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Abstract

Integrated CMP Metrology and Modeling With Respect To Circuit Performance
by

Runzi Chang

Doctor of Philosophy in Engineering - Electrical Engineering and Computer Sciences

University of California, Berkeley

Professor Costas J. Spanos, Chair

As the semiconductor industry keeps its scaling efforts down to the sub-90nm technology
node on the roadmap, the process and materials in the integration are being pushed to the
limits. Integrated Circuits (IC) designers nowadays require more than 30% performance
improvement from interconnects each technology generation. The introduction of copper
and low-k materials in the last few years has been the key move toward that objective.
Particularly Chemical-Mechanical Polishing (CMP) has been the enabling technique to
planarize the metal surface and define metal layer thickness in contemporary copper Back-
End-of-Line (BEOL) technology. However, CMP also introduces undesirable side-effects,
including dielectric erosion and metal dishing, which degrade the process quality, cause

significant yield losses in BEOL, and negatively affect interconnect performance.

The central theme of this thesis is the integrated metrology and modeling analysis in copper
Chemical Mechanical Polishing (CMP) process towards optimizing interconnect and
circuit performance. This work pursues special testing mask design and data analyzing

techniques that are used to identify and model the sources of yield limiting factors in
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copper CMP — namely oxide erosion and copper dishing. The main contributions of the
thesis are the following: by applying special test structures design and data analysis, we
developed and validated a model for copper dishing, and use that as the basis for process
optimization and interconnect performance estimation. As the prerequisite and benefit of
our effort, we applied the library-based scatterometry to monitor oxide CMP profile
evolution; realized the model-based profile extraction using the e-test data in copper CMP.
We set up the process optimization framework based on the contemporary models. Finally,
we linked these CMP technology issues to circuit and interconnect design considerations

through simulation work.

The validated dishing model integrated with other models and optimization frameworks
serve the goal of design for manufacturability in the Back-End-of-the-Line Process. The
process models and optimization framework developed in this thesis provide insight into
the observables in the state-of-the-art CMP process. By transferring theses principles into
the realm of production, these building blocks can provide the opportunity for the process
and integrated circuit designers to integrate and fuse information from both perspectives,

thus improve the fabrication yield and circuit efficiency in the long term.

."
;A

Professor Costas J. Spanos

Committee Chairman
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Chapter 1 Introduction

1.1 Motivation

The semiconductor industry is experiencing an unprecedented growth over the
last 40 years. As the technology advances in deep-submicron process geometries,
enabling companies to build smaller, faster and less-expensive transistors, interconnect
delay has moved to the forefront as the limiting factor in IC performance, replacing a
longtime concern with switching speeds. Today there are cases where interconnect delay
accounts for more than 50% percent of total path delay [1-3]. Figure 1.1 illustrates the
complexity of the interconnect layers for a state-of-the-art chip. Based on these
observations, optimizing the interconnect performance from the processing technology’s
perspective becomes an indispensable component of the global efforts of advancing the
Moore’s Law even further.

Chemical mechanical polishing (CMP) is currently being used in the fabrication
of state of the art integrated circuits, and has been identified as an enabling technology
for the semiconductor industry in its drive toward multi-gigabit chips and sub-90nm
feature sizes. At the present time, it appears that the global planarization necessary for
establishing reliable multilevel copper interconnects can only be achieved by using CMP.

As with many processes that stand in the critical path of IC development, this technology



has moved into production without the benefit of integrated and optimized models. In the
long run, the availability of such models and optimization frameworks will help optimize
the operation of CMP and permit the users to define the best operating conditions for

each specific application.
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Figure 1.1 Typical chip cross section of hierarchical scaling of interconnect

This work focuses on the development of a fundamental understanding of the
systematic variations mechanism during copper CMP, in both the feature-scale and
wafer-scale level. This understanding is supported by careful experimental design and
implementation. In the long term, this research will facilitate CMP technology
development and Integrated Circuit designers in at least the following aspects:

(1) It will aid in identifying the dominant relationships between the material

and process parameters and the effectiveness (measured by quality and integrity of the



finished surface) and efficiency (measured by material removal rate) of a CMP process.
Such a model will facilitate process optimization.

(2) In addition to providing a fundamental understanding of the CMP process,
the value of the proposed experimental and modeling efforts lies in its enhanced
capability for exploration of the "design space." Currently, many process design options
(e.g., optimum selection of slurry and pad properties) remain trial-and-error propositions
due to lack of reliable models depicting those effects. The proposed model will aid in
identifying such unexplored process parameters and guide us toward new and novel
avenues for designing CMP processes.

(3)  To the circuit designers, these models will provide a realistic estimation of
the interconnect performance, given the proper process input parameters and mask layout
patterns. The motivation for this can be explained by the challenges of obtaining high
yields at the 90nm node, concerns about reliability and potentially vastly differing yields
for designs of similar size that are all design rule compliant for a particular process. The
contributions from this work will be more precise than the traditional worst-case
estimation.

To achieve the above objectives, we utilize a combination of experimental and
analytical methods. The first phase of this work is to investigate the feasibility of
developing a non-destructive, low-cost metrology method to monitor the profile
evolution during the ILD CMP process. The second phase is to develop oxide erosion and
copper dishing models by using specially designed masks and extensively explore the
information contained in the collected data. We find that it is possible to extract the 2D

profile for the post-CMP metal wires. This is noteworthy in that it provides the possibility



to develop inexpensive metrology techniques in copper CMP. We also develop the
framework for the multiple objectives optimization in the CMP environment. Finally we
link the findings from the experiments and analytical work to interconnect performance
and explore the possibility of improving BEOL fabrication yield through decisions taken

at both the process and design stages.

1.2 Thesis organization

This thesis presents an integrated framework to fuse the aspects of metrology,
modeling and optimization for the state-of-the-art copper CMP process. We begin with
Chapter 2 reviewing the modern metrology and modeling work in copper damascene
process. Chemical mechanical polishing has shifted from “black art” to an “engineering
science” by the continuing efforts from both academia and industry. This chapter will
review the general trends in this field in recent years.

Chapter 3 focuses on the experimental work that we performed in order to model
the origins of layout-dependent non-uniformity in a classical copper damascene process.
Started from basic ideas applied in the mask design, this chapter elaborates the design of
experiments, basic metrology tools used and the development of an empirical model for
copper dishing. The chapter finishes with a demonstration of a model-based 2D profile
extraction method, which has the potential of being utilized as non-destructive and fast
metrology for BEOL process further down the roadmap.

Chapter 4 presents a framework for efficient multiple objective optimization in a
copper damascene process. Processing engineers can only devote limited resources to

take measurements, calibrate the tool and make decisions. This framework can thus



reduce the reliance on experimentation to some extent. After discussions on the process
performance metrics, the chapter sets up the performance optimization framework based
on classical multi-objective optimization theory. Experimental results from Chapter 3 are
used to calibrate the model predictions from the optimizer.

Chapter 5 presents the effects of CMP-related process variations on interconnect
and circuit performance, by performing extensive simulations and analysis. The
simulation results show that dishing will be a concern for global layer interconnects if the
dishing radius is less than 50um. This chapter closes with a discussion on one application
of the Design for Manufacturability (DFM) concept -- the tradeoffs between the die area,
BEOL yield and interconnect performance.

Chapter 6 provides some concluding remarks for this thesis and future work in the
areas of copper CMP process metrology, modeling, optimization and BEOL Design for

Manufacturability.
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Chapter 2 Background

The function of interconnect is to distribute clock and other signals, and to
provide power/ground, to the various subcomponents of an Integrated Circuit. The
fundamental development requirement for interconnect is to meet the high-speed
transmission needs of chips despite further scaling of feature sizes. In the context of
manufacturing these interconnects with a reasonably high yield, Chemical Mechanical
Planarization (CMP) is used in-between critical patterning and deposition steps. CMP has
proven to be indispensable, and it has been recognized as the enabling technology for

Copper and Low-k based Back-End-of-the-Line (BEOL) processes.

2.1 Background of Chemical Mechanical Planarization

Rapid device scaling has been the factor governing the growth of the
semiconductor industry, which has produced devices with ever-better performance
characteristics in terms of high speed and low power. The semiconductor industry has
been experiencing an average growth rate of 15% annually over the past four decades [1].
With this fast growth has come a reduction in average cycle time between introductions
of new technologies from the traditional 3-year cycle towards an approximate 2-year
cycle. Current (2004) production is being done employing 90nm technology, with 65nm

technology expected to be introduced in the year 2005. Figure 2.1 shows a chip cross-
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section using 90nm copper interconnect technology. Advances in integrated circuit (IC)
manufacturing have also increased device density to about one billion transistors per cm?
of chip area (for memory). The corresponding increase in circuit functionality requires
many layers of metal interconnect to facilitate device and module communication. Up to
ten levels of metal interconnect have been reported to date. It is note worthy that as late
as 2001, industry experts thought that this number would not be achievable until the year
of 2011 [2]. Now the experts predict 14 levels of metal interconnect by 2011. The ability
to effectively and efficiently planarize the metal layers and the dielectric layers which are
used to insulate these complex interconnect levels is indispensable for the realization of

these ambitious objectives.

ey
180nm-pitch

Figure 2.1 A 90nm copper and low-k interconnect technology (source: NEC)

While critical dimensions (CD) continue to shrink, modern photolithography tools
continue to reduce their depth of focus. Especially for the future projected Extreme-Ultra-
Violet (EUV) lithography where the wavelength is only about 13nm, the across-field
depth of focus requirement will be at the nanometer level. Slight irregularities on the

wafer surface—or on deposited films—can distort semiconductor patterns as they are

i
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transferred by a lithographic process to the wafer surface. Chemical mechanical
planarization has become the process of choice for preventing distortion, and it works by
planarizing the wafer surface to a flat, uniform finish. To planarize the wafer, CMP
systems use abrasive particles suspended in chemical slurry. Figure 2.2 shows the

components in a simple rotary CMP system.

Down Force

Back Pressure i | ‘ t
Q Mechanical Arm
Chuck Speed

Slurry Flow O @
O
Table Speed

<

Figure 2.2 Typical components in a CMP system

Pad

I ] afer

In the configuration depicted in Figure 2.2, a silicon wafer is rotated about its axis
while being pressed face-down by a carrier against a rotating platen covered with a soft
polymer pad (belt). Slurries with nano-scale abrasive particles and specially designed
chemicals are distributed into the wafer and pad (belt) interface. These slurry particles
and chemicals work together with the pressures applied on the backside of the wafer and
the relative movement between the wafer and the pad to remove some of the wafer

materials and planarize its surface.

CMP is a technology that emerged during the last decade. It has become one of
the most widely used planarization techniques in inter-level dielectric (ILD)

planarization, shallow trench isolation (STI), and metal damascene processes. Because of
8



its high throughput and wide applicability, CMP is quickly replacing the traditional in-
situ etch-back techniques and becomes one of the key fabrication processes in the

manufacturing of advanced IC chips.

2.2 Background on CMP Metrology

Although CMP is a versatile process, it is often quite difficult to maintain without
actively compensating for key parameter changes over time. Because of this, there is a
string interest to maintain good visibility of its progress, and this is typically done by
measuring the status of the thin films and the evolving wafer topography before, during
and after each CMP step. In this section, we introduce several types of metrology tools

that are relevant to CMP and are widely used in either research or the industry.
2.2.1 Spectroscopic Reflectometry

This is a method used to measure the thickness and the optical properties of a thin,
transparent film, such as oxides, nitrides, polysilicon, etc. In spectroscopic reflectometry,
the reflected light intensities are measured in a broadband wavelength range. In most
setups, non-polarized light is used at normal incidence. The biggest advantage of
spectroscopic reflectometry is its simplicity and low cost. Figure 2.3 shows the setup of
conventional spectroscopic reflectometry.

In reflectometry, only light intensities are measured, so only the amplitude of the

complex reflection coefficient is of interest. R = [rlz.



Figure 2.3 Spectroscopic reflectometry measurements.
This method is simple and easy for implementation. Its main application will be

introduced in section 2.2.5 where we will also discuss its advantages and limitations.
2.2.2 Spectroscopic Ellipsometry

This is a method commonly used to analyze the optical properties and the
thickness of one or multiple transparent films. This method is based on the characteristics
of light upon reflection from multiple surfaces. The component waves of light, which are
linearly polarized with the electric field parallel (p or TM) or perpendicular (s or TE) to
the plane of incidence, behave differently upon reflection. The component waves
experience different amplitude attenuations as well as different absolute phase shifts upon
reflection; as such, the overall state of polarization changes. Ellipsometry refers to the
measurement of the state of polarization before and after reflection for the purpose of
determining the properties of the reflecting boundary. The measurement is usually

expressed in the form

r

p=tan¥e® =2, (2.1)

T

where r, and r; are the complex reflection coefficients for TM and TE waves respectively.
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Ellipsometry derives its increased sensitivity over reflectometry from the fact that
the polarization-altering properties of the reflecting boundary are modified significantly
even when ultra-thin films are present. Further, unlike reflectometry, ellipsometry can
derive both the thickness and the refractive index of the target film. Spectroscopic
ellipsometry can do so over multiple wavelengths. Consequently, ellipsometry has
become the rigorous method of characterizing thin films. An illustration of the basics of

ellipsometry is presented in Figure 2.4 below:

Thin Film (a1, k1, T1)
ThinFilm (n2,k2,T%)
ThinFilm (hi, ki, T1)

Figure 2.4 Spectroscopic Ellipsometry Measurements

The advantage of ellipsometry over reflectometry is better accuracy. As
mentioned before, ellipsometry measures the polarization state of light by looking at the
ratio of values rather than the absolute intensity of the reflected light. This property is
especially useful in the DUV wavelength range, where very little light is typically

available. Additionally, ellipsometry can gather the phase information in addition to plain

11



magnitude reflectivity information. Phase information provides more sensitivity to thin-

film variations.

