared 

w ith other algorithm s currently  em ployed in the industry, the SSD  algorithm  shows 

significant reductions in both the mean and the variance of the alignm ent errors.

The existence of a w ell-controlled environm ent so that Equation 6-9 ho lds true is 

im perative fo r the SSD approach to  be viable. The definition o f  the contro lled  

environm ent can be relaxed in some circum stances. For instance, there m ay ex ist such a 

situation where one can express the alignm ent signals from  different m ark positions on 

the w afer using Equation 6-9, only that the num ber of the param eters is increased by two
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—  the x  and y  positions o f  the m ark. Then the sam e m odel can be used fo r all m arks at 

d ifferent positions on the wafer.

T he com puter sim ulation presented here does not provide any inform ation 

regarding the validity o f  the basic assum ption o f  a w ell-controlled environm ent. Exactly 

to w hat extent this assum ption can be justified  can only be established by experim ental 

studies.

6.5 Summary

The fundam ental difficulty o f  alignm ent on asym m etric signals arises from the 

fact that an asym m etric signal may not contain sufficient inform ation fo r us to determ ine 

the correct reference position.

An analogy w ith the generic com m unications problem  led us to a generic 

approach to fully gather the inform ation o f an alignm ent system , resulting  in a system  

representation by a m athem atical m apping.

A physical m odel o f  the alignm ent problem  helps to sim plify  the system  

representation and condense the inform ation contained in it. It is found that, under 

certain assum ptions, an alignm ent system can be represented by a linear space, which can 

then be used to perform  alignm ent.

C om puter sim ulation shows very prom ising perform ance for the SSD  method. 

H ow ever, the validity o f the fundam ental assum ption, nam ely, the ex istence o f  a well- 

controlled environm ent, cannot be established by sim ulations. Experim ental studies are 

needed to ascertain the foundation of the new approach to alignm ent.
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Chapter 7. Experiments with programmed asymmetry

In this chapter, we describe several experimental applications o f  the 

Subspace Decomposition method. The signals in these experiments  

contain deliberately introduced asymmetry and  variations.

7.11ntroduction

In C hapter 6, we developed an algorithm -based solution to the problem  of 

alignm ent on asym m etric and varying signals. A lthough the SSD  m ethod initiated from  

som e very general considerations such as the analogy o f  alignm ent to com m unication, 

there were a few central assum ptions that the derivation w as based upon. In particular, it 

w as assum ed that there exists a w ell-controlled environm ent, i.e., processes fluctuate 

around som e average conditions and these fluctuations should be sm all.

It w as shown using a straightforw ard com puter sim ulation that the SSD  m ethod  is 

a  very reliable algorithm  for alignm ent, even when the signals contain varying am ount of 

asym m etries. T he alignm ent perform ance o f SSD , as m easured by the m ean and variance 

o f  alignm ent errors, was exceptionally  good com pared with other algorithm s currently 

em ployed in the industry.

T hese results, how ever, can only hold up if  the central assum ption is true. W e 

need to provide experim ental evidence to substantiate the viability o f the new  m ethod. In 

this chapter, we will apply the SSD  algorithm  to tw o kinds o f alignm ent problem s, both 

o f  w hich contain program m ed, i.e., deliberately introduced asymmetry.

7.2 Damaged marks

7.2.1 Mark fabrication

In the first experim ent [49], the alignm ent m ark is a 2(im  w ide and lp.m deep 

trench etched into a Silicon substrate. T his is an ideal alignm ent m ark because it 

involves the m inim um  am ount o f processing. T he reference position is defined as the 

sym m etry axis. This is shown in F igure 7-1.
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Figure 7-1. Cross-section o f the alignm ent 
mark used in the experim ent o f  dam aged Si 
m ark, (a) Ideal m ark as designed, it is 
sym m etric about the reference position, (b) The 
dam aged m ark using a second lithography step.

A fter the ideal alignm ent m arks are m ade on the wafer, a  second lithography step 

is used to introduce som e short line segm ents that straddle one edge o f  the alignm ent 

m arks. T hese line segm ents are 0.75|i.m wide and etched 0 .5pm  deep. T hey serve as 

deliberately  introduced dam age to the ideal alignm ent m arks. S ince these line segm ents 

are short, w e have the undam aged and dam aged alignm ent m arks placed right next to 

each other. The process o f m aking these testing structures is show n in cross-section in 

F igure 7-1.

Interestingly, the relative position o f the distorting line segm ents and the 

underlying alignm ent m arks varies from  die to die because o f  the overlay error o f  the tw o 

lithographic steps. The stepper tool used for m aking these structures was an outdated 

m achine tha t som etim es failed to align even on the ideal m arks w hen m aking the second 

layer. Thus it relied on the inferior m ethod o f m echanical positioning when exposing the 

dam age. T he result is that for different die on a single w afer o r on d ifferent w afers, the

96

R e p ro d u c e d  with pe rm iss ion  of th e  copyright ow ner .  F u r the r  reproduction  prohibited w ithout perm ission .



www.manaraa.com

form  o f dam age to the ideal alignm ent m ark can be significantly  different. W e will see 

ev idence o f th is later.

Undamaged Damaged Undamaged
Mark Mark Mark

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 2|im.

A 50x m icroscope was used as the alignm ent tool. F igure 7-2 show s a typical 

picture. N ote that the im age contains both the dam aged and undam aged marks.

