UC Berkeley

UC Berkeley Electronic Theses and Dissertations

Title

Physicochemical Modeling of Copper Chemical Mechanical Planarization (CMP) Considering
Synergies in Removal Materials

Permalink
https://escholarship.org/uc/item/0zglb4gml
Author

Choi, Seungchoun

Publication Date
2013

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/0zg1b4gm
https://escholarship.org
http://www.cdlib.org/

Physicochemical Modeling of Copper Chemical Mechanical Planarization (CMP)
Considering Synergies in Removal Materials
By

Seungchoun Choi

A dissertation submitted in partial satisfaction of the
requirements for the degree of
Doctor of Philosophy
in
Engineering - Mechanical Engineering
in the
Graduate Division
of the

University of California, Berkeley

Committee in charge:

Professor David A. Dornfeld, Co-chair
Professor Fiona M. Doyle, Co-chair
Professor C. K. Hari Dharan
Professor Thomas M. Devine

Fall 2013



Physicochemical Modeling of Copper Chemical Mechanical Planarization (CMP)
Considering Synergies in Removal Materials

Copyright © 2013

by

Seungchoun Choi



Abstract

Physicochemical Modeling of Copper Chemical Mechanical Planarization (CMP)
Considering Synergies in Removal Materials
by
Seungchoun Choi
Doctor of Philosophy in Engineering — Mechanical Engineering
University of California, Berkeley
Professor David A. Dornfeld, Co-chair
Professor Fiona M. Doyle, Co-chair

With stringent requirements of copper chemical mechanical planarization (CMP), such as
minimized step heights, enhanced uniformity and minimal defects, the CMP process needs to
be improved based on a fundamental understanding of the material removal mechanisms.
Also, with the stringent requirements, the problems in copper CMP process cannot be
resolved solely improving the process itself; rather, systemic understanding of the entire
manufacturing processes is necessary, demanding a robust copper CMP model to be
implemented to design for manufacturing (DfM) tools. Previous models heavily relied on
Preston’s equation ( MRR o (pressure) - (sliding velocity) ), which needs to be calibrated for every

new set of processing parameters, slowing down the process development. Previous models
focused on limited interactions of the consumables and the workpiece during copper CMP,
being insufficient at capturing the synergies between chemical and mechanical aspects of
copper CMP.

Therefore, a quantitative and physicochemical model of copper CMP that predicts material
removal rate (MRR) was proposed while focusing on the interplay of consumables and
copper and the synergies between chemical and mechanical aspects of the process. While
considering the synergies, two mechanisms of the material removal during copper CMP were
suggested: chemically dominant and mechanically dominant mechanisms. The total MRR
during copper CMP was determined by summing those two contributions.

The chemically dominant mechanism attributed the material removal during copper CMP to
the removal of the protective material formed on the surface of copper and to the chemical
dissolution of copper from the surface both at regions occupied and not occupied by the
protective material with different rates. The kinetics of the formation of the protective
material at the millisecond scale were studied through electrochemical experiments and
theoretical analysis where a governing equation for the adsorption of benzotriazole (BTA)
was constructed and solved. It was found that the grown protective material (CuBTA) during
copper CMP was only a fraction of a monolayer partly occupying the surface of a wafer. This
was because the time allowed for the adsorption of BTA on the surface of copper was limited
by the time between consecutive asperity and copper interactions, which was only of the
order of one millisecond. The formation and the removal of the protective material were
assumed to be balanced during CMP, yielding a constant chemically dominant MRR. The
removal of the protective material by abrasion with abrasive particles was investigated by in
situ electrochemical measurement during polishing. The removal efficiency of a pad asperity
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where abrasive particles are embedded was evaluated from the measurements and was
compared with the theoretical analysis. It showed a good agreement and suggested that the
copper during CMP is mostly deformed elastically by the abrasive particles.

The influence of the concentration of copper ions on the kinetics of the formation of the
protective material was also investigated using potential-step chronoamperometry using two
types of copper microelectrode, namely a three dimensional and a planar electrode. The
amount of copper ion may easily build up to a level that exceeds the solubility product of
Cu(I)BTA,. Under these conditions, Cu(I)BTA, can nucleate, consuming the protective
material formed on the surface of copper. This phenomenon is highly undesirable as it
increases the dissolution rates at the regions where the protective material is removed,
worsening the topography after copper CMP.

The mechanically dominant MRR was determined from the volume of a wafer that is
plastically deformed by indentation of abrasives that are squeezed between pad asperities and
the wafer. The shear stress induced in copper by the force applied on an abrasive is lower
than the ideal shear strength of copper, which is the relevant property for plasticity at this
length scale. However, the crystallographic defects in the copper crystal may reduce the
hardness of the material, allowing the material to be plastically deformed. Especially the
roughness of the surface induced by chemical additives in the slurry greatly reduces the
resistance to plastic deformation of copper. Because of the localized spatial distribution of
those crystallographic defects the plastic deformation occurs only locally. Also, only a part of
the plastically deformed material will be detached from the surface, contributing to the MRR.
While applying this mechanism, the discrepancy of the MRR behavior with varying size and
concentration of abrasives between the prediction and the experimental observations was
resolved by proposing a new mechanism that determines the number of abrasives
participating in the abrasion of the material. The transport mechanisms of abrasive particles
toward a wafer and the electrostatic interactions between abrasives were considered to affect
the number of abrasive particles deposited on the surface of a wafer. If the deposition of
abrasives on the surface of a wafer is limited by the diffusion of abrasives, the MRR
decreases with the size of the abrasives. In contrast, the MRR increases with the size of
abrasives if the deposition of the abrasives is limited by the jamming limit of the deposited
abrasives at the surface of the wafer. Also, micrometer sized abrasives increases the MRR
when the size is increased because the deposition of abrasives is limited by the interception
mechanism of the abrasives.

The proposed model successfully captured the synergies between chemical and mechanical
aspects and quantitatively predicted the MRR during copper CMP. In the future, the model
will be applied to predict the pattern dependent variability of topography of a wafer after
CMP. The proposed model quantitatively predicts the local MRR of copper. Along with a
robust model for dielectric and barrier materials, the model can predict the topography after
CMP, contributing to the optimization of the CMP process.
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Chapter 1
Introduction

1.1 Background of copper Chemical Mechanical Planarization (CMP)

Chemical mechanical planarization (CMP) was first used in practice to remove the damaged
surface layer of a silicon wafer that was freshly cut from a silicon ingot in early 1960s." Then
the materials to be polished were extended to include metals by IBM for the fabrication of
circuit wiring interconnects in early 1980s. CMP has become a standard fabrication process
in the semiconductor industry since 1995.2 The wiring of the advanced integrated circuits
(IC) has been improved through the three dimensional stacking of the interconnect levels,
shown in Figure 1.1, allowing high packaging efficiency. Chemical mechanical planarization
or polishing (CMP) has been a key enabling technology for the multilevel metallization of
the interconnects. Copper is the metal of choice for interconnects because of its high
conductivity and high resistance to electromigration.3’4’5 Since the copper cannot easily be
dry etched, CMP of copper was employed to planarize each layer of the interconnects. This
planarization step is essential to resolve the depth of focus issues for lithography, which is the
manufacturing technique to define features on the wafer substrate, and the topography issues
in deposition processes. Copper interconnects are fabricated using the dual damascene
process as illustrated in Figure 1.2.
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Figure 16.1 (a) Advanced chip with 7 metallization layers by IBM (b) Cross-section on
the chip
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Figure 1.2 Dual damascene process flow.’

Two layers of dielectric material are deposited and then vias and metal lines are patterned and
etched sequentially. A barrier and a copper seed layer are deposited to prevent interaction
with the dielectric and copper and to be used for electrochemical deposition (ECD) of copper,
respectively. Then the vias and the metal lines are filled during ECD of copper and finally the
excess of the deposited copper is removed and a planar surface is obtained through CMP.
Since two metal layers are defined simultaneously during the process, it is called dual
damascene process. This process is preferred to the single damascene process because it
requires only one deposition of copper and one planarization step whereas the latter requires
two deposition and planarization steps. A multi-step CMP process is usually performed to
planarize each interconnect layer to remove the excess copper, barrier and dielectric
materials.® Figure 1.3 shows a multi-step CMP process flow. The as deposited wafer contains
topography due to the topography of the underlying dielectric layer (Figure 1.3a). The excess
copper is removed in the bulk using a high selective slurry and hard abrasives (alumina) until
it stops at the barrier layer (Figure 1.3b). Then the second platen simultaneously removes
residual copper, barrier and any hard mask materials with a nonselective slurry and stops
when the dielectric material is exposed (Figure 1.3c). The last step is the overpolish step
where the copper and dielectric materials are removed until the topography and the thickness
are optimized (Figure 1.3d). Each step uses different slurries and polishing pads on different
platens to optimize the process.
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Figure 1.3 A multi-step CMP process flow.