2.2.3 Scanning Electron Microscopy (SEM) [21]

The scanning electron microscope (SEM) is currently the main method used in
production for measuring lateral sub-micron features because of its nanometer-scale
resolution, precision as well as its relatively high throughput. SEM comes in many
flavors, cross-sectional and top-down being the most common.

Cross-sectional SEM can provide profile information for structures on a wafer in
the form of a direct image. This image can be used immediately for process
characterization. However, obtaining a cross-sectional SEM image requires breaking a
wafer and is very time-consuming; also there is the possibility of the presence of
systematic profile errors dependent upon the image processing technique being

employed.

g

Figure 2.5 A cross-sectional view of a sample using SEM
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Figure 2.6 A top-down view of a E-beam Lithography sample using SEM
The top-down SEM, more commonly referred to as the CD-SEM, measures the
CD of a profile at a somewhat arbitrary height and does not take into account the slope
associated with the profile that results in a constantly changing profile CD. Another
problem associated with this method is the build-up of charge in the sample under the
electron beam. The CD-SEM, being a surface scanning technique, is also unable to
provide information on underlying layers of the structure as well as undercut features.

The state-of-the-art SEMs can measure sub-100nm CDs with a precision of about 2nm.

2.2.4 Atomic Force Microscopy (AFM) [22]

Atomic force microscopy (AFM) is a means for measuring nm-scale profiles with
a resolution between 0.Inm and 5nm, depending on the hardness of the material being

scanned. For typical semiconductor profiles, this translates into exceptionally high
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vertical and lateral resolutions, which combine to provide information about a patterned
structure’s width, sidewall slope and thickness. However, current AFM scan rates are
very slow, and measurement accuracy and precision are highly dependent upon the tip
shape and stability. At present, the AFM is too slow to be used for imaging to support the

CMP process during production
2.2.5 Scatterometry

Scatterometry is the metrology that relates the geometry of a sample to its light
scattering effects. In the same way that ellipsometry analyzes polarization-state-in and
polarization-sate-out of light incident on thin film, scatterometry adopts the same theory
and measures the polarization-state-in and polarization-state-out of light, incident not on
a blanket thin film, but rather on periodic surface structures. The Tan ¥ and Cos4 values
are measured after reflection and matched to the responses of known profiles.

Much work has been done on scatterometry in recent years. McNeil et al have
explored the idea of variable-angle scatterometry, which uses angle-resolved diffracted
light analysis to measure etched samples with line width dimensions as small as 150nm
and poly-Si thickness on the order of 250nm [3].

Niu et al. have explored the idea of spectroscopic scatterometry, in which the
responses for multiple wavelengths are taken into account [4]. This method consists of
measurements taken at a fixed incident angle as opposed to variable-angle scatterometry.
The lack of external moving parts, and hence simpler implementation, gives
spectroécopic scatterometry the potential of being employed in in-line, in-situ process

control. Niu et al also developed a simulation engine, known as the gtk (Grating Tool
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Kit) based on well known method of Rigorous Couple-Wave Analysis [5, 6]. It was
demonstrated that the simulated and measured diffracted light responses based on this
technique correspond to profiles that closely match those obtained through the AFM

method.

2.2.6 Monitoring CMP Processes in a Production Environment

Accurate thickness measurements in chemical mechanical polishing (CMP) are
difficult to achieve consistently on complex state-of-the-art computer chips, so frequent
monitoring is needed. This requires high-speed film thickness measurement of both thick
films and ultra-thin films at multiple sites across the wafer surface. In order to make film
removal uniformity measurements on product wafers, the metrology tool must have a
small measurement spot and fast, robust pattern recognition to reliably guide the

measurement spot to the film thickness test structures.

Spectroscopic reflectometers have been used to measure thick films because they
can determine film thickness very rapidly. They also can operate with measurement spots
as small as ~50um in diameter. However, reflectometer accuracy degrades significantly
when measuring films thinner than 500-1,000 A. The ability to measure very thin films is
important in determining if over-polishing has occurred. On the other hand, measurement
accuracy and reliability for thick films are challenging qualities in a production CMP
metrology system. Inaccurate measurements resulting from the phenomenon known as
"order skipping" for instance, lead to mis-processing and costly scrapping of damaged

wafers.
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Scatterometry is one of the few metrology candidates that have true in-situ
potential for deep sub-micron oxide CMP profile analysis. In previous work, we have
demonstrated the possibility of using a library-based scatterometry method to match the
closest profile in oxide CMP [6]. In that project, the specular spectroscopic scatterometry
is designed to measure the 0% diffraction order at a fixed angle of incidence and multiple
wavelengths. The term “spectroscopic” means that multiple wavelengths are under used
simultaneously. Due to its fixed angle, specular spectroscopic scatterometry is easy to
deploy. Specular spectroscopic scatterometry can make use of a conventional
spectroscopic ellipsometer, and can be installed in-line or in-situ. Conventional

spectroscopic ellipsometry equipment can be directly used in this type of metrology.

Specular spectroscopic scatterometry, when implemented with a library of
generated profiles, is about 100 times faster than the SEM and the speed advantage is
even more significant when compared with the AFM. It is non-destructive, inexpensive

and easy to implement in-line in a production CMP system.

Metrology methods which can overcome the slow throughput and meet the
requirements of state-of-the-art CMP process-control are needed. For research purposes,
metrology methods which can monitor the profile evolution would be crucial for the
development and verification of a rigorous, first principle model for the state-of-the-art

CMP process for both oxide and copper.
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2.3 Background on CMP Process Modeling

The main feature of CMP, namely the removal of the material, is described by the

Preston’s Equation [7]:

dar

t

K.

::;!2
8|5

2.2)

where T denotes the thickness of the wafer, N/A denotes the pressure caused by the
normal force N on the area A. s is the total distance traveled by the wafer, and t denotes
the elapsed time. This means that the material removal rate is proportional to the pressure
and the velocity of the rotation. Any physical considerations are put into the Preston’s
Constant K, which is often considered the proportionality constant (i.e. independent of
pressure and velocity), but may also contain chemical effects. However, the chemical

reaction effects seem to dominate in real-life situations.
2.3.1 Inter-Layer Dielectric (ILD) CMP Process Modeling

Cook’s model [8] is applicable to CMP for bare silicon wafers. However, many
ideas are also applicable to the more general case of CMP for ILD. Cook starts from
Preston’s Equation. The slurry is assumed to be a viscous Newtonian fluid with a
viscosity of around 10°P with particles in it. The mechanical part of the interaction
between polishing particles and the wafer surface can be described by a model with a

spherical particle of diameter ®, which penetrates the surface with force Fs under the
uniform load N. For a standard Hertzian penetration Preston’s constant becomes(2- E ),

where the E denotes Young’s modulus. The surface roughness is the penetration depth
given by
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where k is the particle concentration (unity for a fully-filled closed packing) and P = %

is the pressure.

Impingement of particles carried in the turbulent liquid leads to Hertzian
penetration of the surface, converting kinetic energy into strain energy. Local bonding
during contact leads to weakening of binding forces at the surface, which allows atomic

removal to occur without introducing lattice dislocations.

An extensive study of the chemical part is presented in Cook’s paper. However, a

discussion of it is beyond the scope of this thesis.

Cook’s model is the most general modeling work for polishing so far. In
particular, it deals with the mechanics of the polishing particles and with the chemical
reactions. It covers almost all interesting topics and the method is explained by an
example (SiO; polished by SiO»-particles). This model is based on a smaller feature
length compared to the Preston’s model, as it deals with the particles and the particle size
in the slurry fluid. In the future, additional work is necessary to combine Cook’s model

with other models in order to get a sufficiently general model for the entire CMP process.

J. Luo and D.A. Dornfeld have explored the material removal mechanism in
chemical mechanical polishing recently [9]. Based on the assumptions of plastic contact
over wafer-abrasive and pad-abrasive interfaces, the normal distribution of abrasive size
and the periodic roughness of the pad surface, a novel model were developed for

predicting the material removal in CMP. The basic model predicts the material removal
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rate (MRR): MRR = p,N -Vol ..., Where p, is the density of the wafer, N the number
of active abrasives and Vol,,,,.., is the volume removed by a single abrasive.

Compared with previous modeling approaches, such as Preston’s equation, the
model proposed by Luo and Domfeld integrates not only the process parameters of
pressure and velocity, but also other input parameters including the wafer hardness, pad
hardness, pad roughness, abrasive size and abrasive geometry into the same formulation
to predict the material removal rate. A link between the chemical and the mechanical
effect has been captured through a fitting parameter in the model. It reflects the influence
of chemicals on the mechanical material removal. The fluid effect in the current model is
attributed to the number of active abrasives. The nonlinear down pressure dependence of
material removal rate is related to a probability density function of the abrasive size and
the elastic deformation of the pad. Compared with experimental results, the proposed

model predicts the material removal rate fairly accurately.

At this point it is appropriate to mention the MIT work on pattern dependency
effects [10-11]. Several models had been proposed to account for pattern effects in CMP
before the MIT Model but their applicability had been limited [12]. The limitations range
from being based on non-representative test structures to probing of small process
windows which limit the utility of the models beyond the scope of the original
experimental conditions. Most of the models before the MIT model, however, did not
apply across a whole die but rather focused on individual features.

As a prelude to effective modeling of CMP for oxide planarization, the MIT
metrology group performed polishing experiments for a wide range of die topography

patterns. A set of four masks shown in Figure 2.7 was used to generate the die patterns.
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Mask I explores the effects of area and consists of blocks of sizes ranging from 20um to
3000um. It also contains blocks which mimic realistic circuit layouts. Mask II examines
the effect of pitch. The pattern density — defined as the ratio of line width to pitch — is
maintained at 50% while the pitch is varied from 2um to 1000um in the 2Zmm x 2mm
blocks. Mask III explores the effect of density which is increased from 4% to 100% in
steps of 4%. Pitch is maintained at 250pum in each of the 25 2mm x 2mm blocks. Mask
IV explores the effects of block perimeter. It consists of blocks of constant area (1mm x
1mm) but with different perimeter/area ratios. The mask is divided into six sections and

the spaces between the blocks are decreased from 60pm at the bottom to 10pm at the top.

Mask I: AREA Mask II: PITCH
.- R
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Figure 2.7 MIT oxide CMP characterization mask set
These masks were used in a single-mask fabrication process to generate surface

topographies on 6” wafers to be planarized using CMP. The fabrication process consisted
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of 1000nm LPCVD TEOS deposition, metal deposition, and pattern and etch followed by
2000nm TEOS deposition.

The experimental results led to two important conclusions which are becoming
the basis for the later MIT CMP model: (1) the pitch (line width and line space), area and
perimeter are all minor effects to the final oxide thickness; (2) effective density is the key
layout parameter. That is, the oxide-polishing rate at each point is inversely proportional
to the effective pattern density. The effective pattern density depends on the nearby
topography and density. A certain window, whose side is so called the “planarization

length”, can determine the pattern density. Please see Figure 2.8 for the illustration.

e

Figure 2.8 Window used to calculate effective density
Planarization length is the approximate length of the “ramp” joining areas of
different removal rates, as determined by locally different pattern densities. However, the
planarization length must be characterized for a given process. In figure 2.8, the effective

density at X for a square constant weight window can be calculated as the following:

) } Raised — Area — in — the — window
effective — pattern — density = . : (2.4)
Total — Area — in — the — window

The long range “moving average” density calculation corresponds to a simple

convolution picture:



d(x,y)=p(x,)*I(x,y), (2.5)
where d(x,y) is the effective pattern density at (x,y), p(x,y) is the “planarization
impulse response” (weighting function) to raised features, /(x,y) is the local (feature

scale) density.

2.3.2 Copper CMP Process Modeling

The mechanism of CMP of metal is less understood and more complex than that
of oxide polishing. It has been conjectured that a metal polishing model should employ
both chemical etching and a passivation mechanisms [13-14]. For metal CMP, the
polishing slurry must contain three important constituents: the fine slurry particles, a
corrosion (etching) agent, and an oxidant. Planarization is achieved by the mechanical

rigidity of the polishing pad similar to oxide polishing.

Copper CMP processes have been studied at the MIT statistical metrology group
led by Prof. Duane Boning [15-18]. The research has been helpful in establishing the
pattern density and planarization length concept. They have been focusing on multi-layer
interconnect stacks, chip or wafer level variations in copper CMP. One aspect that
requires significant improvement however is the understanding of the feature-level,

multiple process and layout input parameters interactions in damascene process.

Recently, Lakshminarayanan et al. proposed design rule modifications in order to
improve the manufacturability by a reduction of the within-die resistance/thickness
variation based on experimental data [19]. Smith et al reported the effect of barrier layer

and dishing in copper interconnects using a fine Greek cross test structure [20]. Both
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projects see the opportunity of improving manufacturability in the backend by a better

understanding of the damascene process.