7.2.2 Image processing

First, residual rotation in each im age is com pensated. T o do this, tw o sub-im ages 

o f  the undistorted  m ark, labeled L  and R  in F igure 7-3, are taken from  the image. T he 

gray scale value of each pixel in the two dim ensional im ages o f L  and R  can be written as

L  =  L(i, j )  and R = R(i, j ) , E q .7 -1

w here i and j  are indices to the pixels, w ith / indexing the y  direction and j  the x  d irection. 

N ote tha t the definition o f these two axes is different from  the usual m anner in order for 

the notation to  be consistent w ith previous chapters. See F igure 7-3.
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O ne dim ensional signals representing the ideal m ark are obtained by projecting 

the im ages L  and R  to the x  axis,

T hese one-dim ensional signals are processed using the peak-detection algorithm  

described in Section 7.4.2 and yield reference positions o f  the ideal m arks in the sub- 

im ages L  and R, x0L and x * . If there is any residual rotation in the m ark, they should be 

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

w here v0L and y*  are the average y coordinates o f  the  L  and R  sub-im ages, respectively, 

as show n in F igure 7-3.

A fter the residual rotation is determ ined, w e can rotate the axes x  and y  into 

x '  and y ' , w ith the x '  axis parallel to, and y '  perpendicular to the m ark. A s show n in 

F igure 7-3. Now the gray scale of the im age p ixels in the new coordinate system  is given

by,

w here / ( V ,y ') a n d  j ( x ' , y ' )  transform  the new x '  and y ' coordinates o f  the pixel to  the 

indices ( / ,. / ) .

B ecause the im age is rotation-free in the new  coordinate system , and each o f  the 

sub-im ages D , L  and R  is translationally invariant in the y '  d irection, w e expect,

h .  U )  =  X  a n d  7r  O ’) =  X  R V ’ Eq. 7-2

Eq. 7-3

l ( x \ y ' )  = I [ i ( x \ y ' ) J ( x ' , y ' ) ] , Eq. 7-4

Eq. 7-5
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LS
RS

Figure 7-3. R outine to  elim inate residual rotation. T he 
alignm ent m ark is show n as the shaded area. T he im ages o f 
undam aged m ark, L  and R are projected to the x-axis to form  the 
ID  signals LS and RS. T hese signals are used to  determ ine the  
centers o f  the m ark positions, labeled as„ and” 
respectively. T hese can be used to determ ine the rotation. T he  
axes are then rotated so that y ’ is parallel to the m ark  and x ’ is 
perpendicular to it. T he m ark im ages can be projected to the x ’ 
axis to obtain rotation-free one dim ensional signals.

T his equation gives us the one-dim ensional signal associated w ith the dam aged and 

undam aged marks.

7.2.3 Alignment results

A fter we take out the rotation in the picture, the ideal alignm ent m ark is parallel to 

the y '  axis. W e can therefore use the undam aged m ark in the sam e p ic ture to determ ine 

the reference position o f  the dam aged mark. T his is done using the peak-detection 

algorithm  described in Section 7.2.4. In order to evaluate the reliability  o f  the reference 

position obtained using this m ethod, we took many sub-im ages o f the undam aged m ark 

and calculated  their corresponding reference positions. W e found a standard  deviation o f 

5.7nm . This small variation o f  the reference positions not only attests to the stability of 

the peak-detection algorithm , it also confirm s that we have successfully  elim inated
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rotation from  the im age in the procedure d iscussed above, because o therw ise, the  

reference position w ould  vary strongly from  one side o f  the im age to another.

too
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Figure 7-4. Sample alignment signals from the damaged Si marks. Unit 
for the x-axis is the sampling period o f  0. lpm . 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 o f  variation in the 
signals.

S om e typical one dim ensional signals o f  the dam aged m arks are show n in F igure

7-4. T he am ount o f  asym m etry is obvious in each o f the signals. A lso, there ex ists  

strong variation from  one signal to another. T his variation is due to  the overlay errors 

betw een the tw o lithographic steps used to m ake the m ark, as explained earlier. T he 

com bination  o f  the asym m etry and variation m akes this an extrem ely  d ifficult situation  

fo r alignm ent.

F or com parison, we have again used the tw o algorithm s described in Section  

7.2.4. T he algorithm  o f peak-detection was slightly  m odified  because of the existence o f  

tw o inverse peaks, o r troughs, in the signal o f the undam aged m ark. The algorithm  w as
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changed  so that it first finds the position o f  both troughs and then takes the average as the 

reference position o f  the signal. The m ean-correlation algorithm  w as unchanged, i.e., the 

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

T able 7-1 com pares the alignm ent perform ance o f each o f  the three algorithm s 

[49], These results are acquired using 143 signals from 19 different die on a single wafer. 

A m ong the 143 signals, 113 w ere split into the training set, w hich is used to  train both the 

S S D  and the correlation algorithm ; the rem aining signals w ere used to test alignm ent.

A lignm ent
Perform ance

M ean
(nm)

Standard D eviation 
lc r(nm )

Enabling 
T echnology (pm )

Peak D etection 730.8 224.5 4.5
M ean Correlation 19.7 75.1 0.8

SSD 2.1 13.9 0.13

T able 7-1. C om parison o f  alignm ent perform ances o f  the SSD, Peak 
D etection and C orrelation algorithm s on dam aged Si m arks. In the last 
colum n, the m inim um  feature size o f  lithography that is enabled  by the 
alignm ent perform ance is shown. This is based on the rule o f thum b 
that the overlay budget, or mean plus three sigm a, is roughly one third 
o f the m inim um  feature size.