1.2 Requirements and challenges of copper CMP

The process objective of the copper CMP is to obtain a planar surface with minimum
topography and defects in a reliable and cost-effective manner while maintaining high
throughput.

1.2.1 Process challenges

At the feature level, the resulting surface after copper CMP develops topography resulting
from erosion, unintended removal of the dielectric material, or dishing, loss of the metals, as
shown in Figure 1.3¢ because multiple materials are simultaneously polishing using a same
pad and slurry and the various incoming topography is introduced to the process. This
dishing and erosion issues are attributed to the selectivity of the slurry and are highly
dependent on the incoming topography and thus there have been significant efforts to
optimize the incoming topography and the CMP process in the same framework through
design for manufacturing (DfM) as well as the optimization of the consumables such as the
slurry and the polishing pad. Another pattern dependent topography issue includes edge over
erosion (EOE) where erosion increases at the edge of pattern arrays.9 At die and wafer scale,
various micro and nano scale defects and contaminations on the surface of the wafer are
generated during the CMP and cleaning processes. The contaminants include particulates due
to the alumina, silica or metal hydroxide precipitates, debris from the wafer surface film or
the pad, metallic ions, and organic substances originated from the chemicals in the slurry. 10
There can also be micro and nano scale scratches, puddling and plug coring. Delamination of
the film and the damage to the wafer are another problem during CMP. The adhesion of the
deposited film must be strong enough to sustain the stress involved during CMP. Also, the
layers of the interconnects must not be damaged by the stress during the CMP. With the
introduction of low k, ultra low k dielectric materials and air gap for the dielectric materials,
which are porous and mechanically weak, these issues become more stringent.

1.2.2 Cost of ownership
The cost of ownership (COO) of CMP is very high principally due to the use of the pads and
the slurries as shown in Figure 141 Along with the effects to increase the life time of the
pad and to minimize the use of the slurries, the yield and the throughput of the CMP process
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must be high to improve the COO. The yield of multiple CMP processes to fabricate a
multilevel interconnect with M layers can be calculated using a probability that a surface
defect or damage causes a wiring failure in a die during one copper CMP P, and that during
one dielectric CMP PD:12

yield = [(1 - PCu)l(l - PD)m]M (1.1)

where / and m are the number of copper CMP steps and dielectric CMP steps to fabricate one
layer of the interconnect. It is evident from equation (1.1) that the yield of the processes can
be increased if the number of CMP processes are reduced to fabricate a layer of the
interconnects as in the case of the dual damascene process. With increasing number of the
interconnect layers for the effective wiring of the ever decreasing size of the devices, the
yield of the individual CMP process must be high to ensure an acceptable overall yield of the
manufacturing processes. While maintaining high yield the throughput of the CMP process is
also critical to reduce the cost. The enhancement of the throughput can be accomplished
through process or design improvement such as increasing the material removal rate (MRR)
during the process or minimizing the excess copper to be polished and through the
optimization of the manufacturing system by reducing the down time and enhancing the
utilization.

ALL OTHER
ADMINISTRATION COSTS
LABOR 3% 1%

EQUIPMENT
1%

CONSUMABLES
61%

Figure 1.4 Typical cost of ownership breakdown for tungsten plug cmp!!

1.3 Overview of Copper CMP Process

Figure 1.5 shows the schematic of conventional CMP machines. The wafer carrier which
holds the copper wafer is spinning at commanded velocity while pressed onto the CMP pad.
The pressure during the process is usually from 1 to 10 psi and the sliding velocity is set to
give a linear velocity at the surface of a wafer of about 1 m/s. The pad is attached to the
platen which is also spinning in the same direction as the wafer carrier to give constant
relative velocity throughout the wafer surface. CMP slurry that contains various chemicals
and abrasive particles is constantly supplied during the process to evenly wet the pad surface.
For copper CMP, the slurry contains oxidizer (usually H,O;) to chemically dissolve the
surface of copper, inhibitor (usually benzotriazole, BTA) to prevent active dissolution at
recessed regions of copper by forming a protective film on the copper surface, complexing
agent (usually glycine) to chemically dissolve mechanically detached copper debris, and
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abrasive particles to remove the copper on the surface and the protective material formed on
the copper surface. The surface of the CMP pad is very rough, comprising numerous
asperities, which actually support the pressure applied to the wafer. Since the pad and
asperities are made with very soft material (such as polyurethane), the number and the area of
asperity and copper contacts change with the applied pressure. In between the asperity and
the wafer, there are many abrasive particles trapped to remove copper and the protective
material.

_-,Pressure (1-10psi) Pressure (1-10psi)

—-V Sliding (~1m/s)

Wafer (diameter=4"-27")

Force on an asperity

(*1mN) -

Abrasives (alumina, silica, ceria...)
Oxidizer (H,0,, HNO;, ...)
| Inhibitor (BTA)

BTA layer (Less than a

Complexing agent (glycine) monolayer) Abrasives

(~100nm)

Figure 1.5 Schematic of copper CMP process

1.4 Motivation

With scaling down of the semiconductor devices and interconnect and enlargement of the
wafer size, the process requirements for copper CMP have become more challenging (i.e.
requiring less variation in height (step height) of the polished surface and less defect level,
etc)*. Integration of fragile low-k materials and even air gap structure with thinner barrier
layers (which have high k value) to reduce the interconnect delay has imposed further
challenges to the copper CMP, requiring low stress during the process and very low amount
of step heights. Furthermore, introduction of new barrier materials (Ru, Mn and Co) and hard
mask materials to the interconnect and the adoption of the CMP in various front end
processing and 3D integrated circuit processing operations necessitate understanding of the
new materials and the interplay of the new materials with consumables during CMP. It is
evident that process development is possible only by understanding the role and interplay of
various participants of copper CMP; without fundamental and systemic understanding of the
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process the improvement should rely on the trial and error with a significant amount of
experimental calibration to optimize the process.
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Figure 1.6 Sources of yield loss for semiconductor manufacturing'*

Moreover, major yield loss during manufacturing of the semiconductor devices is
increasingly related to the design of the chips (i.e. systemic errors) rather than the processes
themselves (i.e. random errors) as the scaling down of the devices (Figure 1.6)**. This
systemic error must be addressed by systemic understanding of the manufacturing processes;
but CMP is the least understood process although its impact on the systemic error (such as
the topography of the interconnect after CMP) is among the largest. DfM has been adopted to
address this systemic error of the manufacturing system, but it has been mostly focused on
the lithography processes. In a DfM tool, the result of manufacturing process for a proposed
design is simulated and expected problems are resolved by adjusting the design before the
manufacture. Thus, a robust process model is essential for successful implementation of
DfM. Recently, several commercial DfM tools that incorporate copper CMP have been
available, but their usefulness is greatly limited by the use of an empirical model that requires
a significant amount of calibration through experiment. This is because the commercial DfM
tools (e.g. by Cadence and Synopsis) were constructed based on Preston’s equation’ to
predict material removal rate (MRR) during copper CMP. Preston’s equation is an empirical
model that predicts the MRR during CMP to be proportional to the applied pressure and the
sliding velocity of work piece over the polishing pad. All other participants of the process are
lumped in the proportionality constant Kz, as shown in equation (1.2).

MRR=K_ .. Pv (1.2)

preston

where K00 15 @ Preston’s constant, P is the applied pressure and v is the sliding velocity.
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Since the input parameters of Preston’s equation are oversimplified lumping all other
parameters than the pressure and the velocity in the Preston’s constant, the model needs to be
calibrated whenever any of the input parameters is changed. The need for the experimental
calibration limits the adjustment of the input parameters during the manufacturing process (or
during the design stage of the manufacturing processes), thus limiting the usefulness of the
DfM tools. Therefore, a new CMP model that reduces the burden of the calibration is
required. A mechanistic model based on the fundamental understanding of the process will
contribute to an increase in the yield of the manufacturing process by optimizing the design
and manufacturing system as well as the CMP process itself, which can contribute to the
yield increase up to 40% (i.e. sum of the proportions for design related and process related
defects) based on the data in Figure 1.6.