Copper metallization, which has replaced traditional aluminum technology for the
state-of-the-art IC’s, is expected to have ten levels of metal with as small as 50 A of
copper thickness loss for minimum feature arrays and less than 150 A of wide copper line
loss by year 2010. This is a challenging future requirement for the current chemical
mechanical polishing process, especially when current planarization technology often
exceeds 1000 A of copper loss in dense regions. The constraint on copper planarization is
made more difficult by the incoming integration difficulties coming from ultra-low-k
materials. The integration will impact CMP performance directly by causing varying

removal rates of copper on different pattern regions.

As we addressed before, while dielectric erosion has been extensively studied,
practical and quantitative understanding of the dishing effect is still at the developing
stage. The international technology roadmap for semiconductors calls for a full CMP
model in the near future with 10% topography accuracy of specification limits. Thus, it is
critical to have a systematic methodology for the characterization and modeling of pattern
dependent issues and problems in copper CMP process. This characterization will enable
an optimization framework to handle the CMP performance metrics in a balanced way.

These are the objectives of this thesis.
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Chapter 3 Integrated Characterization
of Layout Dependency in Copper

Damascene Process

3.1 Introduction

For the sub-90nm CMOS nodes, Chemical-Mechanical Polishing (CMP) is
widely used as the primary technique to planarize the Inter-Layer Dielectric (ILD) and
metal surface. Since the introduction of copper metallization in 1998 by IBM (Figure
3.1), CMP has been the enabling technology for the copper damascene process with the
high metal removal rate that is necessary in this kind of trench-first integration [1]. The
damascene process derives its name from the ancient metal decorating art of the Middle
East involving inlaying metal in ceramic or wood for decoration. Historically, the art of
damascene was practiced for centuries by Egyptians, Greeks, and Romans. The modern
damascene process was found to be a viable process to support the idea of using copper
to replace aluminum around the 0.35 micron technology node. As shown in Figure 3.2,
after the via plug process, the inter-level dielectric (ILD) is deposited without
planarization, since the surface is already flat. Trenches for metal lines are then defined,
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etched in the ILD, and filled with a metal such as copper. The excess metal on the surface
is removed and a planar structure with metal inlays in the dielectric is achieved [2]. The
damascene process eliminates the difficulty in filling small gaps between metal wires as
well as in metal etching, especially for Cu and other hard-to-etch metals. A dual
damascene process is demonstrated in the left side of Figure 3.2. In this process, vias and
trenches are defined using two lithographic and RIE steps, but the via plug is filled in the
same step as the metal line. Dual damascene minimizes the number of processing steps
by reducing the barrier layer depositions from two to one and by eliminating the CVD W
plug processes.

By replacing aluminum with copper, the metal wire resistance is reduced by about
30% and its electro-migration resistance also improves dramatically. Figure 3.2 shows
the process flow for a single (the right side) and dual (the left side) damascene process,

respectively.

Figure 3.1 Complex copper interconnects fabricated with IBM’s damascene process

28



Photoresist 1e——ggn SIS
N T DR

Photoresist 2

Metal
Barrier

Figure 3.2 Single (right side) and dual (left side) damascene process flow illustrations

However, the CMP damascene process also introduces undesirable side-effects,
including dielectric erosion and metal dishing. Fig. 3.3 illustrates their influences on
metal line cross-sections after CMP. Both effects originate from the material property
differences between dielectrics and metal under chemical and mechanical stresses. Both
erosion and dishing degrade the process quality, cause significant yield losses in the
Back-End-Of-the-Line (BEOL), and negatively impact interconnect performance,
especially for very wide global interconnects and metal layers that have a wide

distribution of pattern densities [3-5].

Dishing Erosion

ILD

Figure 3.3 Illustration of oxide erosion and copper dishing problems during copper damascene

process
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In this chapter, we design and measure test patterns to investigate the correlations
between the side effects existing in damascene process (e.g. oxide erosion and copper
dishing) and the layout characteristics. We develop a model that well captures the
correlation between the metal linewidth and the amount of dishing, given input
parameters such as speed, pressure, chemicals and pad information. After model
validation, we utilize the electrically tested conductance data to extract the useful

parameters, such as oxide erosion and dishing radius.

3.2 Test Pattern Design

Characterization of the pattern dependent non-uniformities in copper damascene
process is needed to understand the fundamental limitations of each process and assist in
new process development efforts. As we discussed in Chapter 2, some work has already
been done in this area [6-8]. In this work, we focused out study on one topic that people
have limited knowledge on — metal dishing. Based on that, we integrate the effects of
oxide erosion and copper dishing and attempt to present a general picture of the CMP
performance in correlation with the special layout on the mask and process input
parameters.

In our experiments, the impact of metal dishing is characterized by measuring
post-CMP line resistance (R). Since the dishing effect causes a non-planar metal surface
(as shown in Figure 3.3), and since it reduces the conductive cross-section it leads to
larger resistance, as compared to the theoretical value of R for a line with planar surface.
Therefore, in the design of test structures, the key consideration is its suitability for

electrical testing of R (E-test). Furthermore, since metal thickness loss caused by dishing
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exhibits strong correlation to metal width (e.g., wider lines suffers dishing more

severely), the design of test cells particularly focuses on the relationship between the

amount of dishing and line width (w).

wilpg

&0

Figure 3.4 Cell design for the electrical characterization of dishing effect in copper

damascene process

Figure 3.4 shows the layout of a test cell. Each cell contains eight serpentine-
shaped metal lines that vary in line width (0.4um, 0.8pm, 1.2um, 1.6pm, 2.0pum, 3.0pum,
4.0um, and 5um); the line length is 4mm; and the target line thickness is 0.4um. These
dimensions are chosen from typical global on-chip interconnect parameters. Depending
on the linewidth, the estimated line resistance is within the range of 30Q2 to 650€2, so that
R can be easily extracted by an automatic impedance test. For each line, there are two
pads at each end that are used as probe contacts during E-test. Four-point measurement,
which applies a known current through the two outer pads and measures voltage
difference between the two inner pads, is employed to measure the resistances of the
post-CMP lines (Figure 3.5). This enables reliable measurements of the resistance for the
straight line between the two middle pads without suffering the parasitic noise coming

from contact resistance variation.
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Figure 3.5 Schematic representation of the four-point measurement method

On the right side of the E-test cell, multiple copies of the eight long lines are laid
out for the scanning electron microscopy (SEM) test, which can provide the cross-
sectional view of metal lines after CMP. Overall, an E-test cell has a dimension of
1900um by 525um. In order to decouple dishing effect from erosion, pattern densities are
approximately uniform across the cell, so that metal thickness loss caused by erosion is
similar to different test lines. Moreover, the cell footprint is small but arguably
comparable to the characteristic length of ILD erosion during Cu Damascene polishing.
To ensure that oxide erosion was about the same throughout the various electrical
patterns, we established a wide area around the electrical patterns, where the pattern
density was carefully controlled by means of a grating. In addition, we measured the
post-CMP oxide erosion and found it to be constant within each group of electrical
patterns. Thus, for test lines with different widths on the same cell, their differences in the
increment of R after CMP are mainly caused by dishing. We expect at a large multi-
millimeter die or wafer scale, the amount of oxide erosion is a strong function of the

effective pattern density [9-10].



Based on the considerations above, we designed two masks. Mask #1 (as shown
in Figure 3.6) has 7 by 7 arrays of the E-test cells. In this mask, the effective pattern
density for each cell is approximately constant. Differences in the percentage resistance
change will only come from dishing effect. Mask #2 (as shown in Figure 3.7), on the
other hand, has 3 by 3 structures with different pattern densities set by the line widths and

the interspaces.
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Figure 3.6 Mask #! layout
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On Mask #2, the pattern densities range from 30% to 70% with a 5% step. At the
center of each structure, however, the pattern density remains constant as defined by the
uniformly distributed wide metal lines (>20 microns). Two basic E-test cells were placed
at the center of each of the structures. So the differences in the resulted sheet resistance
change (after polishing) will come from both the erosion and the dishing effects. The
equivalent pattern density of mask #2 is illustrated in Figure 3.8.

The pre-CMP test wafers using these masks are fabricated at the Berkeley and the

RPI Micro-fabrication laboratories as we will present in the next section.

3.3 Design of Experiments

After the masks were ready, we started the preparation for CMP with 150 mm

(6”) prime silicon wafers. The process flow is schematically shown in Figure 3.9.
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As shown in the Figure 6, nitride and silicon dioxide chemical vapor deposition
(CVD) was done in the micro-fabrication lab at University of California Berkeley.
Photolithography was also performed at Berkeley using the ASML DUV Stepper Model
5500/90 which is capable of printing 0.35um features. In the next step, dry oxide etching
was done using the single wafer silicon oxide plasma etcher. Subsequently, the wafers
were transported to the Micro-fabrication Clean Room (MCR) at the Center for
Integrated Electronics, Rensselaer Polytechnic Institute (RPI). After proper process
qualification, a thin barrier/adhesion promoter layer of Ta (~20nm) and bulk copper
(~1.5um) layer were deposited using CVC magnetron sputtering tool at RPI MCR.

Sputtering conditions for the Ta and Cu layers are as given in Table 3.1.

Table 3.1 Conditions for Sputtering of Tantalum and Copper

Metal Tantalum Copper
Power (kW) 1.95 23
Base Pressure (Torr) 1x10° 1x10°
Operating Pressure (Torr) 5x107 5x10°
Plasma Gas Ar Ar
Sputtering Time (minutes) 0.5 15
Sputtering Rate (nm/min) 4 100
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The output of the process flow was 18 wafers (with 9 of each utilizing mask 1 and
mask 2, respectively) available for the copper damascene CMP process.

The wafers thus prepared were polished on an IPEC-372M rotary polisher. A
typical baseline process for step-1 and step-2 Cu damascene polishing is tabulated in

Tables 3.2 - 3.3:

Table 3.2 Typical Cu CMP process parameters

Parameters Step-1 Settings Step-2 Settings
Down pressure 5 psi 5 psi
Back pressure 0.5 psi 0.5 psi

Platen speed 90 rpm 75 rpm

Carrier speed 90 rpm 75 rpm

Commercial non-

Slurry Commercial Step-1 slurry
selective step-2 slurry
Slurry flow rate 180 ml/min 180 ml/min
Rodel IC-1400 with k Rodel IC-1400 with k
Pad type
grooves grooves
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Table 3.3 Typical Cu CMP Conditioner settings (for step-1 and step-2)

Parameters Settings
Conditioner automated 9” diamond grit
Conditioning pressure 0.1 psi
Conditioning Time 30 seconds
Conditioning sequence ex-situ before polishing

The effect of four input parameters, namely, the pad, the polish pressure during
step-2 polishing, the step-2 slurry, and the damascene patterns, on damascene CMP was
studied in this work. Standard parameters as listed above were used during step-1
polishing; whereas these parameters were varied during step-2 polishing. One exception,
however, is that the same kind of pad was used in step-1 as required for step-2 polishing.
The variation in the parameters and their respective coding are listed in Table 3.4.

The pictures of the perforated IC1000 pad and the standard IC1400 K-groove pad

are shown in Figure 3.10 and Figure 3.11, respectively.
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Table 3.4 Input parameters, their variations, and coding

Parameters Description Code
Standard IC1400 with K-groove A
Pad

IC1000 perforated B
Pressure/Back Pressure Standard 5/0.5,2.5/0.5ps1 &
during Step-2 polishing Lower 4/0.5,2/0.5psi B
Step -1, followed by selective step-2 A

Slurry
Step -1, followed by non-selective step-2 B
Uniform pattern density A

Pattern
30%-70% pattern density with 5% step B

Figure 3.10 Surface of the perforated Figure 3.11 The standard IC1400 pad with
IC1000 pad K-groove



The design of experiment for exploring the effects of four different input
parameters on dishing is shown in Table 3.5. Sixteen experiments (and the same numbers

of total wafers) were needed for a complete permutation of the input parameters.

Table 3.5 Design of Experiments (DOE) for copper CMP processes

Experiment No. Pad Pressure Slurry Pattern
1 A A A A
2 A A A B
3 A A B A
4 A A B B
5 A B A A
6 A B A B
7 A B B A
8 A B B B
9 B A A A
10 B A A B
11 B A B A
12 B A B B
13 B B A A
14 B B A B
15 B B B A
16 B B B B

40



The polishing was performed in steps of 1 min. and 0.5 min. during step-1 and
step-2 polishing, respectively. After each polish run, the wafers were cleaned with DI
water using an OnTrak DSS200 double sided brush cleaner. These wafers were scanned
using a stylus profilometer and looked under an optical microscope to detect the end
point. Typically, step-1 polishing required a total of 3 minutes of polishing on IC-1400
with k groove pad and 4 minutes of polishing on IC-1000 perforated pad. Step-2 required
1 to 2 min. of polishing on IC-1400 with K-groove pad and 1.5 to 3 min. of polishing on
IC-1000 perforated pad depending upon the polish parameters. It is clear that IC-1000
perforated pad had lower removal rate and required longer polish time both in step-1 and

step-2 polishing.

3.4 Metrology

As patterned wafers deposited with copper were polished using particular
processes, the next step should be taking measurements on the finished structures and get
the useful information in order to carry out successful process modeling. As the
technology scaling proceeds, the cost of metrology during semiconductor manufacturing
becomes more and more expensive. Having the ability to measure what’s happening at
the feature level is essential to quality control, yield improvement and process modeling.