The peak-detection algorithm  basically fails in this difficult situation. T h e  reason 

is that the algorithm  is designed to look for tw o troughs in the signal, based on the design 

o f  the ideal m ark. W hen the m ark is dam aged, the signal can contain m ore than tw o 

troughs, as show n in F igure 7-4. This confuses the algorithm . The correlation algorithm  

perform s m uch better than peak-detection, but the overlay, o r the m ean plus three sigm a 

value o f  overlay error is found to be over 200nm . A ssum e this is the alignm ent 

perform ance we can get on a critical layer, the sm allest features we can m ake using this 

lithographic technology is 0 .8pm . On the o ther hand, the overlay o f SSD  algorithm  is 

sm aller than 50nm , proving that even if the alignm ent m arks for the critical layer are 

dam aged as badly as F igure 7-2 and 7-4 show , the SSD  approach can still enab le 0 .13pm 

generation  o f  lithography. The im provem ent is dram atic.
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7.3 Asymmetrically coated marks

7.3.1 Mark fabrication

In this experim ent [49], the ideal m arks are still 2 |im  w ide and lp m  deep trenches 

m ade in a S ilicon substrate. After these ideal m arks are m ade, the w afers are then coated 

w ith 0 .5pm  thick Al, using an electron-beam  evaporator as the A lum inum  source. W hen 

depositing the Al layer, the wafers are tilted 40°, so that the metal coverage o f the 

alignm ent m arks is uneven. This is illustrated in Figure 7-5.

A second lithographic step is used to rem ove the metal on som e part o f  the wafer, 

revealing the underlying sym m etric, ideal alignm ent m arks. S ince this step only requires

coarse overlay, it can be perform ed by aligning to the asym m etrically  coated m arks. See

Figure 7-5. Illustration o f the tilted m etal coating  
process. W hen the Al atom  flux is tilted  w ith 
respect to the surface normal, the resultant coating  
is asym m etric.

F igure 7-6 for an m icroscope image of the m etal-covered and uncovered marks.

In this case, strong variation o f  m ark structure again exists because o f the different 

im pinging angles o f Al deposition at different locations on the wafer.

7.3.2 Alignment results

S im ilar to the experim ent with dam aged marks, the signals are obtained from  the 

im ages such as the one shown in Figure 7-6. The im age processing steps are identical.
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T he reference positions o f the covered m arks are found by detecting the position  o f  the 

uncovered m arks.

* 1A *''. i

Figure 7-6. M icroscope im age o f  the m etal coated 
alignm ent marks. Al layer is partially  rem oved to reveal 
the uncovered, ideal alignm ent mark.

Figure 7-7 shows som e sam ple signals. Evidently, the alignm ent signals are 

strongly  asym m etric due to the tilted m etal coating. The existence o f  varia tions in the 

signals is also  apparent.

The alignm ent results for the control algorithm s and the SSD  approach are shown 

in T able 7-2. These are the results o f processing 153 signals from  tw enty die on two 

d ifferent w afers. In this case, 114 signals w ere used for train ing and the rest for 

alignm ent test.
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Figure 7-7. Sam ple alignm ent signals from  the m etal-coated  m arks. 
U nit fo r the x-axis is the sam pling period o f 0 .1p.m. T he y-ax is is the 
gray scale intensity  o f  the signal and it has arbitrary unit. T he 
asym m etry and variations in the signals are apparent.

A lignm ent
Perform ance

M ean
(nm)

Standard D eviation 
lcr (nm)

E nabling 
Technology (pm )

Peak D etection -28.9 117.7 1.2
C orrelation 15.4 45.8 0.5

SSD I o 13.7 0.13

Table 7-2. C om parison o f alignm ent perform ances o f  the SSD, Peak 
D etection and C orrelation algorithm s on metal coated  m arks. In the 
last colum n, the m inim um  feature size o f lithography that is enabled  by 
the alignm ent perform ance is shown. This is based on the rule of 
thum b that the overlay budget, or mean plus three sigm a, is roughly 
one third o f the m inim um  feature size.
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7.4 Discussion

The perform ance o f  the peak-detection algorithm  in the m etal-covered mark 

experim ent is som ew hat better than the dam aged m ark case. This is due to  the fact that 

signals from the m etal-covered m arks do have two troughs, as expected by the peak- 

detection algorithm . By com paring 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 

num ber o f peaks or troughs. Such algorithm s com pletely fail if these detailed 

assum ptions on the signal form are not satisfied. This serious flaw  is not lim ited to  our 

version o f  the peak-detection algorithm , it is quite com m on am ong the w idely used and 

d iscussed  algorithm s [4],

The correlation algorithm  perform s better than peak-detection in both experim ents 

w ith program m ed asym m etry. W e expect this observation to hold true in general. As 

explained  in C hapter 6, the correlation algorithm  does a very sim ple and prim itive form 

of learning and it is optim al when the alignm ent system  does not have any variations in it. 