In addition, research in the CMP area has been conducted over the last two decades but there
has hardly been a holistic study that relates various areas of research regarding CMP.
Mechanical engineers have concentrated on the removal of the material via mechanical
interactions and tribological phenomena between the pad, wafer and the abrasives while
minimizing the electrochemical contribution. Research in the electrochemistry has usually
focused on the role of the individual chemical additives in the slurry to the removal of the
material. Researchers focused on the colloidal behavior of the abrasives have studied the
agglomeration of the abrasives by the slurry chemistry and the influence of the slurry
chemistry on the zeta potential of the abrasives or the surface of the pad or the wafer.
Connection between these areas of research has hardly been studied and thus it has limited
our understanding of the copper CMP in which interplay of the consumables and the wafer is
critical to the removal of the material.

1.5 Outline of the dissertation

The objective of this study is to develop a quantitative and physicochemical model of copper
CMP that predicts material removal rate based on the fundamental understanding of the
material removal mechanisms and the synergies between various consumables and the copper
during the process. While developing a quantitative and physicochemical model of copper
CMP, well established knowledge from various areas of interest other than CMP were
adopted to explain the behavior of materials during copper CMP. The theories from
traditional colloidal science and from the research about the incipient plasticity of a material
were employed to explain the behavior of the colloidal abrasive particles in the slurry and the
mechanical response of copper during CMP.

In Chapter 1 general background of copper CMP is introduced. Also, motivation of this study
is presented based on the challenges and requirements of the copper CMP processes in the
fabrication of the multilevel metallization of the interconnects.

In Chapter 2 previous research, especially by University of California, Berkeley researchers,
regarding the modeling of the CMP and the study of the copper CMP are reviewed.
Recognizing the limitations of the previous studies, a new quantitative and physicochemical
model of copper CMP that predicts the MRR is developed. In the proposed model two
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mechanisms of the material removal during copper CMP are proposed: one is the chemically
dominant mechanism and the other is the mechanically dominant mechanism. Important
parameters of the model are studied in the following chapters.

In Chapter 3 Millisecond scale benzotriazole (BTA) adsorption kinetics in acidic aqueous
solution containing 0.01 M glycine and 0.01 M BTA are investigated. This is a part of work
to investigate the chemically dominant material removal mechanism. This study is required
to understand the adsorption of BTA on the surface of copper during CMP that protects the
surface from active chemical dissolution. Based on the data obtained from
chronoamperometry of copper at the acidic aqueous solution an equation that governs the
adsorption of BTA is constructed and solved to determine the initial kinetics of BTA
adsorption.

In Chapter 4 the influence of copper ions on the formation of protective layers in an acidic
electrolyte containing BTA and glycine 1is investigated using potential-step
chronoamperometry using two types of copper microelectrode, namely a three dimensional
and a planar electrode. This chapter emphasizes the importance of controlling the amount of
dissolved copper ions in the slurry during electrochemical mechanical planarization (ECMP)
process.

In Chapter 5 the efficiency of a pad asperity on which abrasive particles are embedded in
removing the protective materials on the surface of copper, which was defined as “removal
efficiency”, during copper CMP is experimentally obtained. The removal efficiency is a
crucial parameter that determines the average amount of the remaining protective material on
the surface of copper during the process. A good agreement was found between the
experimentally resolved removal efficiencies for various concentrations of the abrasives in
the slurry and the ones obtained by analytical methods. This evaluated removal efficiency
determines the amount of copper that was removed by the chemically dominant removal
mechanism.

In Chapter 6 the mechanism where the copper is removed by the mechanical interactions is
proposed based on the material behavior at nano-scale. This chapter is devoted to explaining
the mechanically dominant material removal mechanism during copper CMP.

In Chapter 7 previous studies regarding the relationship between the size and the
concentration of abrasive particles in a slurry and the MRR during CMP are extensively
reviewed to find general dependencies of those parameters and the MRR, and to recognize
the limitation of the previous studies. A novel approach to explain the observed dependencies
is proposed in Chapter 8.

In Chapter 8 the dependencies of MRR during CMP on the size and the concentration of the
abrasive particles are explained by considering the number of the abrasives that are deposited
on the surface of a wafer during the process. The deposition of the abrasives is dominated by
three different mechanisms, namely diffusion or interception of the abrasives, or the
saturation limit of the abrasives on the surface of a wafer, depending on the number
concentration and the size of the abrasives and the chemical constituents in the slurry.
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In Chapter 9 the proposed model is summarized and the mechanisms of the material removal
during copper CMP are detailed. Some areas of research that may benefit from the proposed
material removal mechanisms are proposed as a future work.
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Chapter 2
Quantitative and Physicochemical
Modeling of Copper CMP

2.1 Previous studies on the modeling of CMP

There have been a wide range of models to explain the material removal mechanism and thus
to predict the MRR during CMP. However, the most widely used models are still based on
Preston’s equation’, which was originally developed for glass polishing. As discussed in
Chapter 1, Preston’s equation is an empirical model that predicts that the MRR is
proportional to the product of the sliding velocity and the down pressure during CMP
processes. All other parameters are lumped in the Preston’s constant.

2.1.1 Mechanical models
Earlier modeling studies of copper CMP heavily relied on the modeling of oxide CMP; thus
modeling of oxide CMP is also reviewed for initial copper CMP modeling studies.

2.1.1.1 Modification of Preston s equation
Many researchers investigated the validity of Preston’s equation and proposed other models
that have different dependencies of the MRR on the sliding velocity and the down pressure
during the process. Runnel et al? proposed a model based on tribological consideration of the
interface between a pad and a wafer that the MRR during CMP is proportional to the shear
stress 7, applied by the slurry flow between a wafer and a pad and the normal stress o, on the
wafer exerted by the pad:

MRR « 0,7, (2.1)

Tseng et al.® rephrased Runnel et al.’s model using principles of elasticity and fluid
mechanics to express it with the down pressure and the sliding velocity as follows:

MRR o P3/6p1/2 (2.2)
where P is the applied pressure and v is the sliding velocity. Zhang et al * also rephrased
Runnel et al.’s model by considering the adhesive force between asperities and a wafer when
evaluating the normal stress component as follows:

MRR o« P/291/2 (2.3)

Shi ef al.® proposed a modified Preston’s model for processes using a soft pad where the
MRR is proportional to the 2/3 power of the down pressure:
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MRR « P%/3yp (2.4)

Zhao et al.® modified Shi et al.’s model by introducing a threshold pressure Py for material
removal to occur:

MRR o« (P23 — P, 23y (2.5)

Maury et al.” considered the static removal of a material even without any applied pressure or
sliding velocity by modifying Preston’s equation:

MRR = KyrestonPV + Ry (2.6)

where K, .q0n 1S @ Preston’s constant and Ry is the static removal rate of a material.

2.1.1.2 Material removal by abrasion of a material
There have been studies that attributed material removal during CMP to the abrasion of a
material on the surface by abrasive particles or pad asperities. Brown et al.® developed a
model for optical polishing of metals. They argued that the material removal rate is
determined by the volume of a workpiece that is gouged by abrasives as the abrasives move
on the surface of the workpiece. The deformation of a material by the abrasives was assumed
to be elastic to give the following expression:

MRR = — Py 2.7)
2E,,

where E,, is the elastic modulus of a workpiece. This model has the same dependencies on
the down pressure and the sliding velocity as Preston’s equation with a Preston’s constant of
1/2E. The same argument, except that the material is regarded to be plastically deformed, was
accepted by many researchers, who suggested that the material removal during CMP is
expressed as the sum of the material abraded by the abrasive particles squeezed between pad
asperities and a wafer. General expression for this argument can be given as:

MRR = K, Man AV (2.8)
A,

where K,. is a factor used to account for partial removal of the material dislodged from a
wafer by the abrasive particles, ng, is the number of the abrasive particles participating in the
material removal, 4; is the cross sectional area of a trench on a wafer generated by the
indentation of a sliding abrasive, v is the sliding velocity of a wafer over the polishing pad
and 4,, is the area of the wafer surface. Detailed review of this argument is given in Chapter
7. One of the most extensive models was developed by Luo and Dornfeld.’ They argued that
the material removal during CMP is attributed to the abrasion of the material on the surface
of a wafer by the squeezed abrasive particles of specific sizes, called “active abrasives”,
between pad asperities and a wafer. Only abrasives larger than the gap distance between the
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tip of a pad asperity and a wafer can be squeezed between asperities and a wafer to become
active abrasives. Specifically, they assumed a large separation gap between the asperities and
the wafer; thus only very large abrasives of sizes from d,+30,,-A4 to d,+30, can be
squeezed in the gap. Here, d,; is the average diameter of the abrasives in a slurry, oy is the
standard deviation of the size distribution of the abrasives and A is the sum of the amounts of
indentation onto a pad asperity and a wafer. The portion of the active abrasives is illustrated
in Figure 2.1. They assumed plastic deformation of a material by the indentation of the
abrasives. They evaluated the number of abrasives to be present at the gap between asperities
and abrasives using the bulk concentration of abrasives assuming that the local concentration
of abrasives is equivalent to that in the bulk. Similar to Maury et al.’, they considered the
contribution of the static chemical etching for metal CMP by adding a term for that in
equation (2.8):

MRR = K Mo AV g 2.9)
A,

dab+3 O-ab'A dab+3 Oap

N/

Active abrasives

Frequency

R o

Diameter of abrasives

Figure 2.1 Schematic showing the range of the sizes of abrasives to be considered as
active abrasives.