The first kind of metrology that we applied was an investigation on the surface
quality of the films after post-CMP cleaning evaluated by an optical microscope. A
comparison of the pre and post-CMP images is shown in Figure 3.12. Please note the
clear (blue) area in the post-CMP image was oxide and the opaque (yellow) area was

copper metal line. These pictures were taken at the RPI Center for Integrated Electronics.
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a. pre-CMP cell picture
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b. post-CMP cell picture
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Figure 3.12 Comparison of the pre and post-CMP images evaluated by an

optical microscope
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Figure 3.13 shows the post-CMP pictures for two different patterns (Mask #1 and
Mask #2). The pictures indicate that the copper was cleared on the oxide surface after the

two-step chemical mechanical polishing process.
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Figure 3.13 Post-CMP images evaluated by an optical microscope for two
different masks #1 (top picture) and #2 (bottom picture)
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These post-CMP wafers were then transferred to the UC Santa Barbara Nano-
fabrication Lab for some line profilometry measurements using their Dektak IIA tool.

In addition to these surface measurements, extensive data acquisitions were done
at the Berkeley Microfabrication Lab: optical field area measurements of oxide thickness
were done to obtain the absolute remaining film thicknesses at various locations around
the serpentine shaped lines. Also, electrical measurements were performed to measure
metal line resistance, which were later converted to oxide erosion and copper dishing
information (refer to section 3.6) for comparisons with the surface profile data and optical
dielectric film thickness. This electrical data analysis was particularly useful for multi-
level CMP characterization where surface profile scan does not necessarily indicate the
remaining copper thickness profile. We expected that the complementary use of both
surface profiles and electrical measurements will be beneficial on obtaining a complete
picture of the polished thickness/surface variations. All of these measurements are done
across various pattern regions to ensure that we have a data set that covers wide range of
pattern features.

In the next step we did copper CMP process modeling using the ample amount of

data.

3.5 Copper CMP Process Modeling Using the Dishing Radius

Concept

In this section, we first decompose the systematic variations in copper damascene
process to two effects namely copper dishing and oxide erosion. At the end of this section

we will combine these two components together to relate layout to CMP performance.
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3.5.1 Dishing Modeling

Since copper dishing becomes a concern in semiconductor manufacturing, people
have had various conjectures on the origin of dishing. In other words, why dishing occurs
during polishing?

One of the observations is that dishing is a consequence of over polishing. The
over-polish step is necessary for the removal of copper and barrier layer over the whole
wafer area to insure reliability and reasonable yield. And the polishing pad, which makes
direct contact to the wafer surface, was conjectured as a possible cause for metal dishing
because of its bending toward the metal surface over the pressure applied from the back
side of the rotating table [11-13]. To test the validity of this hypothesis, we did a simple
calculation based on bending beam theory. The setup of the wafer pad contact scenario is

illustrated in Figure 3.14.

W

Figure 3.14 Calculation of the maximum deflection of the pad (at the center of
the beam)
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The maximum deflection of the pad (at the center of the beam) A is given by the

following equation [14]
A wl'  wl
384EI 32Ef G.1)
where

E: modulus of elasticity of pad

L: width of the recess

I: moment of inertia = t'L/12

t: pad thickness

w: load per length

If we use the numbers corresponding to the typical CMP process: L=10um (i.e. a
10-micron wide trench), E=40GPa, t=1.25mm (based on the manufacturer’s
specifications), w=450KPa.um (assuming 6psi down pressure) the calculation result
gives a nearly zero deflection value. This strongly suggests that dishing is not a result of
pad bending. In order to find out the dishing mechanism, we have to review the facts in
the Chemical Mechanical Polishing system.

A recent study of the pad surface by Motorola showed the topography in Figure
3.15 [15]. It was a topology scan of a commercially available polyurethane pad. The scan
area is 200pum by 200um and the surface height variation is about 100um. The pad
designers typically design a rough surface with random asperities. The main reason for
this porous and rough felt-like surface is to provide slurry and by-product transportation

during the CMP process. The following graph gives a general picture of the pad surface.
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Figure 3.15 Topology scan of a commercially available polyurethane pad

Based on the nature of the polishing process, we should consider the wafer pad
contact mechanics shown in Figure 3.16. In a typical CMP setup, the pad and the wafer
are sliding with a relative speed v. The applied pressure is shared by pad asperities and
the slurry film between wafer and the pad. For typical platen speed, the hydrodynamic

pressure of the fluid film is minimal, so solid contact analysis is sufficient.

Pressure

REEEE

Figure 3.16 Proposed wafer pad contact mechanism under typical Chemical

Mechanical Polishing setup



If we review the resistance data that we took using the electrical tests, we find
interesting facts that relate resistance increase to linewidth. Table 3.6 lists the measured R
for various lines and the corresponding values if without dishing. As expected, the
measured R is larger due to dishing effect, and wider lines (that are subject to more
dishing than thin lines) suffer more severe resistance increase. For instance, R increases
by 9.4% when w=5um, while it is only 1.1% larger than theoretical value if w=0.4pm.
Fig. 3.18 shows the cross-sectional SEM pictures for 0.4um and 1.6um wide lines, which
confirms the observation that wider lines experience more dishing than narrower ones. In
addition, these pictures illustrate the non-planar shape of metal surface under dishing,
which can be approximated by the segment of a circle [16-17].

Such a concave-cylindrical surface is the result of both the overall mechanical
polishing and the statistical behavior of the polishing pad asperities in a CMP system [18-
20]. During chemical-mechanical polishing, material removal happens at the mechanical
contact between the pad asperities and metal surface, and, at a relatively slower rate, on
the dielectrics. Although the pad asperities have different sizes and heights, they come to
contact with every line feature with equal probability. As a consequence, the concave-
cylindrical topology forms during over-polishing. To empirically model this effect (in a
matter consistent with its physical basis), we introduce the concept of dishing radius
(Rgisn) that captures the cylindrical metal surface after CMP (Figure 3.17). Under this

model, line resistance under dishing is calculated as:

R=(p-len h) l—w(z_dt)_;.M -] 2 2—R 2gnt ¥ ] ”
p gt !— 2 J 2Rd’8h t 2Rdi.\"1 E ( | )

where the parameters are defined in Figure 3.17 and p is the resistivity of copper.
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Table 3.6 Theoretical and measured copper line resistances

Line Theoretical
Liner | Cut |Line Length| Measured R Difference
w R(no dishing) )
(um) | (pm) | (um) © inR (%)
(um) )
35 0.08 | 0.5 3961.0 35.18 32.16 9.39
4 0.08 | 0.5 3992.2 43.52 40.80 6.67
3 0.08 | 0.5 4023.4 58.10 55.47 4,74
2 0.08 | 0.5 4054.6 87.23 85.89 1.56
1.6 | 0.08 | 0.5 4067.1 111.69 109.69 1.82
12 1 008 0.5 4079.6 154.35 151.37 1.96
0.8 1008 ! 0.5 4092.1 246.63 243.27 1.38
04 | 008 05 4104.6 620.34 613.31 1.14
Dishing Radius
Rdish
____Qﬁiplshiﬂg)__
iLD Cu | t-dt iLD
e A
w >

Ryt dishing radius (the effective radius of pad asperity);
w: metal wire width
dh: metal non-planarity due to dishing;

Figure 3.17 Illustration of the Dishing Radius concept
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Figure 3.18 Post-CMP cross-sectional pictures of copper lines (1.6 and 0.4

microns)

One of the reasons that make this dishing radius concept useful is the observation

that it is independent of lindwidth for typical on-chip interconnect structures contained in
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our mask design. Ry is independent of line dimensions, but is a function of process
parameters (e.g., the pad asperity size, slurry chemistry, over-polish time, etc.). Once we
know the dishing radius, we get a general estimation of the performance based on the

following geometrical derivations (parameters are defined in Figure 3.17):

wY 2 2
21 van o = VAR’ =
2Ry _ [2J ¥ (3.3) therefore: dh= 2R i 42Rd'3h id (3.4)
2 dh
(-‘3) +dn?
2

When w << Rysn, We can multiply both the upper and lower side by 2R, +\/4Rm2 -w?

2
to get the general relationship between the dishing radius and dishing height ,-Y*_
8R

which is a convenient way to get the dishing information based on linewidth.
Not only the SEM pictures qualitatively validate our dishing radius concept, but
also the surface scanning profiles confirm the shape of the dishing after CMP. One of the

surface profiling data is plotted in Figure 3.19.
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Figure 3.19 Surface profiling curves validate post-CMP surface dishing shape
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Figure 3.20 shows a comparison between the line profilometry scans of Sum wide
lines on two post-CMP wafers (Experiment No. 1 and 3). As shown in the Figure, dishing
values of 24nm and 3nm were obtained for the wafers polished with selective and non-

selective step-2 slurries, respectively. This shows that the non-selective slurry effectively

reduces dishing.
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Figure 3.20 Line profilometry scans of post-CMP features

(Experiments No. 1 and 3)

Typical dishing values of the 5um wide lines on other wafers are listed in Table
3.7. Various conclusions can be drawn from the data shown in the Table:
1. Least dishing was obtained when a non-selective step-2 slurry was used

for Cu damascene polishing (Experiment No. 3 and 7).
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2. Reducing pressure with non-selective slurry did not have an appreciable
influence on the dishing behavior (Experiment No.3 versus 7).

3. The IC-1000 perforated pad yielded higher dishing than IC-1400 with k

groove pad (Experiment No. 1 versus 9 and Experiment No. 5 versus 13).

4, The reduction of polish pressure while using an IC-1000 perforated pad

had no effect on the dishing (Experiment No. 9 versus 13).

Table 3.7 Dishing values of 5um wide lines for different experimental

parameters
Experiment Polish Parameters Dishing Value
No. (Pad, Pressure, Slurry, Pattern) (dh)
1 (A,A A A) 24 nm
3 (A,A,B,A) 3 nm
5 (A,B,AA) 15 nm
7 (A,B,B, A) 3 nm
9 (B,A,AA) 30 nm
13 (B,B,A,A) 30 nm

3.5.2 Erosion Modeling

As mentioned in Chapter 2, substantial amount of characterization work has been

done in the field of ILD thickness variation during CMP process as a function of pattern
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density. Here we just extend this concept to the context of copper damascene process and
validate it using our measured data using NanoSpec™ Film Thickness Measurement

Model 3000 in the UC Berkeley Micro-fabrication Lab.
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Figure 3.21 The measured amount of oxide erosion as a function of copper

pattern density on Mask #2
This validates that the amount of oxide erosion is still approximately proportional
to the copper pattern density as defined on Mask #2. It is clear that the concept of pattern

density and planariztion length holds in the context of copper CMP process.

3.6 Model-Based 2D Profile Extraction

We have qualitatively learned the shape of the post-CMP metal lines. Based on
the data we have, we may be able to answer another question: Is it possible to extract

more process-related information using the e-test data?
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3.6.1 Key Ideas

Figure 3.22 shows the difference between the measured line resistance and the
expected R with a perfect flat surface with no recession. Figure 3.23 shows the same
metric normalized by the expected R. We find that for narrower lines, the R increase is

mainly due to corner rounding and wider lines suffer more from copper surface dishing.

difference between R_measured and R_expected
{w/o dishing and corner rounding)
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Figure 3.22 The difference between measured and expected R as a function of

metal linewidth
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Figure 3.23 The difference between measured and expected R as a function of

metal linewidth normalized by R_expected
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3.6.2 Profile Modeling

We used electrical measurements to get the line resistance information after CMP;
next objective is to find out what the shape of these damascene structured lines looks like.
Based on some cross-sectional SEM pictures and analytical work, we model the profile
mainly the following: The final cross-section is a confluence of a rectangular metal wire,
some corner rounding at each lower side, and some dishing to the copper surface (as
illustrated in Figure 3.24).

In Figure 3.24, w is the line-width; ¢ is the initial total thickness; dr is the metal
thickness loss due to oxide erosion; 7 is the radius of the corner rounding. Ry, is the
dishing radius for the process. From the previous equation on dishing, we notice that the
metal volume loss is a non-linear function of Rgish. In order to linearize this effect and
without losing its physical integrity, we took the first order derivative of the dishing-
related terms in equation (1) with regard to w. A dishing coefficient a is used to account
for the dishing of different lines, replacing the Rysn term in our model. In other words, the
dishing for a line with width of w is simplified to be a.w as a first step. Notice that the
volume loss due to dishing is roughly proportional to w’, however in terms of percentage
of loss should be proportional to w. We also made the assumption that both the erosion
and corner rounding are independent of linewidth. This is valid because we avoid using
the lithography-limited features in our mask design (minimum linewidth on mask was
0.4um) and the lines were designed sufficiently close to each other in order to get the

same amount of erosion, as stated in Section 3.2.