T his is the reason why the m ean errors obtained using the correlation m ethods are sm aller 

than those o f  sym m etric algorithm s represented by peak-detection. W hen signal 

variations are significant, how ever, the correlation algorithm  gives large error variances, 

as dem onstrated  by the two exam ples here.

T he perform ance o f SSD  is consistently  im pressive. The m ost im portant feature 

o f  T ables 7-1 and 7-2 is the sim ultaneously reduction o f  m ean and variance o f  alignm ent 

errors when SSD  is used. This can be understood on the basis o f S S D ’s usage o f  a 

sophisticated  learning approach that not only characterizes the asym m etry, but also the 

variations in alignm ent signals.

Note that in both experim ents, we have used the so-called differential m ethod to 

obtain the correct reference positions. A s explained in Section 6.2.1, this m ethod suffers 

from  several problem s.
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T he 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 o f  image processing. See Section 7.2.2. 

A nother problem  with the differential method is the possible ex istence o f  tool-induced 

effects. Because we relied on the too l’s detection o f  the undistorted m arks to obtain  the 

correct reference positions, even the SSD  alignm ent procedure has no chance of 

characterizing or elim inating these tool-induced errors, because there is im ply no such 

inform ation in the training set.

In order to m inim ize this problem , we were careful to place the mark in the same 

position in the optical field when we took the images. M ost o f the optical aberrations that 

can lead to tool-induced errors are functions of the m ark’s distance to the optical axis. 

Thus by placing the m arks at the sam e position in the field, the tool-induced errors, if  they 

exist, are m ade to be approxim ately constant.

The alignm ent perform ances in Tables 7-1 and 7-2 are m easured relative to  the 

reference positions o f  the undistorted marks; if  the latter err by a  constant am ount, the 

alignm ent results presented here also err by the sam e am ount. If this constant tool- 

induced error can be som ehow  measured, all alignm ent results can be corrected and the 

conclusions regarding the perform ance o f  different algorithm s can rem ain unchanged.

7.5 Summary

In tw o experim ents, we program m ed asym m etry and variation into alignm ent 

m arks. The differential m ethod was used to find the correct reference positions. The 

results show that the Subspace D ecom position m ethod dram atically reduces both the 

mean and variance of alignm ent errors, com pared to a sym m etric algorithm  and a 

correlation algorithm .

The convincing perform ances o f the SSD algorithm  in these very difficult settings 

prove that the hypothesis o f a w ell-controlled environm ent does hold true. S ince the 

asym m etry and variation we introduced in our experim ents are substantially  larger than 

w hat are com m only observed in m anufacturing processes, we challenged SSD  w ith two 

very difficult situations for alignm ent. It can be argued that if  the linear space m odel is 

valid in these rather extrem e circum stances, it should also be justified  in situations where
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less asym m etry and variation are encountered, such as those in real sem iconductor 

m anufacturing.

W e will carry out one m ore experim ent to test the SSD  algorithm  for w afers that 

have gone through processing steps in a m anufacturing environm ent.
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Chapter 8. Experiment with CMP wafers

In this chapter, we apply the Subspace D ecom position  m ethod  to the 

alignm ent o f  chem ical-m echanically po lished  wafers.

8 .1 1ntroduction

C hem ical-M echanical Polishing (CM P) is needed largely because o f the issue of 

depth o f  focus in lithography [3], The usable depth o f focus actually shrinks faster than 

the m inim um  feature size. D ue to various processing steps, the w afer surface can becom e 

rough on a  m icroscopic scale, w hich m akes sim ultaneous focus on different parts o f the 

w afer very difficult. C M P can planarize the w afer surface, and thus increasing the 

process latitude when trying to focus on the wafer. In addition, the recen t breakthrough 

o f  Cu interconnect technology also relies on the availability  of C M P to com plete the 

special dam ascene processes [ 10].

But CM P, in particular T ungsten CM P, is know n to w reak havoc with alignm ent

[50],

T he dam ages inflicted on the alignm ent m arks by the C M P process are the 

com bined effects o f  abrasive m echanical motion and delicate chem ical reactions. The 

m echanics o f  C M P and how it causes asym m etry in alignm ent m arks are laid  out in 

Section 2.2.1 and F igure 2-8.

T o m ake the problem  worse, CM P processes are also unstable. The w earing of 

the pad, the evaporation and dilution of slurry chem icals, etc., can all contribute to 

sign ifican t changes o f  C M P conditions over time.

A lignm ent on polished wafers is a perfect exam ple of how signal variations 

exacerbate the problem  of signal asym m etry, and m ake it intractable. B ecause engineers 

and researchers are accustom ed to the notion o f a system atic trend in the alignm ent errors, 

there have been attem pts to com pensate such system atic alignm ent errors caused by 

CM P. B ut unfortunately, polished wafers do not show  reliable system atic trends in their 

overlay errors [50].
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T he predicam ent o f  random ly varying alignm ent errors is beyond the  alignm ent 

capability  o f m ost state-of-the-art lithography tools, but it is exactly w here the subspace 

decom position  m ethod can m ake the m ost im pact. W e therefore apply  the m ethod of 

SSD  to the problem  o f aligning po lished  wafers.

A lso, since the experim ents in C hapter 7 involve only program m ed asym m etry 

and variation, we w ould like to use the CM P experim ent to test the viability  o f  SSD  in a 

real m anufacturing environm ent.