2.1.1.3 Models considering the removal of a material by slurry flow

There have been some researchers™™* who argued that the material removal during CMP is
due to the shear stress by the slurry film between the CMP pad and a wafer. Runnels'
assumed the presence of a thin layer of slurry film between a flat pad and wafer and solved
Navier-Stokes equation to evaluate the shear stress applied on the surface of a wafer. Runnels
then used the stress to estimate the amount of erosion of the material at the surface, which
results in the removal of the material. Xin ef al.'' also argued the removal of a material by the
shear stress induced by the slurry flow but the role of abrasives was emphasized. The shear
stress makes the abrasive particles impact the surface of a wafer, which was weakened by the
chemicals in the slurry, and then the impacted material is pulled off by the applied shear
stress.

2.1.1.4 Limitation of the mechanical models
The proposed mechanical models recognized the importance of abrasive particles and the
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flow of a slurry during CMP on the removal of a material. The forces applied on a single
abrasive and on a pad asperity were estimated and the behaviors of a material by the force
were hypothesized. They also contributed to the mathematical representation of the surface
topography of CMP pads and evaluated the real contact area between a pad and a wafer
during CMP.

However, there are several limitations of the proposed models as they apply to metal CMP.
Most importantly, the proposed models underestimated the influence of chemical additives in
a slurry. The role of the chemicals was limited to softening or weakening the material on the
surface to be easily removed by the slurry flow or the abrasion by the abrasive particles.
However, the chemical additives are known to actively dissolve the material on the surface to
result in MRR even without mechanical abrasion. Also, the chemical dissolution may be
enhanced by the mechanical abrasion®?, which calls for a synergistic mechanism. Moreover,
the chemical additives may influence the colloidal motion of the abrasive particles by
affecting the zeta potential and the Debye length of the particles. Second, the material
behavior was speculated to be at a macro and continuum scale, whereas the length scale of
abrasives and a wafer contact is only of the order of nanometers. Because of this treatment,
the proposed model predicted unrealistic MRR during copper CMP, which called for special
treatments to scale down the predicted MRR, such as the “active abrasives” concept.

2.1.2 Chemical or electrochemical aspects of copper CMP

Chemical phenomena during copper CMP are electrochemical in nature; thus electrochemical
studies including construction of potential-pH diagrams, various electrochemical experiments
with or without polishing, corrosion rate evaluation and use of electrochemical quartz crystal
microbalance (EQCM) for kinetics studies were conducted to investigate the role of various
chemical additives in a slurry during copper CMP. Aksu and Doyle investigated the role of
glycine during copper CMP by constructing a potential-pH diagram for copper-water-glycine
system for various activities of copper and glycine in the system.13 The potential-pH diagram
shows the thermodynamically stable species of copper at various pH values and potentials.
Glycine greatly extended the solubility regions of copper to lower potentials and higher pH.
Polarization of copper was conducted for wide range of potentials using a rotating copper
electrode and confirmed the validity of the constructed potential-pH diagram. In situ
polarization tests with polishing of copper electrode showed that glycine in a slurry curtailed
the formation of oxide films on the surface of copper.'* Also, the abrasion of copper in a
slurry with a polishing pad and abrasives hindered the formation of a passive film especially
at pH 12 as shown in Figure 2.3. It was concluded that the role of glycine in a slurry was to
enhance the dissolution of copper especially at protruding regions easily abraded by a
polishing pad and abrasives.

Aksu, Wang and Doyle also investigated the effect of hydrogen peroxide in a slurry
containing glycine for copper CMP on the oxidation of copper.™ Passivation of copper was
compared when the potential of the system was electrochemically controlled using a
potentiostat and when the potential was adjusted with hydrogen peroxide. The copper was
passivated only at high pH when the potential was electrochemically controlled as predicted
by the potential-pH diagram. However, the copper was passivated, which was observed by
measuring dissolution rate shown in Figure 2.4, at neutral pH values such as at 4 and 9 when
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the added hydrogen peroxide was more than some threshold value as shown in Figure 2.5.
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Figure 2.2 Potential-pH diagram for (a) copper-water system with 10 of the activity of
copper and (b) copper-water-glycine system with the activity of copper of 10~ and the
activity of glycine of 1025
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Figure 2.3 Effect of abrasion on in-situ polarization behavior of copper in 102 glycine at
pH 12. Scan rate was 2mV/sec, down pressure was 27.6 kPa and the rotating velocity of

the copper electrode was 200 rpm.16
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Figure 2.4 Dissolution and polish rates (at 27.6 kPa of down pressure and 200 rpm of
rotational velocity of a copper electrode) in aqueous 102 glycine at pH 4 at different
H,0; concentrations."
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Figure 2.5 Equivalent polarization curves for copper dissolution and polishing in
aqueous 10> M glycine solutions containing different amounts of H,O; at pH 4.%

Wang and Doyle confirmed that the unexpected passivation of copper by hydrogen peroxide
was due to the adsorption of species on the surface of copper by measuring the change of
mass of copper using EQCM." The experiments with EQCM also showed that the copper
lost weight, indicating dissolution, when the concentration of hydrogen peroxide was low.

2.1.3 Models considering synergies between chemical and mechanical aspects
Kaufman et al. proposed a material removal mechanism for tungsten CMP that considers
some interplay of chemical and mechanical effects™®. They argued that a thin passivation
layer is formed on the tungsten surface by chemical additives in a slurry and mechanical
abrasion of the passivation layer by abrasives will expose fresh surface that is subsequently
etched by the slurry chemistry. This cycle is repeated during CMP and the material removal
is due to the wet etching at the exposed fresh tungsten surface and the removal of the
passivation layer. However, this model did not provide quantitative evaluation processes of
MRR and assumed that the mechanical actions of abrasives only remove the passivation
layer not the work piece material itself. A similar model, but one that is quantitative, was
proposed by Tripathi, Doyle and Dornfeld for copper CMP 9 They assumed that the
passivation layer on copper is thick enough that the abrasives or asperities remove only some
fraction of the passivation layer at the top. They also neglected the direct removal of copper
by the action of abrasives or asperities. However, it is evident from experimental data®®*2
that mechanical action alone (without any chemicals) can remove some copper. Also, the
time between consecutive asperity and copper interactions is too short for forming a thick
layer of the protective (passivation) material.
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To overcome the limitation of the previous models and mechanisms, both mechanical and
chemical aspects and their synergies must be considered.