\
\
\
\

Rdish
\
Dishing Radius *

\

Rdish: effective radius of pad asperity
t. ideal metal thickness

dt: metal thickness loss due to erosion
r: corner rounding dh: metal dishing

Figure 3.24 Profile modeling for post-CMP metal lines

3.6.3 Measurements and Validation

Next we formulate the equations for N different lines. R is the resistance of the
line and Y is the conductance of the line. We define y as the “normalized” conductance;
yo as the “normalized” conductance with ideal rectangular cross section; y. as the
conductance loss due to erosion, y, as the conductance loss due to corner rounding; y, as
the conductance loss due to dishing. The ideal resistance and conductance expressions

are:

w

— ’ t
P (3.5)

r=2L y_1
W -t R

RS
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both p and L are known numbers based on the metal film characterization and mask

design. Define y=YepeL we get

Y=Yo = Ve = Vr —Va (3.6)
therefore:
3 =W,z—Wldt—2(l—%)r2 —(al))e W,

y2 =Wyt = Wdt =21 =)’ ~ (@Wy) o,y

yy = WNt—Wth—Z(l—%)rz —(@Wy)o Wy

where N is the number of lines measured on one die (or wafer). Collecting the terms and

rewriting the above equations into a matrix form, we get the following over-determined

system:
Wi 2= -
N1 x ) [t —dr
Y |_{ W2 —2(1—2) -W; 2
e . e la 3.7
B Y -
Wy —2<1—§) -y
By defining
_ i, ;
N LA S B
Y1 - .
T 2 t—dt
w, -2010-=) -
b= Y2 A= 2 ( 4) ? X = 2
b , ® ® © ,
Y | 4 N
N Wy -20-7) —W2 -




Equation (3.7) becomes ¥ = 4x . We then solve this and get the parameters we are
interested in: df is the erosion, #° is the corner rounding radius and g is the dishing
coefficient by equation (3.8).

x=(A"TA)TAY (3.8)

To ensure that (474) is not singular, the basic requirement is that we use metal
lines with different linewidths on our test structure. The number of data points can also
determine whether the system is also relatively well conditioned.

We then plug in our electrically tested data points from one sample die and
perform the parameter extraction. The plot of the original data points versus the model

predictions is shown in Figure 3.25. The extracted parameters (after ﬁliering out the

shorted and broken lines) for a typical die are:

t—dt| [0.3026
2 0.0747
a 0.0062 |

Since the system is over determined, I was able to extract the confidence intervals
for each of the parameters above. And the 95% confidence intervals are listed as follows:
t-dr: [0.2804, 0.3248]
rt:  [0.0540, 0.0954]
a: [0.0058, 0.0066]
These tight confidence intervals mean that the extraction tool filters out the

signals (the parameters of interest) effectively.
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In short, as a case study, we learn that the erosion for this die is about 0.1 um; the
rounding radius is about 0.27 pum (the square root of 0.0751) and the dishing factor is
0.0062, which indicates that for 2um lines the dishing was around 12 nm (~3.1%) and for
Sum lines the dishing was 31 nm (~7.7%). All of these extracted parameters are in good
agreement to those in the SEM pictures and data from the surface profiler. A residual plot
in this extraction is shown in Figure 3.26. The plot gets slightly nosier as it approaches
the narrowest line on the chip. However, there is no obvious pattern left in the residual
plot, which is a good indication that the model fits well with the measured data.

Since this is a well known least square estimation method for solving over-
determined systems, its precision is a function the data sample size and the precision of
the electrical test. Simulations show that this technique can be scaled down to sub-100nm
features with scalable processing capabilities (lithography, etching and CMP). On the
other hand, process engineers can assign longer lines in their test pattern design in order
to achieve better sensitivity for the metal lines resistance. By putting these types of
structures on the mask, erosion and dishing information can be brought to the front after
few electrically tested data points. People can extract useful parameters at the die or
wafer level non-destructively and readily. This can potentially be integrated into an

automated probing tool and improve the metrology efficiency.
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Figure 3.25 Model parameters extracted from measurement
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Figure 3.26 Residues plot after the extraction
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Chapter 4 Model-Based CMP Process

Optimization

The semiconductor industry is continuing its unabated growth over the last 40
years [1]. As the technology advances into the sub-100nm range of process geometries,
the ability of IC manufacturers to build smaller, faster and less-expensive transistors and
interconnects has become the critical issue in order to sustain the long term prosperity of
the global semiconductor industry. A typical problem is due to process variability, to the
extent that manufacturing system performance can not meet the stringent requirements
imposed by Integrated Circuit designers.

In this chapter, we will utilize Chemical Mechanical Polishing as a case study in
discussing the importance and feasibility of optimizing the process performance through
Design of Experiments (DOE) and Statistical Process Control (SPC).

This issue predates the semiconductor re;/olution. From the beginning of the 20th
century, quality, particularly the dimensions of component parts, became a very serious
issue because no longer were the parts hand-built and individually fitted until the product
worked. Now, the mass-produced part had to function interchangeably in every product

built. Quality was initially obtained by inspecting each part and passing only those that



met specifications. This was true until 1931 when Walter Shewhart, a statistician at the
Hawthome plant at Western Electric, published his book Economic Control of Quality of
Manufactured Product (Van Nostrand, 1931). This work is the foundation of modern
statistical process control and provides the basis for the philosophy of total quality
management or continuous process improvement. With statistical process control, the
process is monitored through sampling. Considering the results of the sample,
adjustments are made to the process before the process is able to produce defective parts
[2-5].

The idea of control charts was based on the assumption that a normal process can
have reasonable variations around the expected center point (based on the central limit
theorem [6-7]). The center and spread of this fluctuation become the basics in a control
chart (Figure 4.1). Any points outside the control limits need a closer look — they could
be the results of normal fluctuation of the process or it can have an assignable cause, for

example, the wear-out of the polishing pad or slurry particle degradation.
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Figure 4.1 Ilustration of the basic components of the control chart using Oxide polish rate as an
example: data points, center line, Upper Control Limit (UCL), Lower Control Limit (LCL) and
Outlier

The paradox in real world often appears: on one side, people complain that they
don not have enough resources (personnel, metrology tools etc.) to carry out the
necessary experiments and obtain data in order to learn what is happening within the
polishing process; on the other hand, people are puzzled by large amounts of data that is
not properly or efficiently utilized. In this context, the idea of design of experiments
comes into play. Engineers have tried “one-factor at a time” experiments to characterize
and model the process, however, as the input parameters in a polishing system increase
dramatically over the past few years, it becomes essential to efficiently plan and design

the experiments before implementing them.

4.1 CMP Process Performance Metrics

There are several output metrics in a chemical mechanical polishing process,
ranging from the waste volume to the flatness of the wafer surface. However, only a
subset of these is critical for quality improvement purposes. In other words, it will be
very costly to optimize everything because the problem will become too complex and
eventually intractable. In this section, we attempt to identify and enumerate these key

outputs.
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4.1.1 Material Removal Rate (MRR)

The material removal rate (MRR) metric literally means how fast the polishing
process can remove the film from the wafer surface. For blanket film, it can be defined as

dh
=2 a4,
MRR 7’ 4.1)

where A is the thickness of the film and 7 is the polishing time. For patterned films, since
the material removal rate at different sites can be different, MRR is thus defined as the
removal rate of the bulk area, a large enough plain surface formed by the material of
interest (typically more than 1mm?).

The Material Removal Rate is J;ust one of the key metrics in CMP because it
directly relates to the throughput of the process. If we can fix other metrics, the higher
MRR is desired because it will allow semiconductor manufacturers to process more

wafers during the given amount of time.
4.1.2 Selectivity

Selectivity is defined as the ratio of the two different material removal rates:

MRR,

Sy =
12 = 31RR,

“4.2)

With other metrics fixed, a higher selectivity might be desired because the material
removal will prefer one over the other. A good case of this will be plasma etching of the
trench in the back end of the process: higher selectivity means a more planar bottom
surface as shown in Figure 4.2. However, in the copper damascene process, during the
second step (over-polish), a lower selectivity might be preferred because it will cause less

copper dishing, as shown in Figure 4.3.

68



‘ high selectivity| Etch low selectivity

bbb byl

IiLD

Etch Stop Layer

Figure 4.2 Illustration of the concept of selectivity — the scenario in plasma etching where high

selectivity is desired
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Figure 4.3 Illustration of the concept of selectivity — the scenario in the over-polishing step of the
damascene process where low selectivity will be helpful in reducing metal dishing
The state-of-the-art semiconductor manufacturing process deals with several
different materials in one step, which makes selectivity one of the critical metrics in

process integration for the purpose of achieving higher yield.
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4.1.3 Inter-layer Dielectric (ILD) Erosion

Erosion is defined as the inter-layer dielectric thickness loss compared to the bulk
ILD area. As we discussed in Chapter 3, due to the different material properties under
mechanical and chemical stress during CMP, copper and ILD will experience different
removal rate during the over-polishing step. The area with more copper tends to be
polished faster. The ILD thickness loss appears to be proportional to the copper pattern
density. With the current scaling efforts of lowering the dielectric constant &, newer ILD
films are softer and porous [8-10]; as a result the erosion metric is becoming more

important in measuring the performance of the CMP process.
4.1.4 Metal Dishing

Based on the ﬁndmgs in Chapter 3, we can define metal dishing in two ways: one
is using the dishing radius concept; the other is using the metal thickness loss at the
center of a metal line with standard linewidth (e.g. 1pm). Metal dishing mainly occurs in
the over-polishing step [11-13]. This step is indispensable because it is extremely hard for
every site on the wafer to reach the endpoint at the same moment. Some over-polishing
will be needed for reliability considerations — if at any site the metal is not cleared the
circuit will not function correctly, leading to yield loss.

All these four metrics (Material Removal Rate, Selectivity, ILD Erosion and
Metal Dishing) are critical in the copper damascene process, since they capture the
general performance of a copper CMP process. Other metrics, such as device scratching,

etc, can be considered secondary. Optimizing the critical metrics by tuning the different
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input variables, such as pressure and velocity hence becomes essential in improving the

yield of copper damascene process.
4.2 Framework of Process Performance Optimization

The simultaneous control of the four critical performance metrics can be viewed
as a multi-objective optimization problem. Some theoretical work has been done in this
field [14-17]. J. Nash developed one of the most representative methods in the 1950s
[18]. Other more modern approaches involve so-called “genetic” algorithms [19], but the
application of those is beyond the scope of this work. We note that one key limitation for
using any optimization technique in our CMP control problem is the lack of reliable
models that link the input settings to the critical output metrics [20]. The models that we

will use in this work are discussed next.

4.2.1 Models Used in the Framework

4.2.1.1 MRR and Erosion Model

From the characterization work in Chapter 3, we concluded that in the damascene
process, the dielectric thickness variation is a function of the CMP process, the feature
geometry, as well as the geometry of near by features. This observation is in general
agreement to the conclusions drawn by the ILD CMP study by Ouma [21-22]. In copper
CMP, the final ILD thickness variation model is fundamentally linked to the Preston’s
equation, which relates the removal rate on a blanket wafer to the product of applied
pressure and relative velocity. For the structure shown in Figure 4.4, the blanket (planar

region) removal rate is given by:
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MRR=-Z —kpv,  (4.3)

where P is the pressure, v is the relative velocity between the pad and wafer, k is

Preston’s constant.

Bulk area

ILD Metal

Figure 4.4 During the over-polishing step in a typical damascene process, the bulk ILD area
suffers no significant erosion.

Differences in pattern density result in different post CMP ILD thickness across
the chip since the ILD line sparse regions polish faster than dense regions. The effective
pattern density is calculated as the amount of ILD in a given area divided by the total area
in that region (see Fig. 4.5). The “given area” refers to the interaction distance, which is a
function of the process, CMP tool, and consumables. The pressure can be represented as
F/A, where F is the down force exerted on the wafer and A is the area of the oxide
contacted by the pad. Copper also supports some of the down force but since it is much
softer than oxide (the hardness of Copper is 3 while oxide is 5.5 on the Mohs scale) its
share of down force support is relatively small. With L defined to be the interaction
distance and p(x,y) being the effective pattern density,

. dh i kFv _ _kPNamV

MRR=-—=— = y
dt L'p(x,y) px¥)

(44)

where Py, is the nominal pressure applied on the wafer.
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Figure 4.5 Illustration of the effective pattern density calculation for the point of interest (x,y)
using a square window (size L) in damascene process.

This model captures the (ILD) material removal rate and erosion. For a given
layout pattern on a die, the pattern density distribution is fixed; erosion is essentially a
measure of the difference in polishing rate at different locations on the die. So the amount

of erosion will be proportional to MRR in the bulk area.
4.2.1.2 Metal Dishing Model

Thanks to the dishing radius concept introduced in Chapter 3, we know that
dishing and thickness loss at the center of a standard-width line are not independent.
Moreover, once one parameter is known, the other can be calculated easily. In this study,
we choose the latter as the metric (dishing thickness loss at the center of S5um line). As
we discussed before, dishing is a function of the consumables and process input
parameters. Some of the properties, such as the pad roughness, are hard to quantify. In

modern polishing systems it is not very common to change the pad type frequently. To



simplify the modeling problem, we assume that dishing is a strong function of the
pressure, velocity and over-polish time; other input parameters such as slurry flow have
minimal effect [23-24].

Once identified the important parameters, we designed experiments to model their
effects on dishing. The experimental sequence we used is a 2*" factorial design as shown

in Table 4.1.