8.2 Experimental procedures

8 .2.1 Wafer fabrication

In this experim ent, 19 wafers are processed in a state-of-the-art 0 .25pm  

m anufacturing facility. All processing is done on state-of-the-art com m ercial tools. 

P rocessing conditions are identical to those used for a certain device that is being m ade in 

the plant. T o protect the proprietary inform ation involve, w e only give a qualitative 

descrip tion as to how the w afers are processed.

Aluminum — 

W- Plug & CMP 

Dielectric Film Stack 

Si substrate —

Figure 8-1. Scanning electron m icroscope im age o f  the cross-section  o f  a 
typical alignm ent mark. This picture illustrates the processes that have 
been applied to the m arks. A fter these m arks are etched in dielectric 
films, W  is deposited and then chem ical-m echanically  polished.
A lum inum  is then coated on top.

A  scanning electron m icroscope im age o f  a  cross-section o f the alignm ent m ark is 

show n in Figure 8-1 [51]. In the first step, a stack  o f  dielectric layers is deposited  on the
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wafer. A  lithography step is used to define the alignm ent m arks, together with som e 

overlay m etrology m arks and o ther circuit patterns. A fter exposure and developm ent, the 

m arks are etched into the dielectric film  stack. N ext, a b lanket layer o f Tungsten is 

sputtered on the w afer, sim ilar to the so-called T ungsten-plug process. In this step, 

etched holes w ith sm all dim ensions will be com pletely filled, thus the nam e “plug” . But 

since the alignm ent m ark is relatively w ide com pared with the thickness o f the W  film, 

the relief structure o f  the m ark is replicated to the surface o f  Tungsten film . The film  is 

then chem ical-m echanically  polished, rem oving the material on top o f the w afer surface, 

but leaving behind som e Tungsten inside the m ark trench, as can be seen in F igure 8-1. A 

blanket A1 layer is then deposited on top, sim ilar to the first step o f  m aking metal 

connections.

A lthough it is apparent that the Al coating is asym m etric on the two side w alls of 

the m ark, it is not obvious w hat effects the CM P process has on the mark. T he absence of 

apparent C M P dam age on the alignm ent m arks even under close inspections with tools 

such as the scanning electron m icroscope is a very com m on observation, and it 

contributes to the difficulty  of understanding and im proving alignm ent on polished 

wafers.

T he wafers are then coated with resist. A  com m ercial stepper is used to align to 

the alignm ent m arks buried under the Al coating. F or eight different d ie  on a  wafer, the 

stepper is instructed to record the alignm ent signals; and also the estim ated corresponding 

reference positions as given by the current alignm ent algorithm  im plem ented on the 

stepper. W ithout going into the details o f the algorithm , w e m ention that it is sim ilar to 

the correlation-based approach we discussed earlier, but w ith a very im portant difference. 

The correlation algorithm  as we have defined in Equation 7-7 uses train ing signals to 

obtain the correlation tem plate, but the algorithm  im plem ented by the stepper uses a fixed 

tem plate function, w hich is designed according to the expected  signal shape. A lso to 

protect proprietary inform ation, sam ple alignm ent signals are not show n here. A ssum ing 

these positions found by the existing algorithm  are the correct reference positions o f  the 

m arks, the stepper aligns and exposes the wafers.
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f  ./R e s is t  

^^Aluminum

Tungsten

Substrate

Figure 8-2. Image o f 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 th is experim ent we rely on overlay m etrology to determ ine the correct reference 

position for each alignm ent mark. T he procedure is detailed in Section 7 .2 .1 . A fter the 

exposure, im ages o f the overlay m etrology m arks are taken and analyzed. O ne exam ple  is 

show n in F igure 8-2. T he outer m ark is the opening in the resist and the inner m ark is the 

A l-covered step form ed by residual W ; see F igure 8-2 for an illustration. F o r reasons that 

are not com pletely clear, the edge definition o f the inner m ark is rugged and cloudy. 

O verlay results obtained from these m ark im ages cannot be reliable. Indeed, C M P  layers 

are reported  to cause overlay m etrology errors [24]. It is also reported that m ore reliable 

overlay m etrology can be perform ed after the rem oval o f A l-coating [24], Follow ing

1 1 1
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these results, w e etched aw ay the Al on the wafers. In the etching step, w e deliberately 

increased the etch ing  tim e so  that the W  inside the m arks can b e  at least partially

Figure 8-3. Im age o f overlay m etrology m ark after m etal 
etch and clean. The sketch below the im age identifies 
the features in the im age w ith topographic structures in 
the cross-section. The ou ter m ark is a step in Al coating . 
The inner m ark is double edged, with one edge 
corresponding to the side wall o f the trench etched in the 
substrate; and the other edge a step in the residual W  left 
inside the trench by the C M P process. N ote that the W  is 
partially  rem oved in the m etal over-etch step. This m ark 
gives m ore reliable m etrology results than that in F igure

An optical im age of an overlay m etrology m ark after the m etal etch step and the 

rem oval o f  resist is show n in F igure 8-3. Here the ou ter m ark is a step  in Al. T he inner 

m ark is a double-edged feature. O ne of the edge is the step dow n from  the dielectric to 

the rem aining W , and the o ther edges are the steps in W , as show n in F igure 8-3. The 

overlay m ark show n in F igure 8-3 has a m uch better edge defin ition . Therefore reliable

rem oved.