2.2 A proposed model of copper CMP

A quantitative and physicochemical model of copper CMP was proposed partly based on the
model by Tripathi, Doyle and Dornfeld'”. The electrochemical aspects of copper CMP
emphasized by Tripathi, Doyle and Dornfeld were further developed to quantitatively predict
the electrochemical contribution of the material removal during copper CMP. To overcome
the limitation of the previous models, a wide range of input parameters were considered
focusing on the behavior of individual consumable at the scale of abrasive particles. The
model focused on the interactions between consumables such as pad and a slurry containing
abrasives and various chemical additives and the surface of copper during CMP as illustrated
in Figure 2.6. Specifically, the following interactions were considered:
e The reaction between a slurry and the surface of copper to both dissolve copper and
form a protective layer on the surface (Chapter 3 and 4)
e Deposition of abrasive particles on the surface of copper leading to the removal of
material from the surface of a wafer (Chapter 8)
e Sliding of abrasive particles across the protective material on the surface of copper
leading to removal of the protective material (Chapter 5)
e Deformation and abrasion of copper on the surface of a wafer by the abrasive
particles (Chapter 6)
e Contact between pad asperities and copper on the surface of a wafer resulting in a
certain ratio of the area of the wafer being contacted by the pad asperities (Chapter 3)
e Squeezing of abrasive particles between pad asperities and a wafer, which in turn
determines the force applied on a single abrasive particle (Chapter 3, 7 and 8)

When considering these different interactions, the synergies between chemical and
mechanical aspects were highlighted. A fraction of the surface of copper is occupied by
protective materials that develop through the interaction of slurry chemicals and the copper;
these inhibit the copper from active chemical dissolution. Abrasive particles dispersed in the
slurry are squeezed at the interface of pad asperities and a wafer and move with the pad
asperities as they slide across the surface of a wafer. While sliding across the surface of the
copper, abrasive particles remove a fraction of the protective material from the surface,
which will expose unprotected copper to the chemical environment. Active chemical
dissolution occurs at the exposed areas as well as at the protected areas with much lower
rates until the region is protected again by the re-grown protective material. The duration in
which the protective material can grow is limited by the interval between consecutive
interactions between asperities and a given position on the wafer surface. The removal of
copper by chemical dissolution and the removal of the protective material by the sliding
abrasives are referred to as chemically dominant material removal. Note that the protective
materials grow on the surface of copper by consuming copper atoms, and thus the rate of
removal of the protective material is assumed to be balanced by the rate of growth of the
protective materials. The growth and the removal of the protective materials are balanced
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during copper CMP, giving a constant fraction of the area on the wafer that is occupied by the
protective materials and thus eventually resulting in a constant dissolution rate of copper.
This quasi-steady state assumption is further discussed in Chapter 3.

Moreover, the force applied on abrasives trapped between pad asperities and a wafer will
result in plastic deformation of copper if the shear stress induced in the copper by the
abrasives overcomes the shear strength of the material. However, the deformation of copper
is restricted to regions where crystallographic defects such as voids, vacancies, impurities,
dislocations, surface steps and grain boundaries in or on the copper crystal are accumulated.
The plastically deformed material is piled up along the path of the sliding abrasives. Also,
some material on the surface of copper can be directly detached from the surface through a
mechanism similar to cutting. The dislodged and the detached material contain a very high
density of defects and thus are preferentially oxidized by the complexing agents or the
oxidizing agents in a slurry. The oxidized material may also be removed by abrasion by
another abrasive during the successive interactions. This type of material removal is referred
to as mechanically dominant material removal. The MRR during copper CMP is estimated by
adding those chemically (MRR j.») and mechanically dominant (MRR,,..,) components:

MRR,,., = MRR__, + MRR

meci

(2.10)

chem

A detailed description of the proposed model is given in the following sections.

Chemically Dominant Removal (URR em)

1 |
I Reformation of Chemical Dissolution Removal of 1
: Protective Material of Copper Protective Material :

1

Figure 2.6 Schematic of the interactions between abrasives, a slurry, a pad asperity and
copper during CMP. The red and blue text boxes show the removal of materials on the
surface of a wafer during the interaction with the abrasives, and the interaction
between the slurry chemistry and copper, respectively. Dashed text boxes categorize the
chemically dominant and mechanically dominant portions of the material removal.
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2.2.1 Chemically Dominant Material Removal Mechanism
The procedure to calculate the material removal rate by a chemically dominant mechanism
can be illustrated as shown in Figure 2.7.

(a) Frequency and Force of an (b) Removal Response of a (c) Adsorption Kinetics of a
Asperity and Copper Interactions Protective Material nProtectlve Material .
= 1 .
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Figure 2.7: Modeling framework for the chemically dominant material removal
mechanism.

2.2.1.1 Frequencies of a pad asperity and a wafer interactions

The surface of a polishing pad used for copper CMP comprises of numerous peaks called
asperities as shown in Figure 2.8. As pad asperities slide on the surface of a wafer, the
asperities intermittently exert a force on a spot on the wafer. The magnitude of such force
determines the contact area between an asperity and a wafer. The contact pressure is
maintained constant because of the compliant pad. The interval between such interactions is
determined by knowing the distance between the peaks of the asperities and the velocity that
the asperities slide on the surface of a wafer. The distance between the asperities has been
obtained by characterizing the surface of a polishing pad using confocal reflectance
interference contrast microscopy (C-RICM) as shown in Figure 2.9% or dual emission laser
induced fluorescence (DELIF)24. Based on these data, the interval between consecutive an
asperity and copper contacts (#4..5) Was determined to be 1-10 ms and the duration of each
contact (Z.,,) was 10 us using equation (2.11) and (2.12), assuming a circular contact area
between asperities and a wafer.

7

=__"3 2.11
e 4V rcontact ( )
ty = 2 (2.12)
\Y

where 7.oncr 15 the areal ratio of the real contact area between a CMP pad and a wafer, and
d,s 1s the average diameter of the circular contact areas between asperities and a wafer.
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Figure 2.8 Interface of pad asperities and a wafer during copper CMP.
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Figure 2.9 Contact interface between IC1000™ CMP polishing pad and a glass slide
characterized by confocal microscopy.” Dark spots are the contact between asperities
and the glass slide.

2.2.1.2 Removal response of a protective material
During the interval between consecutive asperity-wafer interactions, chemical additives in a
slurry react with the surface of copper to generate protective material on the surface of a
wafer. The protective material occupies only a fraction of the surface of a wafer because of
very short time, #,.45, available for growth. This will be further explained in Chapter 3. This
protective material is removed during the interaction with the abrasive particles that are
squeezed between pad asperities and a wafer. The number of abrasive particles squeezed
between a pad asperity and a wafer is determined by the surface density of the attached
abrasive particles on the surface of a wafer and the contact area between an asperity and a
wafer. As the force applied on a pad asperity increases the contact area between the asperity
and a wafer increases, forcing more abrasives onto the surface of the wafer. As the squeezed
abrasives slide across the surface of the wafer, they remove the protective material formed on
the surface. The fraction of the protective material on the trajectory of a sliding asperity
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removed during an interaction with the abrasives squeezed between an asperity and a wafer is
defined as the removal efficiency 7:

et
n=1-—"4 (2.13)

tOtha\s—as

where 6, and 6, ,, are the areal coverage ratio by protective materials on the surface of

copper after and before an interaction with the squeezed abrasives. With increasing force
applied on an asperity, the contact area between the asperity and a wafer increases. Then, the
number of squeezed abrasives between an asperity and a wafer also increases. Therefore, as
the force applied on an asperity and thus number of the squeezed abrasives increase the
removal efficiency increases as shown in Figure 2.7b. The removal efficiency approaches
unity as the squeezed abrasives between an asperity and a wafer saturate the surface of a
wafer. Note that the changes of the coverage ratio by the protective material between
consecutive abrasive-wafer interactions was neglected because such a moment is only a
fraction of the duration of an asperity and a wafer contact ¢, which is of the order of 1 us.
The evaluation of the removal efficiency is explained in detail in Chapter 5.

2.2.1.3 Adsorption kinetics of protective material
The protective material progressively grows on the surface of copper as shown with a blue
curve in Figure 2.7c. Note that the growth of the protective material is represented as the
areal coverage ratio because the short time scale is not enough for complete growth of a
monolayer. Copper dissolves at different rates at the areas occupied by the protective material
and the areas free of the protective materials. As the protective material grows the overall
dissolution rate at the surface of copper decreases as shown by the green curve in Figure
2.7¢c. As the squeezed abrasives remove the protective material, the coverage by protective

material decreases by an amount determined by the removal efficiency (76, ., ). The

as—as

frequency of asperity- copper interactions #,.,; and the removal efficiency determine the
characteristic time #y in Figure 2.7c¢ which dictates the coverage ratio by the protective
material on the surface of a wafer during copper CMP. The coverage ratio right after and
right before an interaction with an asperity is the value at ¢y and at #y+¢,,, respectively. During
copper CMP the coverage ratio changes cyclically between these two values and the amount
of copper oxidized through chemical dissolution and through forming the protective material
can be calculated by evaluating the area under the current density curve between ¢y and #y+z,,
(shaded area in Figure 2.7c). It was assumed that the amount of protective material removed
during an interaction with squeezed abrasives is equivalent to that grown on the surface
during #,.4s. Thus, the chemically dominant removal of copper can be calculated using
Faraday’s law as follows:

M t0+tasfas
MRR, =——C"_ |j (t)dt 2.14
chem pZFt _[ total( ) ( )

as—as to

where M, is the atomic mass of copper, p is the density of copper, z is the oxidation state of
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the oxidized copper, F is Faraday’s constant and i, is the oxidation rate of copper. The
evaluation of the kinetics of the adsorption of a protective material on the surface of copper
during CMP is further discussed in Chapter 3. The influence of copper ions in a slurry on the
kinetics of the protective material formation is discussed in Chapter 4.