Table 4.1 Design of Experiments (DOE) in modeling the dishing effect in copper

CMP process
Pressure Speed Overpolish
Experiment No. (60rpm- Time (15sec-
(3psi-6psi) 100rpm) 30sec)
1 -1 -1 1
2 -1 1 -1
3 1 -1 -1
4 1 1 1

Please note that in Table 4.1, each factor is exercised in two levels, and it is used
an equal number of times at the high and low setting. The decision about number of
levels will depend to some extent on prior knowledge (if any) about the factor. Three-
level studies will be beneficial if curvature effects are likely to be present within the

range of factor settings. This idea is illustrated in Figure 4.6.
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Figure 4.6 Cases when a three or more level becomes necessary: A two level study (the left) will
give the illusion of no effect from the factor while a three level study (the right) will uncover the
curvature effect

We had limited experimental resources, so we performed a two-level study
assuming that the curvatures are second order effects (this assumption was justified in the
case study in section 4.3). After randomizing the runs in Table 4.1, we carried out our
experiments and built the linear model that relates the three parameters to dishing. The

dishing measurements on the Sum line using the Dektak Surface Profiler are listed in

Table 4.2.
Table 4.2 DOE measurement Results
Dishing (Sum line
Overpolish s )
Run No. Pressure Speed .
Time (unit: nm)
1 -1 -1 1 30
2 -1 1 -1 22
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The model is then built by just using the main effects:
Dish= Dishy +pressure*® Effect _ P+ speed * Effect _v+time* Effect _t +noise , (4.5)
where
Dishy = average(Dish;, Dish,, Dish;, Dishg) = (30+22+25+20)/4 = 24.25 (nm)

(Dish, + Dish,) _(Dish +Dishy) (25+20) _(30+22)
2 2 2 2
Effect P= = =-1.75
ffect _ 2 2

(Dishy + Dish,) _(Dish + Dishy) ~ (22+20) _(30+25)

2 2 2 2
E /4 = = = —3.25
ffect _v 3 >

(Dishy + Dish,) _(Dishs + Dishy) ~ (30+20) _(25+22)

Effect_OT = 2 > 2 =—2 > 2 _075

please also note that in the model, the pressure, speed(velocity) and over-polish time
should all be normalized within the [-1, 1] interval. The real values of these parameters
were listed in Table 4.1. These calculated effects from different input parameters agree
well with our findings in Chapter 3.

Based on the model that we just developed, it becomes possible to predict the
dishing perspective of the CMP process performance by plugging in the appropriate

normalized values of input parameters.
4.2.1.3 Selectivity Model

Limited by experimental and metrology resources, we were not able to get enough

data points to develop a linear model between selectivity between copper and inter-layer
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dielectrics. However if selectivity becomes more important in a copper CMP process,
following the framework that we described in 4.2.1.2, it is straightforward to develop an
empirical model between selectivity and process input parameters such as pressure and
speed: the basic test patterns should include both materials (copper and oxide) on the
same layer through damascene process. The metal line width should be in the millimeter
or at least hundreds of microns range (to ensure it is much greater than the characteristic
size of pad asperities which is around 50um). Then the input settings can be changed and
the process can be fingerprinted in order to find out the optimum range for
characterization. The rest is similar to 4.2.1.2 and a model can be set up in a few runs.

At this stage, we have got all the models that we are interested to discuss the

optimization work.
4.2.2 Weight Coefficients and other Optimization Considerations

The process optimization methodology is based on the input and output
parameters that have been selected. In general, a cost or objective function is created in
terms of the outputs (and possibly the inputs), which defines the relative quality of a set
of outputs (and inputs). Specifically, a lower cost implies a better set of process
parameters, meaning that a globally minimum cost is the desired operating point. The
following sections describe the strategies and issues involved in process optimization for
the multi-input-multi-output (MIMO) chemical mechanical polishing control problem.
There are two main steps involved: selection of an appropriate cost function, and
performing a constrained optimization over the cost model to find the inputs that yield the

lowest cost.
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In order to make a decision in the face of multiple objectives it is necessary to
know the relative importance of the different objectives. Yet, it is often very difficult to
specify a set of precise weights before possible alternatives solutions are known. The
weight selection process can be interactive and iterative before arriving at an acceptable
solution. The decision maker gradually discerns what is achievable and adjusts the
weights to enforce trade-offs between the objectives, as knowledge about these -
interactions increases. In our example, we initially assume that the process engineers
know qualitatively what objectives weigh more and they have a tentative set of weights to
start with,

Often the cost is based primarily on the outputs and only slightly, if at all, on the
inputs. In this CMP performance optimization problem, a minimum cost solution should
occur when all measurements have achieved the target values (MRR, erosion, dishing
etc.), and all of the inputs are within the valid operating ranges. A constrained
optimization capability eliminates the need to worry about input ranges, so the cost
function is often based solely on the output optimality criteria.

Cost functions can take different forms, but a weighted sum of squared errors
from the output targets is common and often analytically meaningful. In this study we

apply a traditional quadratic form:
Cost =) [w,(T arget, — Measured )}’ 4.6)

This function sums over all outputs (i), the product of a weighting term (w;) and the
squared difference between the output target (Target;)) and the actual (measured or

predicted) output (measured;). The weighting terms scale the importance of meeting
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various output targets. The weights could reflect trade-offs between comparing outputs of
different types, or trade-offs between the relative importance of outputs that are the same
type (e.g. at the different sites on the wafer).

Now we have all the available ingredients to carry out the optimization work. Let
us assume the following models, which can be characterized by experimental designs, as
described in section 4.2.1.2:

Dish= Dishy +pressure* Effect _ P+ speed* Effect _v1+time* Effect _11+ noisel 4.7)

Selectivity = Selectivity, +pressure® Effect _ P2 + speed* Effect _v2 +time* Effect _12 + noise2

(4.8)
MRR = MRR,, +pressure* Effect _P3 + speed * Effect _v3 +time* Effect _t3+noise3  (4.9)
Erosion = Erosiony +pressure* Effect _ P4 + speed * Effect _v4 +time* Effect _t4 + noise4

(4.10)

And our cost function is:

_ 2 2
Cost = W dish [(T arg el gy — Measured dish )] + w.veimivily [(T arget selectivity — Measured selectivity )] +

WiRr [(T arg elypp — Measur edMRR )] 2 + W Erasion [(T arg el googion — Measured Erosion )]2

4.11)
By substituting equations (4.7) — (4.10) into equation (4.11), we get the cost function in
the form of input parameters (pressure, speed, time). The optimization problem now
becomes the minimization of the cost function
Cost = f(pressure, speed, time) (4.12)
In order to get the minimum cost, we take derivatives on the cost function with respect to
the input parameters and set them to zero:

Of (pressure, speed, time) _ (4.13)
Opressure
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Of (pressure, speed, time) _
O speed

0 (4.14)

of (Pressurej speed, time) _ (4.15),
Otime

write the equations above into matrix form and solve them to get the best seftings
(pressure, speed, time). The settings should be examined using the second derivatives in
order to eliminate the possibilities of getting the maximum or a saddle point in the cost

function [34]. The overall process follow is shown in Figure 4.7.

Specification ‘ Set weights for
requirements metrics
ify CM . .
perflg::::‘ycg mZtrics — | Identify Cost function

Process
Identify key contributing Optimization
Input parameters (optimizer)

Design of Experiments | —— | Model development

Figure 4.7 Flowchart of the CMP process optimization framework

We recognize that this method applies only in limited cases. In reality, the
“zeroing” of the derivatives is often an implicit part of a more comprehensive
minimization algorithm, which is more often than not, iterative in nature. Nevertheless,

this optimization framework provides process engineers some opportunity of dynamic
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Run-to-Run Control [25-29]. We will come back to this aspect in the “Future Work”

session of this thesis.
4.3 Examples on Process Optimization

Now we have developed the basic optimization flow that has all the necessary
building blocks in a semiconductor process development environment. Then it should be
the time to bring in some numerical examples to see how these parameters interact and
compromise under a certain preference. However, before we show that, it is useful to
review the classic Taguchi approach in order to justify the weighting system that will be
employed in this section.

The Taguchi approach has become increasingly popular as a method for
developing engineered products [30]. It promises, and delivers, an ability to increase the
quality of an engineered product via simple changes in the method by which engineers
perform their usual design tasks. Given the bold claims, there has been relatively little
research in the semiconductor process design community on Taguchi’s method: its
assumptions, mathematics, techniques, and applications. In this section we will review
the key concepts of Taguchi philosophy and apply a subset of them in the optimization
case study.

Taguchi starts with a new definition of quality: Quality is related to the total loss
to society due to functional and environmental variance. Taguchi’s method focuses on
robust design through the use of S/N ratio to quantify quality and orthogonal arrays to
investigate quality. It emphasizes that quality is not only meeting the specs but really

hitting the target [31]. The quadratic loss function is illustrated in Figure 4.8.
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Figure 4.8 the quadratic loss function

The Taguchi concept of robust design is based on maximizing performance
measures called signal-to-noise ratios by running a partial factorial set of experiments
using orthogonal arrays. The signal-to-noise ratio is typically given by

S/N =-10 log [MSD] (4.16),
where MSD refers to Mean Square Deviation of objective function.

The S/N ratio aims at achieving the separability of design factors into control
factors and signal factors. A robust optimum design is identified by finding the optimum
setting of the control factors to reduce variation and then adjusting the signal factors to
shift the mean. Additivity of factor effects is an important consideration in statistical
design of experiments. It ensures that the performance measure is not adversely affected
by the non-linearity of the objective function. Note that this form of the S/N ratio does
not guarantee separability and additivity for all types of objective functions, and thus the
use of transformations may become necessary [32].

If the additivity assumption holds, the S/N ratio in Taguchi’s method is essentially
exchangeable with the metric that we developed in previous section 4.2.2 of this chapter
Ly) = k(target—y)z. The classic Taguchi’s concept provides a strong foundation for our

optimization framework.
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4.3.1 Linear Optimization

We assume that the key metrics have been identified as discussed in section 4.2
and data are obtained through basic experiments. The results are listed in Table 4.3.
These results are conceptual and partially based on published data [33]; nevertheless they
should be in good quantitative agreement with a typical copper damascene development

process in the 0.13um technology generation.

Table 4.3 Copper CMP Process characterization Results

Run Slrry | Material | Erosion | Dishing
Pressure | Speed | particle | removal (50% ( Spm line:
No. size(nm) rate area: nm) nm)
(nm/min)

1 -1 -1 1 490 28 30

2 -1 1 -1 525 23 22

3 1 -1 -1 546 34 25

4 1 1 1 503 31 21

The pressure and speed ranges are listed in Table 4.1. The (average) slurry
particle size window is from 80nm to 150nm and it is normalized to the [-1, 1] scale. For
dishing, we have built the model as discussed in 4.2. The only difference is now slurry
particle size is used in place of over-polishing time as the input. Following similar
procedures as in section 4.2, we obtain:

Dish= Dish +pressure* Effect _ P + speed * Effect _ v + size* Effect _ s + noise
=24.5-1.5% pressure—3.0* speed +1.0% size

Similarly, the erosion model can be set up as the following:
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Erosion= Erosion +pressure® Effect _ P + speed* Effect _v + size* Effect _s + noise
=29-3.5* pressure—2.0* speed + 0.5* size

Finally, the bulk copper removal rate as a function of pressure, table speed and slurry
particle size is modeled as

MRR=MRR, +pressure* Effect _ P+ speed* Effect _v + size* Effect _s + noise
=516+8.5* pressure - 2.0* speed -19.5% size

Let us assume that the targeted outputs are: MRR = 550nm/min; erosion = 20nm and
dishing = 15nm. Using the models we just developed, the cost function is written as the
following:

Cost(p,v,s) = Wy [(15-24.5+1.5* p+3.0*v—1.0*5)/15)° + Worosion[(20—29+3.5* p+2.0*v -
0.5%5)/20)% +wyp[(520-516-8.5* p+2.0%v+19.5*5)/ 520)?
=W [(<9.5+1.5% p+3.0*v=1.0*5) /151 + W0, [(-9+3.5% p+2.0%v—
0.5%5)/20) + wypp[(4-8.5% p+2.0*v+19.5%5)/ 520

Case 1: We want to put more weight on erosion and dishing (yield) in comparison to
Material removal rate (throughput): 45% weight on dishing, 45% on erosion and 10% on
MRR.

The cost function becomes:

Cost(p,v,s)=0.45*[(-9.5+1.5* p+3.0*v-1.0*5)/15]* +0.45*[(-9+3.5* p+2.0*v—0.5*5)/20]?
+0.10[(4 -8.5* p+2.0*v+19.5*5)/520)°

As discussed in section 4.2, in order to get the minimum cost, we take the partial
derivatives on the cost function with respect to the input parameters and set them to zero
we can get three equations. Write the equations into matrix form and solve to get the
optimized settings (pressure, speed, size). By checking the second derivatives of each
parameter to be positive, we did confirm that these settings minimize the cost function.

The results are listed in Table 4.4.
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Case 2: We want to put more weight on Material removal rate (throughput) in
comparison to erosion and dishing (yield): 5% weight on dishing, 5% on erosion and
90% on MRR.

The cost function becomes:

Cost(p,v,s)=0.05*[(<9.5+1.5% p+3.0%v—1.0%5)/15)> +0.05*[(<9 +3.5% p+2.0*v—0.5%5)/20]
+0.90[(4 -8.5* p+2.0*v+19.5%5)/520]?

Using the same procedure as in Case 1, we solve the partial derivatives matrix to get the
optimized settings (pressure, speed, size). Again, the second derivatives of each
parameter were checked to be positive in order to confirm the minimum claim. The

results are also listed in Table 4.4.