A lum inum

^^Aluminum

Tungsten

Substrate

8- 2 .
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m etrology results can be obtained. W e observed a one sigm a repeatability  o f 2nm  when 

m easuring the overlay errors.

A fter the overlay m etrology is reliably perform ed, the procedure ou tlined  in 

Section 7.2.1 is follow ed to find the correct reference position corresponding to  each 

alignm ent signal. A lignm ent perform ances presented later are all m easured relative to 

this definition o f  true reference position. For this experim ent, 285 signals w ere m easured 

from  19 w afers, processed using 4 different polisher/recipe com bination.

8.3 Results and Discussions

A lignm ent
Perform ance

M ean
(nm)

Standard D eviation 
I ct (nm)

Enabling 
Technology (pm )

Stepper 36.3 54.4 0.25

SSD 1.4 14.0 0.07

Table 8-1. C om parison o f alignm ent perform ances of a  com m ercial 
stepper and the SSD  algorithm  on chem ical-m echanically  polished 
w afers. The last colum n show s the m inim um  feature size allow ed by 
the corresponding overlay budget, w hich is defined as m ean p lus three 
sigm a. N ote that W C M P are used on m etal connection layers, the 
overlay requirem ent is less stringent than that o f the critical layer.

Table 8-1 sum m arizes the alignm ent perform ance o f  the stepper algorithm , and 

the expected  perform ance if  SSD  were used. T he overlay, i.e., the m ean plus three sigm a 

value o f  the overlay errors, given by the com m ercial stepper is nearly 200nm , not too 

m uch sm aller than the m inim um  feature size o f 0 .25pm  on the devices that are being 

m ade using the sam e processes. Because th is is the alignm ent on a  metal layer, the 

overlay budget is usually m uch less stringent than the critical layer. Such an overlay 

perform ance is either problem atic or m arginally satisfactory, depending on the specific 

overlay requirem ent fo r the device.
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F igure 8-4. O verlay vector m aps from a com m ercial stepper and 
the SSD  m ethod, (a) O verlay vectors across eight die on  a w afer, 
as m easured by m etrology. This represents the alignm ent errors 
using current algorithm s im plem ented on the stepper, (b)
Predicted overlay vectors for the sam e w afer if  SSD w ere used.

On the other hand, the perform ance o f  the SSD  algorithm  can allow  the 0.07(im  

generation  o f  lithography, considering that we are aligning to a metal layer. T he C M P 

process studied is known to be notoriously d ifficult to align, yet the SSD  m ethod can still 

deliver overlay perform ance below  50nm. Because the processing used in this 

experim ent is identical to actual technologies used for real devices, these results
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convincingly  dem onstrate the viability o f SSD  as a practical tool to im prove alignm ent 

errors.

O ne interesting effect is how local alignm ent considered here can lead to 

problem s and im provem ents for global alignm ent. F igure 8-4(a) show s the alignm ent 

errors across one o f  the wafers in our sam ples. There ex ists a rotational pattern, w hich 

results in a rotation erro r in the procedure o f  global alignm ent. This should be clear from  

the description given in Section 1.2.4. M any other researchers have observed the sam e 

phenom enon that, am ong the six param eters o f global alignm ent, rotation error is m ost 

likely the problem atic one when CM P is used [24, 52], F igure 8-4(b) show s the 

corresponding pattern o f  alignm ent errors on the sam e w afer if  SSD  were im plem ented on 

the stepper. C learly, the m agnitude of the error is m uch sm aller. A lso, the rotation pattern 

is absent. H ence an error-free global alignm ent can be perform ed.

As in the case o f differential alignm ent, the overlay m etrology m ethod of 

determ ining the correct reference position is also prone to errors. In particular, overlay 

m etrology m easures overlay error, which is not necessarily equal to  the alignm ent error. 

O ther effects including stage positioning error, w afer and field distortions, etc., can all 

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

In our experim ent, both layers betw een w hich w e are m easuring overlay errors 

w ere m ade on the sam e stepper. Thus the effect o f field distortion essentially  cancels out,

i.e., a  rather ideal case o f  the so-called “stepper m atching” technique d iscussed in Section

1.2.3.

S tage positioning inaccuracy should have a m inim um  im pact on our conclusion, 

because when exposing the experim ental die, the stage was essentially  sitting idle at the 

position o f  exposure. It is w idely believed [11] that m ost o f  the stage positioning errors 

occur when the stage is m oving relatively fast. To keep the throughput high, exposures 

are often done before the stage can settle dow n to the desired  position and recover from  

the fast m otion involved in stepping. This im patience results in a considerable am ount o f 

stage positioning error. W hen 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 perform ed essentially  local alignm ent, only the intra-field  term  

o f  the w afer distortion contributes to ou r alignm ent results. A s explained in Section

1.2.4, inter-field w afer distortion results in overlay error only w hen global alignm ent is 

used. S im ilar to the discussion o f tool-induced effects in Section 7.4, a constan t am ount 

o f intra-field  wafer distortion does not com prom ise the results show n in T ab le 8-1. W hat 

can be problem atic is the variation o f  intra-field w afer distortions from d ie to die. This 

effect can be expected to be substantially  sm aller than the three sigm a value o f  20nm  

often associated with total w afer distortion.