2.2.2 Mechanically Dominant Material Removal Mechanism

Figure 2.10 shows the interaction of an abrasive and copper during copper CMP. The force
exerted on copper by an abrasive was evaluated to be 0.1-1 uN for typical copper CMP
processes. Because of the small force exerted on an abrasive and the small contact area
between an abrasive and copper, the material behavior at this length scale might be very
different from that occurring at the macro-scale. It is proposed that plastic deformation of
copper only occurs at regions where the density of crystallographic defects is high. Also, the
sliding motion of abrasives across the surface of a wafer mostly ploughs on the surface rather
than removing the material. The dislodged material is removed by preferential oxidization of
the highly defective material or a process similar to cutting by the sliding abrasives. The
material removed from the surface of a wafer is proportional to the amount of the dislodged
material. Therefore, the material removal rate by this mechanically dominant mechanism is
expressed as:

MRR

mech

— KK, ”abANA°V (2.15)

where K is a correction factor accounting for partial removal of oxidized pile up copper and
K> is a correction factor accounting for the plastic deformation of copper only at highly
defective regions. The success of this proposed mechanism is dependent on the evaluation of
the number of abrasives participating in the abrasion of copper and the volume of the
trenches generated by the abrasion as illustrated in Figure 2.10. The limitations and
achievements of previous approaches are reviewed in Chapter 7 and n,, is evaluated by
considering the transportation mechanisms of the abrasives and the interactions between
abrasives in Chapter 8. The mechanically dominant removal mechanism that evaluates K;, K>
and A, is discussed in detail in Chapter 6.

0.1-1uN
Number of abrasives
) participatingin the
abrasion of copper
Abrasive

Oxidized copper

Grain boundary \(ﬁ_ ~10nm _f'<_|_
\ Eo— * Amount of the
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Figure 2.10 Indentation of an abrasive onto copper at nano-scale during copper CMP.
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Chapter 3

Millisecond Scale Adsorption Kinetics of
Benzotriazole (BTA) in Glycine-Containing
Solutions at pH4

3.1 Introduction

Chemical mechanical planarization (CMP) is used widely for local and global planarization
of wafers in the manufacture of integrated circuits (IC). Copper is the metal of choice for
interconnects because of its high conductivity and high resistance to electromigration.
Copper interconnects are fabricated using the dual damascene process, in which CMP plays a
crucial role for removing excess copper and planarizing damascene structures. As the
semiconductor industry ramps to 14 nm feature size® there is an increasing need for a robust
copper CMP model for successful implementation of design for manufacturability (DfM).
Although Preston’s equation® has been widely accepted for wafer-scale CMP modeling, its
treatment of CMP as an exclusively mechanical process is overly simplistic. Hence it has
limited applicability to CMP processes where chemical or electrochemical mechanisms are
known to be at play, such as copper CMP. This limitation has been an impetus for developing
many CMP models,>*>®78 put despite various degrees of success, most of these models fail
to fully capture the synergy between mechanical and chemical phenomena.

Recently, Tri]gathi et al. recognized this synergy in their mechanistic tribochemical model of
copper CMP.” They argued that during copper CMP material is primarily removed by wear-
induced corrosion. Under typical CMP conditions, where the slurry chemistry allows
inhibitor layers or passive films to form on copper, the oxidation rate of copper decreases as
the protective surface films progressively grow. At a given site on the copper there will be
periodic removal of the protective film during polishing (for example by interaction with
abrasive particles and pad asperities), causing a sudden increase in oxidation rate, followed
by formation and progressive growth of new passive film, with a concurrent decrease in
oxidation kinetics. Copper oxidizes throughout the intervals between these interactions.
Some of the oxidized copper forms the passive film and is subsequently removed
mechanically, and some dissolves directly into solution, but both processes contribute to the
removal of copper. The amount of protective film generated between successive asperity-pad
interactions and then removed will depend on the interval between the interactions,
determined by the pad geometry and rotational velocity relative to the wafer; the chemical
conditions, which determine the passivation kinetics; and the amount of passive film
remaining after the preceding asperity-copper interaction, which depends on how the
protective film interacts (both mechanically and chemically) with abrasive particles and/or
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pad asperities. The total amount of copper removed at a specific point is given by the
cumulative amount of protective film removed plus all direct dissolution from the copper
(which is influenced by the amount of remaining protective material on the copper surface).
Since it is difficult to characterize the transient surface condition of copper at every asperity
or abrasive contact during CMP (i.e. how thick the film is, or what fraction of reactive
surface sites are covered by protective species), Tripathi et al. postulated a quasi-steady state
for a more computationally efficient numerical implementation of the model.’ The details of
this are discussed below. To explore the model, the passivation kinetics of copper in both
acidic and alkaline slurries were studied by potential-step chronoamperometry with a copper
microelectrode, using electrochemical impedance spectroscopy data to distinguish capacitive
charging from Faradaic currents.'®

However, as noted above, the current density measured during potential-step
chronoamperometry measures the total rate of copper oxidation. To numerically implement
the CMP model, one needs to know the portion of the overall current density attributable to
direct dissolution and the portion due to formation of the protective film. Here we analyze the
current densities measured during potential-step chronopotentiometry in an acidic (pH 4)
solution, containing benzotriazole (BTA) as a corrosion inhibitor, and glycine as a
complexing agent for copper. We deduce the millisecond scale kinetics of adsorption of BTA
onto copper surfaces, the current due to formation of the protective BTA layer, the current
due to direct dissolution, and the fractional coverage of copper by BTA during typical CMP
operations. This gives significant insight into the molecular scale mechanism of copper CMP
in acidic slurries containing inhibitors.

3.2 Chronoamperometry Experiments

Using potential step chronoamperometry, we have measured the current decay of a bare
copper microelectrode exposed to two different aqueous solutions buffered at pH 4 using
acetic acid/sodium acetate, containing either 0.01 M glycine, which complexes copper ions,
or 0.01 M glycine and 0.01 M benzotriazole (BTA). Full details of the experimental setup
and procedures are provided elsewhere'® but in brief, a copper microelectrode was
conditioned at a cathodic potential between -1.5 and -1 V for 30 s to reductively remove any
oxidized surface films, then stepped up to an oxidizing potential, recording the current as a
function of time over short time periods relevant to the intervals between the interaction of
pad asperities with the wafer surface in copper CMP. All potentials are reported with respect
to the saturated calomel electrode (SCE), unless otherwise stated. Figure 3.1 shows the
current measured experimentally after stepping up to different potentials from -1.2 V (SCE)
in pH 4 aqueous solution containing both 0.01 M glycine and 0.01 M BTA. The current
decay is very similar for all potentials. EIS data for these conditions, reported elsewhere™,
predict that capacitive charging should be over in less than a millisecond, since the maximum
RyCpr is 0.3 ms. After this time, Figure 3.1 shows that at most final potentials the current
decays at a remarkably constant and similar rate of 0.5 orders of magnitude per decade of
time, that is the current density varies as the inverse of the square root of time. The behavior
is very different in the absence of BTA (Figure 3.2). At first sight this suggests a Cottrell type
decay behavior in the presence of BTA (Figure 3.1), with current densities determined by
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diffusion of BTA to the copper surface. However, given the fact that the current is strongly
affected by the fraction of sites occupied by BTA, as discussed below, there is not compelling
evidence for diffusion control. At lower potentials (< -0.2 V) in Figure 3.1, the anodic

currents eventually became lower in magnitude than the cathodic current due to hydrogen
evolution, causing the net current to become cathodic.
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Figure 3.1 Current decay after stepping step from -1.2V to different potentials, copper
in pH 4 aqueous solution containing 0.01 M glycine and 0.01 M BTA.
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Figure 3.2 Current decay after stepping up to different potentials from -0.9V (using

fixed range data acquisition), copper in pH 4 aqueous solution containing 0.01 M
glycine.