Table 4.4 Integrated CMP Optimization Results

Input parameter Output

Weights settings performance

Case i =1 =

No. Objective olegl oo E« c E E
{omt E

‘f’é 23| 8| &S &5 E w| g

S|21 8|2 |2|81Fg£E|%

Al A “laz|" 8B €

[ R €3

0 Center point - - |45 80 |115|516|24.5| 29

Minimal erosion and dishing 10% |45%145%4.65| 76 13‘8' 498 | 21 |15.6

! (higher yield)

Faster Material removal rate o
2 (Higher through-put) 90% | 5% | 5% | 3.5 | 90 |85.6|520{27.5|23.8

As shown above, the process input variables can be tuned to serve the purpose of

optimizing the emphasized output performance. It can have different kinds of boundary
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conditions (for example, erosion less than 25nm) and target values (e.g., the higher MRR
the better), however, the key concepts (design of experiments, modeling, optimization)
developed in this chapter will hold. After these numerical calculations, process
developers can apply these settings to validate that optimum and feedback as shown in
the flowchart Figure 4.7.

The previous example works well with linear models. In a state-of-the-art
polishing process, due to the consumable complexity and interactions, the relationship
between the inputs and outputs typically appears non-linear. In this case, the classical

Taguchi’s method using orthogonal arrays can be employed as a more powerful tool.

4.3.2 Application of Taguchi’s Method

The method of investigating all possible combinations and conditions in an
experiment (involving multiple factors) is traditionally known as factorial design. The
factorial design is based on the theory, that for a full factorial design, the number of
possible designs, N (number of runs), is

N =L*m, (4.17)
where L = number of levels for each factor

m = number of factors involved
Orthogonal Arrays (OA) are a special set of Latin squares, initially constructed by
Taguchi to lay out the product design experiments. During regression analysis, an
orthogonal arrangement of the experiment gave us independent model parameter
estimation. Orthogonal arrays have the same property: for every two columns all possible

factor combinations occur equal times. By using the basic architecture as shown in Table
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4.5, a 3-level orthogonal array of standard procedure can be used for a number of

experimental situations in CMP process optimization.

Table 4.5 Experimental Design using Orthogonal Array Lg(3%)

Column (variables)

Run No. A B C
1 1 1 1
2 1 2 2
3 1 3 3
4 2 1 2
5 2 2 3
6 2 3 1
7 3 1 3
8 3 2 1
9 3 3 2

In our case study, three input variables are pressure, speed, slurry particle size.
And the outputs are Material Removal Rate, Dishing (5um line) and ILD erosion (refer to

Figure 4.3). The levels of inputs are shown in Table 4.6.
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Table 4.6 Control Factor Levels

Input Levels
variable 1 2 3
Pressure 2 4 6
Speed 60 80 100
Slurry
particle size 80 120 160

Let’s assume that the objectives are: 1.) minimize dishing n =-10 log o (dishing)2
2.) increase MRR n’ = 10 log ¢ (MRR/o)?, where ¢ is the experimental error which can
be estimated from the ANOVA residuals 3.) reduce ILD erosion n” = -10 log o
(erosion)>.

After 9 runs, the experimental results using Taguchi’s metrics are tabulated in
Table 4.7. Please note that the order of the nine runs should be randomized to minimize
the memory effects and create a better estimation of the experimental error through later

Analysis of Variance (ANOVA).
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Table 4.7 Experimental Results using Orthogonal Array Lg(3°%)

Column (variables) Observations

Dishing | MRR ILD

B C erosion

Run No. n(dB) n’(dB) n”(dB)
1 1 1 -30.9 52.0 -22.9
2 2 2 -20.0 50.6 -28.9
3 3 3 -18.1 48.1 -28.3
4 1 2 -29.8 55.7 -19.1
5 2 3 -26.0 53.7 -25.1
6 3 1 -32.0 48.9 -30.1
7 1 3 -21.6 55.1 235
8 2 1 -28.9 51.2 -26.8
9 3 2 24.6 53.0 -26.0

The subsequent step is the estimation of factor effects, or Analysis of Mean

(ANOM), using the following equations for dishing effects:

mp = [n;+n+... +ng}/9

mpa; = [n;+n2+n3]/3

Mpa2 = [ns+ns+ne)/3
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......

mpcs3 = [n3+ns+n7)/3
and for MRR and erosion effects, the equations are similar, the only difference is the that
n; (i=1,2....,9) should be replaced by n;’ and ny” (i=1,2,...,9) in the equations,
respectively.

The calculated effects for the three variables on the output metrics were illustrated

in Figure 4.9.
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i 4
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Figure 4.9 data analysis using Taguchi’s quality metrics
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Table 4.8 Optimization using the Taguchi’s Method

Starting Condition Optimum Condition
Inputs | setting | Dishing | MRR | LD | setting | Dishing | MRR ILD
Erosion Erosion

A A2 -29.3 52.8 -24.8 A3 225.0 53.1 2255
B B2 -25.0 51.9 -27.0 B1 274 543 221.8
C C2 -24.8 53.1 -24.7 C3 219 52.3 2256
Total Mean -26.4 52.6 -25.5 24.7 533 243
Real Output 20.8 426 18.8 17.3 459 16.4
(nm) nm/min (nm) (nm) nm/min (nm)

Figure 4.9 provides an intuitive, comprehensive view of the process. By tuning

the different knobs (input variables), the process can be optimized within few iterations.

Table 4.8 shows the initial setup and optimized inputs and outputs. The optimization

process improved the Materials Removal Rate by about 10%, and reduced the erosion

and dishing by more than 15%. This process can also be programmed to be an automatic

routine, enabling the implementation of Advanced Process Control (APC) including

automatic recipe generation

environment.

in the
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Chapter S Effects of CMP-Related
Process Variations on

Interconnect/Circuit Performance

5.1 Design for Manufacturability Overview

‘The development of integrated circuit technology has spawned a rapid growth in
personal conveniences such as personal computers with wireless fidelity, cell phones with
digital imaging and global positioning systems. As the technology scaling keeps its fast
pace, the IC industry has been transformed into two main sectors during the last few
years: fab-less design house and design-less foundry. In this context, Design for
Manufacturing (DFM) is being defined as the missing link between integrated circuit
design and manufacturing [1-5]. Increasing semiconductor manufacturing expenses
continue to represent real economic burdens measured in billions of dollars every year.
The chance for first silicon success is gettihg smaller as design capabilities continue to
outpace manufacturing realities in the newer technology nodes. In order to validate this

statement, I review a typical integrated circuit design flow [6] as shown in Figure 5.1.
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As shown in Figure 5.1, designers must first draft a series of specifications
(design specs) and define the performance of the circuit to be developed. This includes
defining the inputs and outputs required. In many cases, the specifications include a
series of mathematical algorithms needed for the circuit to function properly. Sometimes
a mathematical model is used to help create a schematic (electronic diagram) of various
functions, using standard cells from the library. Next, using commercially available

software such as the Simulation Program with Integrated Circuit Emphasis (SPICE),

Product specifications

|

Write algorithms for
each function

!

Draw a functional schematic
and develop node analysis

! fail

Simulate circuit and run parametric
testing using simulation

}

Lay out the device and interconnect |

' fail

Prototype run and test against specs

{

Send to volume production

Figure 5.1 A typical modemn computer-aided integrated circuit design flow
designers can simulate the circuit’s performance to check the outputs under various input

conditions. This does not completely eliminate and hand calculations or schematic
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drawings as compared in the traditional design flow, but greatly reduced the time to test
the performance of the design. Simulation programs help identify problems, such as stray
capacitance, inductance, timing issues, propagation of gate delays and a host of things
that much be considered for a successful outcome.

Once the simulations are successfully completed at both the schematic cell level
and device level, the circuit maybe laid out for manufacturing. This is done by the
engineers using Computer Aided Design (CAD) Software. When all the data from the
schematic is loaded into the program, the program generates the physical layout for each
mask required to manufacture the circuit. Quality design rule checking and further
simulations may be required before the circuit goes to the next step.

If the circuit appears to be a solid functional design, it is then prototyped in a
short run fabrication process and tested. Once the circuit is proven to work functionally
and meet specifications, it is then sent to an in-house fab or foundry for mass production.
The prototype fabrication process becomes costly as some 90-nanometer mask sets rate
multi-million dollars, and 65-nanometer masks are expected to cost even more [7-9].

In short, the design-to-manufacture chasm is growing at an alarming rate as chip
size and complexity increase and process geometries decrease, and as product life-cycles
decrease. The emerging state of semiconductor production demands that designers take
manufacturability into consideration up front, rather than leaving it as an expensive and
time-consuming afterthought.

In this chapter, we first discuss the effect of process variations on circuit
performance from the chemical mechanical polishing technology perspective; the second

part will show the importance of decoupling the variations into systematic and random
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components in order to better understand and ultimately narrow down the distribution of
circuit performance; the iast part of this chapter focuses on the interconnect performance
simulation based on the dishing models developed in the previous chapters. We conclude
the chapter by proposing and evaluating the line-splitting technique at the design stage to

mitigate the effect of dishing.

5.2 The Effect of Process Variations on Circuit Performance

from CMP Process Technology Perspective

The continuously increasing scale of integration used in the design and
manufacturing of integrated circuits has drawn special attention toward interconnect
effects. As the minimum feature size in Ultra-Large-Scale Integration (ULSI) systems
drops to 90nm and below, interconnect characteristics are becoming limiting factors on
performance, since the time constant associated with interconnect is scaled by a smaller
factor compared to those of devices [10-12]. Figure 5.2 shows the rapid interconnect
architecture complexity increase from the 0.7um to 0.25um technology generation.
Future chip complexity and speed advances will depend on the ability to model the
electrical behavior of interconnect in an accurate and efficient fashion. Critical path
delays in circuits depend upon interconnect as well as on device parameters. The effects
of device parameter variations have been widely studied [13-16]. However, these
simulations currently do not take into account the effects of interconnect parameter
variations. As a result, the yield estimation and circuit optimization based on these
studies may not be able to provide accurate results in current and future technologies,

where more and more significant portions of path delays will result from interconnect.
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Figure 5.2 Interconnect complexity increases in .25um technology (right) compared

with the 0.7pm technology (left)

Some previous simulation results in Figure 5.3 [17] demonstrate the increase in
crosstalk for the neighboring wires from 0.7um technology to 0.25um technology. As the
technology moves down to the nanometer era, the process variations in BEOL will
further affect the whole circuit performance. From the current technology library, these

effects are treated as a worst case such as “10% variation™. This will inevitably cause

Figure 5.3 Simulation results illustrate the increased crosstalk between neighboring wires

as technologies shrink 0.7um (left) to 0.25um (right)
The idea of process variation decoupling is illustrated the following figures: the
post-process ILD thickness measurement might be noisy and have about 10% variation.

as shown in Figure 5.4. Currently circuit designers will take the message that the process
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has 10% uncertainty so they need to design the circuits to make the timing work at this
uncertainty level. This objective will obviously cost more time and die area to the

designers.

Figure 5.4 10% post-CMP ILD thickness variation observed

1 Logic, 30%

Figure 5.5 Pattern density difference on the mask between the logic and memory area
However, if the process engineers take a closer look into the patterns on the mask

illustrated in Figure 5.5, the variations may be found to be mostly layout-dependent.

s
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Eighty percent of the variations are systematic in the ILD CMP process due to the pattern
density difference on the mask (Figure 5.6) while only a small part of the variation is

really random (Figure 5.7).
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Figure 5.7 The truly random ILD thickness variations due to process uncertainty

The systematic component of the variation is repeatable and predictable in the

process, which has the potential to be transformed into information to facilitate the circuit



designers. In this work, I carried out some simulations with 128-stage inverters (Figure
5.8) using the Taiwan Semiconductor Manufacturing Company (TSMC) 0.18um
technology device model and technology library. The simulation flowchart is shown in

Figure 5.9.
.
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Figure 5.8 128-stage inverter simulations with long interconnect
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Figure 5.9 Simulation flowchart

The detailed layout of one inverter cell is shown in 5.10. The poly gate widths of

the inverters were carefully sized to better deliver the signal from one end to the other.
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Figure 5.10 Basic inverter layout (0.18um TSMC technology)

The process variation information was integrated into the simulation spice deck in
two ways: first is to modify the “process.tech” file, which will allow users to change the
oxide/metal thickness and dielectric constant information for the whole layer, second is to
change the extracted the netlist based on the ILD/metal thickness predictions from the
CMP models developed in previous chapters. Three total cases were studied: first is the
“ideal case” which means there is no ILD/metal thickness variation in the process; second
is the “worst case’ scenario which assumes that every metal wire will experience 10%
loss due to the variations in CMP process; the last is the “‘reality case” when the spatial

layout-dependent prediction information for the wires on the critical path was integrated
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to the simulation netlist. Figure 5.11 showed the circuit delay for the rising signal (the

solid line) in the first case and the delays for the three cases are tabulated in Table 5.1.
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Figure 5.11 Circuit delay for the ideal (no CMP process variation) case

Table 5.1 Circuit delays for three cases

Case Name

| Circuit delay-Rising

Circuit delay-Falling

Average Delay |

o 35.9ns 36.2ns 36.05ns
ideal (no loss)
, , 38.7ns 38.9ns 38.8ns
Worst case (10% random) |
Real case (8% systematic + 2%
36.5ns 36.6ns 36.55ns

random

The Real case which decouples the systematic component has a more accurate prediction

over the traditional worst case prediction and it allows designers to push the circuit

erformance to a higher limit. The integration of the process information intec a modern

CAD tool is beyond the scope of this thesis. The bottom line, however, is to provide

focus of the next section in this chapter.

precise interconnect performance information based on the CMP process, which is the



5.3 Model-Based Interconnect Performance Simulation Results

According to the 2003 International Technology Roadmap for Semiconductor, the
average active wire length on a typical microprocessor chip has reached the 10km/cm”?2
mark [18]. For the two problems existed in copper damascene, while ILD erosion is
widely studied and well understood, the modeling and impact assessment of metal
dishing has not been done in a quantitative and practical way. As shown in Figure 5.12.
copper dishing costs significant amount of metal volume loss even for narrow sub-micron
lines [19]. Based on the modeling work presented in Chapters 3 and 4, in this session I
carry out extensive simulations for copper interconnect in the presence of copper dishing
and discuss its impact on design for manufacturability in BEOL process. To illustrate this

connection, the overall flow is shown in Figure 5.13.
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Figure 5.12 Copper dishing on deep sub-micron metal lines (picture courtesy of Technical

University of Dresden, Germany)
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Figure 5.13 Overall process flow for the investigation of the metal dishing impact on interconnect
performance

The simulations are done with the commercially available tool Raphael™. It is
essentially a collection of 2D and 3D field solvers and interfaces providing the ability to
obtain interconnect models for the designers to achieve on-chip signal integrity [20]. It is
a slow simulator but has the merit of rigorously simulating the resistance, inductance and
capacitance for modern interconnect structures.