T hus the com bined effect o f  stage positioning, w afer and field d istortion  is not 

expected to  contribute m ore than 20nm  to the three sigm a o f reference positions. T his is 

well w ithin the observed three sigm a o f nearly 50nm  in the perform ance o f SSD. 

Therefore, the conclusions draw n above regarding the perform ance o f  SSD  on C M P 

w afers rem ain unchallenged even in the presence o f the above com plications in 

interpreting m easured overlay errors.

8.4 Summary

T he process o f C M P is needed for today’s lithography. W e expect that the 

im portance o f C M P will be increasingly em phasized when the depth o f  focus o f 

lithography keeps on shrinking. Therefore, it is o f extrem e im portance to solve the 

problem  o f alignm ent on C M P wafers.

The intrinsic asym m etry and variations have m ade alignm ent on polished m arks a 

very d ifficu lt task, in fact, the m ost difficult one according to m any lithography engineers.

The experim ental study described in this chapter confirm s that SSD  is capable o f 

achieving overlay o f less than 50nm  on Tungsten C M P w afers, proving the pow er and 

versatility o f  the SSD  method.

In addition, results here also  support the central assum ption for the applicability  o f  

SSD , nam ely, the existence o f  a  linear space model. If  this assum ption ho lds true in the 

case o f  the notoriously unstable process of CM P, it should be reasonable to extrapolate
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from  these results that SSD  can perform  equally well fo r less dem anding  problem s, such 

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

U sing the Subspace D ecom position m ethod  presen ted  in previous chapters  

as an example, we sum m arize the general properties o f  a lgorithm -based  

solutions.

9.1 SSD as an algorithm-based solution

In designing the SSD  approach, we started with a  very general description o f  the 

alignm ent problem  by com paring it to  a com m unication channel. In this analogy, all the 

coatings and processing on the alignm ent m arks, together with the physics o f  the 

alignm ent sensors, are sum m arily included in the general notion o f  “channel 

characteristics” . An em pirical scenario is used to characterize an alignm ent system . It 

treats the alignm ent system as a black box and learns about its behavior by exam ining the 

inputs and outputs. The derivation that led to the SSD  solution was basically  the one o f  

representing, sim plifying, deciphering and utilizing the all-inclusive “channel 

characteristics” o f an alignm ent system. This procedure does not m ake use o f  any 

detailed  inform ation regarding the underlying physical processes.

If w e return to F igure 2-5, which show s the block diagram  o f a generic alignm ent 

system , the SSD  m ethod is a prototypical algorithm -based solution to the alignm ent 

problem .

9.2 General advantages

A lgorithm -based solutions, as exem plified by the SSD  m ethod, are rem edies for 

m any o f  the shortcom ings of physics-based approaches.

F irst, physics-based solutions usually require costly hardw are im plem entations, 

but algorithm ic solutions can be im plem ented purely in softw are. Both the learning and 

aligning algorithm s given in C hapter 6 can be realized using standard digital signal 

processing techniques. Softw are im plem entations have shorter turn-around tim es and 

they are easier to  test and less costly to im plem ent.
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Second, physics-based solutions are problem -specific and hence inflexible, but 

algorithm  solutions are generally applicable and versatile. T he learning step in the SSD 

solution finds the type and am ount o f asym m etry and variation in the signals, and 

prepares the alignm ent step for the idiosyncrasies o f the targeted alignm ent system . The 

use o f  such a tuning procedure m akes the approach o f  SSD  very versatile. A lgorithm - 

based approaches such as SSD  should be able to achieve accurate and precise alignm ent, 

regardless o f  the sources of the asym m etry or variation. H ence, they are versatile and 

flexible. T his conclusion is firm ly supported by the consistent perform ances o f SSD  in 

the three experim ents presented in this thesis. Clearly, the three experim ents contain  very 

d ifferen t causes o f  alignm ent difficulties, yet the algorithm  was applied  w ithout many 

m odifications.

Furtherm ore, algorithm ic m ethods such as SSD  can be said to be adaptive, 

because, when new processes are introduced and new types o f asym m etry difficulties 

occur, it will autom atically fix the problem , and we may never know  the ex istence o f the 

new  alignm ent problem .

Finally, we also find that SSD  can help to im prove the perform ance o f  global 

alignm ent in the presence o f w afer distortions. [54]

9.3 General limitations

Sim ilarly, in the areas w here the physics-based solutions are advantageous, the 

algorithm -based solutions suffer from  som e lim itations.

W hile physics-based solutions can help find the underly ing causes o f alignm ent 

problem s, algorithm ic approaches m ask the real culprits o f m ark dam age and distortion. 

Som etim es, finding the causes of alignm ent problem s can lead to better process and tool 

design that not only elim inates alignm ent, but also fixes o ther associated  problem s. One 

exam ple is again related to  CM P. The overlay problem s caused by C M P have prom pted 

the m anufacturers o f  CM P tools to  em phasize stability o f  the po lish ing behavior. 

Apparently, these steps not only alleviate overlay difficulties, but also benefit the 

uniform ity and controllability o f the polishing process. V endors o f  C M P tools m ay not 

have been as m otivated if  algorithm ic approaches such as SSD  w ere used to align the
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polished  wafers. It is im portant to  realize that SSD  does learn about the process in the 

m odel-build ing step, but it understands the physics in an abstract and m athem atical 

m anner that is largely incom prehensible to us.