Several researchers have examined the interaction of BTA with co

]é) er substrates, both
adsorption'®**** and the formation of polymeric CuBTA films™**"1%1% albeit over much
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longer time scales than those studied here. A 1:1 stoichiometric association of Cu with BTA
in adsorbed layers indicates the formation of a Cu(l) species'*??:2223.24- BTA has been
reported to adsorb on copper at low pH, lower potentials and low adsorption densities, while
polymerized Cu(I)BTA multilayers appear at high pH, higher potentials, and higher
adsorption densities'#*%%%:26:27:28.29.30.3L © A dsorption has been reported on both oxide-free
copper surfaces and Cu,0*13:33:3%35 "youda er al® and Tromans®® presented Eh-pH
diagrams that show Cu(I)BTA predominating at pH 4 aqueous solutions at oxidizing
potentials, but these are equilibrium diagrams and may not reflect the dynamic condition
during active polishing of copper, where any adsorbed BTA is regularly disturbed by pad
asperities and copper is continuously oxidized. Nevertheless, it is evident that the copper on
the surface is oxidized to form a protective layer of BTA.

At some of the higher potentials in Figure 3.1 (>0.4 V), the current densities leveled off after
a few seconds. This suggests that either there is no more adsorption of BTA, or that any
subsequent adsorption of BTA provides no further passivity. Although at first sight the
transition could be associated with a change in behavior for either a monolayer or a
Cu()BTA multilayer, it is unlikely that a multilayer could have developed to the point of
establishing a limiting current in just a few seconds. Furthermore, since the formation of a
monolayer involves diffusion of BTA through the boundary layer at the copper-solution
interface, whereas the formation of a Cu()BTA multilayer involves transport of species
through layers that had already formed, which is much slower than boundary layer diffusion,
one would expect a change in gradient when monolayer formation changed to multilayer
formation. As discussed above, the change in gradient in Figure 3.1 below 1 ms has been
correlated with the cessation of capacitive charging, and there are no further changes in
gradient until those seen at a few seconds. Hence, this point can reasonably be assumed to
correspond to complete occupation by BTA of all available anodic sites on the copper
surface, 1.e. the formation of a protective monolayer on the copper surface. The time at which
the monolayer first forms is designated #,. Any subsequent uptake of BTA is assumed to
correspond to the precipitation of polymerized multilayers by the interaction of copper ions
that had previously dissolved into the aqueous solution with BTA species diffusing to the
surface region from the bulk. If this is the case, the removal of the precipitated layers would
not contribute to the material removal during copper CMP, regardless of the amount of
copper within them, because this copper will have already have been accounted for as direct
dissolution from the copper surface.

3.3 Quasi-steady State Assumption

As noted above, for computational efficiency Tripathi et al. postulated a quasi-steady state
during copper CMP such that on average the amount of protective film removed at each
asperity-copper interaction is equal to the amount of film that reforms before the next
interaction.” In principle, the estimation could have considered successive abrasive particle-
copper interactions, rather than asperity-copper interactions. However, the interval between
sequential abrasive particle—copper interactions under an asperity was estimated at less than
10 ps, which is 2 or 3 orders of magnitude smaller than the interval between asperity-copper
interactions (1~10 ms).” Hence the electrochemical changes on copper between sequential
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abrasive contacts under the same asperity would be minor compared to the electrochemical
changes occurring between two asperity contacts. Indeed, assuming that the abrasive
particles are relatively uniformly distributed under each asperity, they can be considered part
of the asperity itself, and most likely provide the “chemical tooth™ that preferentially
interacts with CuBTA complexes. Therefore, only the interval between two consecutive
asperity-copper interactions was considered in the concept of a quasi-steady state.

The oxidation rates shown in Figure 3.1 decrease from about 0.05 A/cm?® immediately after
capacitive charging has ceased to about 0.003 A/cm?® or less at f,, equivalent to material
removal rates declining from about 1100 to 66 nm/min or less (assuming that Cu(Il) is
formed). For copper CMP in slurries containing BTA and glycine, typical material removal
rates are 130~600 nm/min®’. Since these rates lie between the rates corresponding to the
extreme currents seen in Figure 3.1, it appears that during most copper CMP operations there
is less than a monolayer of BTA on the copper.

Figure 3.3 schematically illustrates the establishment of the quasi-steady state when the
copper surface is partially covered by Cu(I)BTA between pad asperity-copper interactions.
The upper curve shows the fraction of the copper surface sites occupied by Cu(I)BTA at any
time. It is assumed that an asperity moving across the surface will remove a constant fraction
of all the Cu(I)BTA present (it is implicit in this assumption that the mechanism for removing
Cu(I)BTA species is preferential adsorption onto abrasive particles held under the asperity,
and that the abrasive particles themselves will already have some sites occupied by
Cu(l)BTA, because of either previous interactions with copper or through having adsorbed
dissolved copper and BTA in the slurry). Figure 3.3 was constructed assuming (arbitrarily, to
illustrate the principle involved) that 20 percent of the Cu(I)BTA species present on the
copper surface at any time are removed by a given interaction with a pad asperity, regardless
of the absolute concentration of the species on the surface (shown as the dashed line). It is
assumed that when abrasion starts there is a monolayer of Cu(I)BTA present (at least a
monolayer is reasonable, given that the time taken to move a copper-covered wafer into
position above a polishing pad exceeds the values for ¢, seen in Figure 3.1) and that the
fraction of surface sites occupied by Cu(l)BTA after the first interaction corresponds to the
state at 7, (indicated by the downward arrow and horizontal dashed line). More Cu(I)BTA
forms on the copper surface before the next asperity-copper interaction (indicated by the
upward arrow), but the time, 7,45, until the next interaction is not long enough to reform a
monolayer. Accordingly, the next abrasion (again assuming that it removes 20 percent of all
Cu(I)BTA on the surface) will further reduce the coverage of the surface by Cu(l)BTA
beyond that achieved in the first interaction, to one corresponding to a different state at 7,*
This process is repeated »n times until a quasi-steady state is reached where exactly as much
Cu()BTA is removed during an asperity-copper interaction as reforms in the interval before
the next interaction, Zu.q (at 7, ). Note that the duration of the asperity-copper interaction is
very short compared to the interval between asperity-copper contacts and no significant
electrochemical reaction occurs during the interaction itself (the electrochemical state at the
beginning of a single interaction is almost the same as that at the end of the interaction).
Hence the asperity-copper interactions are denoted by vertical lines, while the reformation of
Cu(I)BTA is relatively gradual, and is shown as diagonal lines.
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Figure 3.3 Establishment of the quasi-steady state when there is less than a monolayer
of protective material on copper surface.

Although Figure 3.3 was constructed for an initial condition of monolayer coverage of
copper by Cu(l)BTA, the same principles would be applicable to an initial state with thicker
polymeric Cu(I)BTA multilayers. Conversely, if there is bare copper when abrasion starts
(less likely), a quasi-steady state is eventually reached because of net growth of the
protective layer resulting from repetitive abrasion and BTA adsorption.

Regardless of the initial condition, since the reduction of coverage upon abrasion and the
gain in the coverage during f,..,s 1S always equal once the quasi-steady state has been
reached, the red and blue arrows in Figure 3.3 cycle inside of the dashed circle (i.e. the
fractional coverage immediately after the n™ abrasion is the same as that immediately after
the n+1™ abrasion). This introduces the time parameter ¢, defined by:

t =t =t =.=t (3.1)

Faraday’s law can be invoked to express the balance between the amount of Cu(I)BTA
formed at the surface and the amount removed:

(3.2)

as—as)

tO'Ha\sfas -
J, T ies(®dt = Aq(t, +1
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where Ag(?) is the charge density of the oxidized copper within the Cu(l1)BTA removed from
the copper surface during an abrasion event at time t, isss(t) iS the current density that
contributes to the formation of Cu(l)BTA on the surface at time t and ¢, is the interval
between abrasion events when a quasi-steady state is reached.

The chemically dominant material removal rate (which becomes constant once the quasi-
steady state has been reached) is given by:

M Cu to+tasas .
MRR pen = — [, o (O (3.3)

as—as

where i, 1s the total oxidation rate, including both the current density responsible for
forming the first layer of Cu(I)BTA on the surface (i,.) and the current density responsible
for direct dissolution of copper ions into the solution (i) (which will eventually form
soluble copper complexes with glycine38’39 or the acetate buffer, or as mentioned above, may
reprecipitate with BTA). M, is the atomic mass of copper, p is the density of copper, z is the
oxidation state of the oxidized copper and F is Faraday’s constant. However, before the
integral in equation (3.3) can be evaluated using the kinetics of current decay shown in
Figure 3.1, it is necessary to determine where ¢, lies.