We choose to focus on the assessment of the dishing impact to signal delay for
global interconnect, since global layers typically involve wider metal lines for power and
clock distribution. There wide lines will suffer more dishing based on the modeling work
that was presented in the previous chapter. The basic global interconnect structures are
shown in Figure 5.14 and the dishing model that I used to generate the simulation profiles

are shown in Figure 5.15.
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w: metal line width;

t: metal line thickness (default=0.5um);

s: metal line spacing (default=0.5um);

h: dielectric thickness(SiO,, default=0.5um);

Figure 5.14 Interconnect structure used for the investigation of the metal dishing impact on

performance
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Figure 5.15 Metal dishing model used to generate the interconnect profiles in simulation
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In order to evaluate the impact of metal dishing, the RC product is employed as a
performance metric that can be easily related to interconnect layout specifications, such
as line width and space. Although more complicated metrics, such as RLC delay or full
waveform models may be more accurate, the simple RC product precisely predicts the
correct performance scaling with line size tuning and is suitable for design optimizations
at the early stage [21-22]. In terms of scalability, the RC and RLC metrics are similar for
typical circuits operating in the Giga-Hertz range [23-25].

Based on Rgisn model in Figure 5.15. Figure 5.16 shows the Raphael simulation
results for resistance, given various dishing radius and line width values. The simulations
showed that the resistance increases significantly for wider lines and smaller Rgish.
Therefore, it is necessary to incorporate the dishing effect in resistance calculation (refer

to the equation in Figure 5.15).
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Figure 5.16 Dependence of metal line resistance on dishing radius as a function of

metal line width
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Based on the dishing model in Figure 5.15, Figure 5.17 shows the Raphael
simulation results for capacitance, given various dishing radius and line width values.
The dishing radius is chosen to be 30um, 40um and 60pum and line widths are ranged
from 2pum to 10um. The simulations show that C,q is relatively insensitive to the dishing
conditions in comparison to the resistance case. This is because the neither the parallel
plate capacitance to the ground plate, the coupling capacitance to the neighboring lines on
the same layer, nor the fringing capacitance to the ground plate is sensitive to the surface

shape change due to dishing.
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Figure 5.17 Dependence of metal line capacitance on dishing radius as a function of

metal line “’idth (C(oxa]=Cgound+2*Ccouplmg)

Figure 5.18 shows the RC delay as a function of dishing conditions and linewidth.

In the case there is no dishing (a perfectly flat post-CMP metal surface), RC delay
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monotonically decrease as a result of widening the linewidth. However, when there is
severe dishing in the CMP process, say the dishing radius is 60pum or 30um, increasing
the metal linewidth may lead to more RC delay because of the rapid increase of
resistance as a consequence of dishing. In our experiments, the minimum delay is
achieved at the optimal width wyy~4um (note that for an ideal chemical mechanical

planarization process without dishing, wop, is infinite).
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Figure 5.18 RC delays as a function of line width with dishing (the optimal linewidth to

achieve minimum RC delay is around 4 microns)

Furthermore, I implement the sensitivity simulations in order to investigate the
effect of the line width variations on RC delay. The copper line widths are varied by plus
and minus 20% and the average of |ARC] are plotted in Figure 5.19. As we should expect,
the RC delays appear to be insensitive to metal line width variations. This supports the

optimal linewidth range as shown in Figure 5.18. In the case of no dishing, JARC]
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becomes smaller as line width gets larger. This is intuitive because the change in
resistance will be countered by that in parallel plate capacitance to the ground plane.
However, when dishing becomes an issue (in this case when Rgis, = 40pum), from the
circuit designers perspective, using the optimum line width (in this case weop = 4pum) will
make the circuit more robust against line width variations due to lithography, etching or

other steps in mask pattern transfer.
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Figure 5.19 RC delay sensitivity (20% linewidth change) as a function of metal
line width

The dependence of the optimal linewidth on dishing conditions is further studied
and the results are illustrated in Figure 5.20. The better dishing condition (larger dishing
radius Ryisn) will increase the optimal linewidth to achieve the minimum signal delay. The
effect of dishing on the optimal linewidth can be mitigated by using thicker interlayer
dielectric or increase the metal layer thickness, as shown by the square box and cross

lines in Figure 5.20. The latter method is straightforward because it simply decreases the
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percentage of dishing in metal volume loss, which allows designers to use wider lines to
achieve lower signal delay. However, increasing the metal layer thickness may introduce
integration issues [26-28] in terms of uniform barrier layer deposition, etch micro-loading
and step coverage problems due to the higher aspect ratio (AR) especially for the
narrower lines on the same metal layer.

Overall the inclusion of the dishing effect restricts the design space and increases
the complexity of the interconnect performance analysis. However, based the significance
of dishing effect that we observe in these simulations, adding dishing effect into

consideration at the design stage has the potential to provide more accurate performance

results.
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Figure 5.20 Optimal linewidth as a function of dishing radius



The delay penalty from dishing can be mitigated either by improving the CMP
process or by physical layout techniques at the design stage. These solutions are more
essential at future technology nodes as the timing budget becomes tighter. For instance,
metal-filling is a commonly used technique to reduce the intra-die variations in metal
planarity. By inserting small metal islands in a blank area, metal pattern density can be
balanced, and thus dielectric erosion is mitigated.

To suppress metal dishing, various attempts have been made to improve the
quality of the CMP process (i.e., increase Rgish). One of the methods developed in recent
years focuses on better slurry design: after the first-step slurry, which has high copper
removal rate, another type of slurry is used when polishing reaches the barrier layer. The
second-step slurry is selective in that it has higher removal rate for the barrier layer, while
the polishing rate is much lower for copper and dielectrics. In future advanced BEOL
technologies, where more complex materials will be involved, this multi-step slurry
strategy is crucial in controlling the metal planarity. Besides slurry optimization, other
methods, including spindle engineering and polishing pad design, are also helpful in
reducing the variation of metal thickness.

With better process control, Rgish can be increased, reducing the impact of dishing
on signal delay. On the other hand, the efficiency of these approaches diminishes when
Raisn goes further up. As illustrated in Figure 5.21, I simulate the difference in RC delay
between an ideal process (without dishing) and the realistic case (with dishing) under
various dishing conditions for 4-micron metal lines, which we have shown in Figure 5.8
to be the center of the optimal linewidth range. For a variety of line thicknesses, the

results show that it is only favorable to suppress dishing via process control when Rgish is
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less than 50pm. Beyond that point, the gain of dishing radius increase becomes

negligible. Thus, for practical concerns, about 50um dishing radius is the upper-limit of

CMP process enhancement from the design perspective.
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Figure 5.21 Efficiency of process improvement for different metal

thickness as a function of dishing radius

Besides process improvement, the dishing effect can also be mitigated by layout

design techniques, such as inserting holes into a wide line (metal-drilling) or dividing a

wide metal line into narrower lines (line-splitting, as shown in Figure 5.22). These

techniques can alleviate the performance penalty due to dishing, since narrower metal

segments are more robust to dishing (Figure 5.18). Furthermore, the application of

narrower lines also enhances thermal robustness of high-speed interconnects [29-31]. In

the case of wide copper lines, either metal-drilling or line-splitting increases the aspect

ratio of the wire. Hence. the surface-area-to-volume ratio is improved, resulting in more

efficient heat dissipation.
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Figure 5.22 Illustration of the line-splitting idea (W = W /N, N is the number

of lines; s=sp;;=0.5micron)

In terms of the impact on interconnect performance, metal-drilling and line-
splitting are electrically similar to each other, and thus we only focus on line-splitting in
this thesis. For a fixed pattern density (hence the same expected erosion), the larger the
number of split lines (N), the smaller the impact of dishing, as illustrated in Figure 5.23.
The tradeoff of this approach is the extra cost of chip area: area cost goes up linearly with
increasing N, assuming minimum space is applied between narrower lines. Figure 5.23
further indicates that the performance gain via line-splitting drops to a negligible level
when N exceeds five. Therefore, considering the area cost penalty during splitting, a
practical approach may only require N values between 2 and 4. In addition to area
concerns, line-splitting also introduces extra fringing capacitances.

Figure 5.24 demonstrates that when the line-splitting number N is more than 5,
further splitting leads to a delay penalty from the larger Ciya (mainly due to the rapid in
fringing capacitance due to more sidewall area), which almost equals the RC penalty due

to the dishing of the original wide line.
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Figure 5.23 RC delay gain and area penalty tradeoff
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Figure 5.24 Optimization of RC delay using the line-splitting idea
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In conclusion, based on the results from extensive interconnect performance
simulations, from both efficiency and performance considerations, line-splitting number
N between 2 and 4 is optimal for typical on-chip interconnects. This assumes that
systematic layout-dependent CMP process variations and tight aspect ratio control will
continue to be the concerns in the semiconductor scaling roadmap. 1 recognizé that CMP
process technologists and slurry chemistry scientists manage to find ways to mitigate
dishing and erosion in the last few years. However, with the aggressive scaling of low-k
dielectrics, the back-end-of-the-line integration process will be demanding down the
road. The methodologies presented in this thesis work will be valid and useful for the

process and design trailblazers in the future years.
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Chapter 6 Conclusions and Future

Work

6.1 Conclusions

Moore’s Law has been described the growth of the semiconductor industry for
more than 35 years [1-2]. An exponential scaling factor in most aspects of integrated
circuits performance keeps the industry on its historic 25%/year reduction in the
cost/function figure, despite the escalating factory costs (>20%/year). However, this
aggressive scaling relies on an effective and reliable back-end-of-the-line integration of
the inter-layer dielectric and metal layers. Advanced CMP process modeling and
affordable metrology at and below 65nm now become the next big challenge. Greater
synergy must be developed between the areas of metrology, modeling, simulation and
process optimization.

This thesis has presented a framework that integrates the metrology of copper
damascene process observables with physical and analytical models for the same, in
order to facilitate the multiple objective optimization of a copper CMP process as well as

to achieve enhanced predictive interconnect performance.
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The Dishing Radius is a novel performance metric that is first introduced in this
thesis. With specially designed patterns, copper damascene processes were completed at
the Berkeley and RPI micro-fabrication laboratories. Multiple metal lines with typical on-
chip interconnect widths are polished with randomized design of experiment sets. The
dishing radius concept is found to precisely link the amount of dishing with the metal
linewidth. Model-based metrology using electrically tested data points was developed for
the copper damascene process. The extracted profiles matched well with those from
cross-sectional SEM and high-resolution surface profiler.

This thesis also presents an efficient methodology for multiple objective
optimizations in copper CMP process. First we develop the scheme for building process
models to link the key process inputs and outputs. By applying the classical Taguchi
philosophy, an optimization structure was set up to balance the different performance
metrics. A couple of cases were studied using the theory developed on this aspect. This
optimization framework provides a hierarchical method for determining the tradeoffs in
the ramping-up stage state-of-the-art semiconductor fabrication processes.

Finally, the impact of copper CMP process variations on interconnect
performance is quantified in this thesis through extensive simulations. Moreover,
techniques that can be implemented at the design stage in order to mitigate the
implications of dishing are proposed based on simulation results. This work attempts to
provide remedies for the layout dependent process variations such as dishing in copper
damascene process. Both the theoretical analysis and simulation results support our
conclusions.. The simulation results show that dishing will be a concern for global layer

interconnects if the dishing radius is less than S0um. This thesis closes with a discussion

124



on one application of the Design for Manufacturability concept -- the tradeoffs between

the die area, BEOL yield and interconnect performance.

6.2 Future Work

This work has focused on the building blocks for the integrated metrology and
modeling of the copper damascene process. Future research topics can be the following:

As the technology requires about 30% performance improvement from
interconnect for each new generation, the introduction of low-k dielectric materials (<2.5)
becomes an enabling factor. This will certainly brings more research topics on the
integration of low-k and copper CMP process which will be featured by ultra-low down
force (less than 2psi) and high speed (>100rpm).

In terms of optimization, to achieve more predictable interconnect and circuit
performance, the effect of via resistance variation and the shape imperfectness introduced
by the dielectric etch can not be ignored. Also the increasing percentage of the barrier
layer in the metal line cross-section should be taken into account for sub-90nm
technology generations. |

There will be more opportunities in the BEOL Design for Manufacturability.
Computer aided integrated circuit design experts are required to learn more on the
suppression of the process variability, which provides a unique opporttinity for wider

application of the methodologies developed in this thesis.
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