Furtherm ore, physics-based solutions can com pletely elim inate o r at least reduce 

the am ount o f asym m etry and variation in the signals. Even though algorithm ic 

techniques can align relatively reliably on im perfect signals, asym m etry- and variation- 

free signals are still preferred. In the language o f  the com m unication  problem , although 

we can have very sophisticated and capable decoding algorithm s, w e still prefer a 

disto rtion-free com m unication channel.

T he advantage o f having sym m etric and stable signals is underscored by the 

possib ility  that algorithm ic approaches m ay require frequent train ing to  function 

satisfactorily . The procedure o f  training can be burdensom e and expensive in a 

m anufacturing environm ent, especially  when process tuning, m aintenance adjustm ent and 

tool upgrades are frequent, because these necessitate re-train ing o f the m odel. M odern 

and fu ture sem iconductor plants will likely em phasize rapid re-tooling and re

configuration  to increase technology and business flexibility. T his trend will 

trem endously  increase the num ber o f  possible com binations, and the frequency o f  change, 

o f  p rocessing  param eters, resulting in an alignm ent system  that can only be described by 

very large m odels, o r very frequent retraining if the m odel is to rem ain sim ple. A  

possib le solution is to  find ways to carry out training on a real-tim e basis. If this can be 

accom plished, learning based alignm ent techniques will be m ore practical and attractive.

9.4 An ideal solution?

Sections 9.2 and 9.3 bring about the im pression that physics- and algorithm -based 

so lutions are com plem entary, in the sense that they fix each o ther’s problem s. W e 

therefore speculate that a better solution can be found if we com bine both approaches. 

W e use physics-based techniques to find and m itigate the sources o f  alignm ent errors. 

F or the residual asym m etry and variation in the signals, w e can resort to algorithm ic 

solutions.

In fact, physics and algorithm s can be com bined in m uch m ore profound ways.
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Recall that, while deriving SSD , w e found a very general approach o f  so lving 

alignm ent problem s, nam ely, the procedure o f  characterizing, sim plify ing and 

deciphering the channel characteristics o f  an alignm ent system. Interestingly, this process 

can  be m ade m uch m ore efficient if  it is guided by in-depth physical understandings of 

the  system  itself.

For exam ple, the m ethod o f subspace decom position was based on the rather 

general physical model presented in Section 7.2.3, but we do not have to  rely on such 

general m odels. If we know the details o f the physics o f a particular p roblem , a precise 

an d  concrete physical model can be built to replace the generic one in Section 7.2.3. This 

shou ld  lead to more efficient algorithm  design. The generic subspace decom position  

algorithm  is therefore only needed when we do not possess any know ledge o f  the 

underly ing physics, or when the physics is too com plicated to be useful.

A perfect exam ple is CM P. B eing a  relatively young and im m ature technology. 

C M P ’s detailed physics o r chem istry is still not very well understood. C onfined  by our 

lack  o f know ledge, a generic algorithm  such as SSD  is the m ethod o f choice. B ut as our 

understanding o f the CM P process deepens, w e m ay be able to design tailor-m ade 

algorithm s that are m ore efficient in solving C M P related problem s.

By m ore efficient algorithm s, we m ean tha t the algorithm  contains m ore a prio ri 

inform ation. In essence, w hat we have ju s t described is a m ethod o f incorporating  m ore a 

p r io r i  know ledge into the algorithm . T he m ore know ledge o f  the process we build  into 

the  algorithm , the less training is necessary.

L et’s provide an exam ple o f  how  this can be done. Suppose an alignm ent tool has 

p in-cushion distortion caused by aberrated optics (Figure9-1). W hen the alignm ent m ark 

is asym m etrically placed in the optical field , its im age will be asym m etric. This can be 

illustrated  by im agining the upper left quadrant as the alignm ent mark. It is a perfectly 

sym m etric square in the object plane. Its im age is the irregular shape show n in the upper- 

left quadrant in the im age plane. This im age is asym m etric. Suppose that after a careful 

study, we understand the reason for signal asym m etry is the pin-cushion field  d istortion 

o f  the alignm ent optics. W e can then design an algorithm  to first restore the im age to  a
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pin-cushion-distortion-free version, which can be processed by subsequent algorithm s to 

find the correct a lig n m e n t..

This idealized exam ple dem onstrates the relationship between physics and 

algorithm s. M ost im portantly, w e w ould like to em phasize that, to the extent we 

understand the physics o f  the underlying processes, algorithm s do not have to be 

burdened with the task o f learning the associated effects on alignm ent.

o

O bject P lane Im age Plane

Figure 9-1. A lignm ent optics w ith pin-cushion distortion.
The dashed line in the im age plane outlines the ideal 
geom etric im age w ithout the distortion. A ssum e that 
the upper-left quadrant is actually an square alignm ent mark.
It is sym m etric about its centers. It is im aged into a shape 
shown in the upper left corner in the im age plane. T he image 
is not sym m etric about any axis.

An ideal solution to the alignm ent problem  is therefore the follow ing. W e carry 

out an in-depth study o f the causes of alignm ent errors. T he know ledge gained during 

this study is then incorporated in the design o f algorithm s. B ecause the know ledge o f  the 

process is already built in the algorithm  itself, a  m inim um  am ount of training is needed. 

N ot only does this approach retain all advantages o f  algorithm ic techniques, it also 

rem oves their serious lim itations.
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