3.4 Theoretical Analysis

Given that the intervals between two asperity-copper contacts for typical operating
parameters during CMP are around 1 to 10 ms,’ the thickness of copper that is removed
between each interaction (due to both dissolution between the two interactions and removal
of oxidized copper film by the interaction) is equivalent to about 0.1 to 1 A. This is less than
the atomic radius of copper, 1.4 A. Since it is clearly impossible to remove a fraction of a
copper atom, this low average means that the likelihood that a given surface copper species is
removed in any given interaction is well below unity. The “mechanical” phenomena during
copper CMP, which have hitherto been envisaged as mechanical damage to a passive film (as
first proposed by Kaufman®) are evidently more akin to the plucking of certain atoms or
molecules from an incompletely covered surface during each abrasive interaction. This
appears completely consistent with Cook’s “chemical tooth” model®, but suggests far less
mechanical action in chemical mechanical planarization than is considered in most models.

The small amount of material removed with each asperity-copper interaction, in conjunction
with the establishment of a quasi-steady state in the sub-monolayer regime, implies that
Cu(I)BTA only covers a fraction of the copper surface between asperity-copper interactions,
and each interaction only removes a portion of this oxidized material. This situation is
illustrated schematically in Figure 3.4. Figure 3.4 (a) shows the surface condition right before
abrasion (i.e. at #)+ f4.45) and Figure 3.4 (b) shows the surface immediately after an abrasion
event that removed 20 percent of the total adsorbed Cu(I)BTA (i.e. at #). It is assumed that
the Cu(I)BTA species are randomly distributed on the surface, and that abrasion will remove
a constant fraction of the total number of Cu(I)BTA species present on the surface. The
arbitrary percentage chosen (20 percent) was selected for consistency with Figure 3.3. The
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removal efficiency, #, can be expressed as:
AQ =179 0<np<l) (3.4)

where ¢ is the charge density of the oxidized copper that constitutes the Cu(l)BTA on the
copper surface before abrasion.

(a)
0=08

02 ]

N
I

Chemisorbed BTAon Bare ::opper surface

copper (Cu(l)BTA)
Figure 3.4 Coverage ratio change before (a) and after (b) asperity contact during
copper CMP. The removal efficiency # is assumed to be 0.2.

To the best of our knowledge the kinetics for forming a monolayer of protective film in a pH
4 aqueous solution containing glycine and BTA have not been studied to date, and it would
be challenging to investigate the kinetics in this regime by direct experimental measurement.
The electrochemical quartz crystal microbalance (EQCM) technique has been employed to
study the kinetics of forming multilayers of BTA over time scales of the order of hours.*®*
Unfortunately, the resolvable time scale of the EQCM, about 0.1 s42, limits the usefulness of
this technique for studying the millisecond time scale. Hence, we employed a theoretical
approach, using our experimental chronoamperometric data to determine the rates of
dissolution of copper from bare copper sites and from the sites that are occupied by BTA, and
then used these data to calculate the kinetics of adsorption of BTA onto copper.

The experimentally measured current densities in Figure 3.1 and Figure 3.2 include current
that leads to the formation of the protective film and current that leads to direct dissolution of

the copper. As noted above, the total current was inversely proportional to the square root of
time:

-0.5
. . . [t
Itotal = Ipass + Idiss = Im [t_j fOI‘ t< tm (35)
m

where i, is the current density at #,,.

The current density responsible for forming adsorbed Cu(I)BTA can be written as:
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i () :3—‘;‘ = c‘jj—f (3.6)

where 6 is the fractional coverage and c is a constant that relates the fractional coverage to
the charge density of the oxidized copper that constitutes the Cu(l)BTA on the copper surface.

The constant c is easily evaluated. When a complete Cu(I)BTA monolayer has formed (i.e.
0=1), q is equal to c (by g=c6). Hence c is given by:

c=2zeN (3.7)

where z is unity for Cu(l), e is the elementary charge, 1.602176x10™"° C/electron and N is the
surface density of Cu(l)BTA on the surface.

Assuming that copper dissolves directly into the solution from both bare sites and those on
which BTA is adsorbed, but with different, potential-dependent rate constants denoted by a
and b respectively, and that these rate constants are independent of the fractional coverage, 6,
the current density for the direct dissolution of copper can be written as:

iy =all—6)+bo (3.8)

Combining equations (3.5), (3.6) and (3.8) gives the following linear differential equation
that governs the kinetics of BTA adsorption for < ¢,

-0.5 . -0.5
at-0)+bo+c30-i [L] o0 _Lft] ,azb, a (3.9)
dt t d cit c c

m m

Solving the first order differential equation using the boundary condition 6,-y=0 yields:

S = AN R
o) = L/m . +ﬁe P e (3.10)

From equation (3.9) and the definition of ¢,, it is apparent that at #,, 6=1 and d6/dt=0,
hence:

b=i, (3.11)
This is consistent with the oxidation rate at #,, being due exclusively to dissolution of copper
from BTA adsorbed sites. The coefficient a can be determined from the oxidation rate at #,, in
a solution that does not contain BTA, which is given by Figure 3.2. The coefficient ¢ can be
calculated from equation (3.10) using the determined coefficients a and b and the condition at

tw (0=1). The adsorption density of BTA at monolayer coverage can then be determined
from equation (3.7) and the kinetics of adsorption evaluated from equation (3.10).
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For pH 4 aqueous solution containing glycine and BTA, one can use material removal rates
reported in the literature to estimate the position of quasi-steady state under typical
conditions, assuming that the kinetics of BTA adsorption would be similar under polishing
conditions to those for the microelectrode. Substituting equations (3.5) and (3.11) into
equation (3.3) gives:

0.5
M O+ as—as
MRR on = — = - b[ti] dt (3.12)
pz as—as 0 m
M b t 0tlas-as
:%\/_m - toisdt (3.13)
pz as—as 0 '
OM. bt
= |C:+\/_m[(t° +t, )% —tOO'S] (3.14)
pZ as—as

Thus, knowing the parameters b and ¢, for given conditions, one can determine the
characteristic time ¢, corresponding to the beginning of quasi-steady state for a given MRR
and value of 7, 4.

3.5 Results and Discussion

The kinetics of adsorption of BTA onto a copper microelectrode at 0.6 and 0.4 V (SCE) in a
pH 4 aqueous solution containing 0.01 M glycine and 0.01 M BTA (the second and third
highest lines in Figure 3.1) were modeled using the equations derived. The evaluated
coefficients and constants are listed in Table 3.1. Note that the ratio of coefficients @ and b
(a/b) and the coefficient ¢ are similar at both potentials, which is physically reasonable. The
current density at unoccupied sites (coefficient a) is nearly two orders of magnitude higher
than that at sites occupied by BTA (coefficient b), which demonstrates the efficacy of BTA as
a corrosion inhibitor.

Table 3.1 Derived values for a governing equation of the kinetics of BTA adsorption in a
pH 4 aqueous solution containing 0.01 M glycine and 0.01 M BTA

Potential (V (SCE)) 1 (s€C) a (A/em?) b (A/em?) ¢ (C/em?)
0.6 2 7.0x107 8.4x10™ 6.26x10°
0.4 4 4.4x107 4.7x10™ 6.24x107

To further assess the validity of the derived values, the coefficient ¢ was converted into the
adsorption density of BTA on copper and compared with values in the literature. An upper
limit for the adsorption density of Cu(l)BTA on copper surfaces can be estimated from the
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surface density of the most closely packed copper surface, namely the (111) surface,
1.77x10"° atoms/cm®.* The surface density can also be estimated from the area that each
BTA molecule occupies on the copper surface. Xu et al. used the molecular structure of
adsorbed BTA reported by Tomas et al.* to estimate that each BTA molecule occupies about
35 A’ if adsorbed with its molecular plane parallel to the surface, corresponding to a
saturation limit of 2.8x10'* molecules/cm” and about 12 A” if adsorbed with its molecular
plane normal to the surface, corresponding to a saturation limit of 8.4x10'* molecules/cm?.*
Xu et al. also reported the surface density of a monolayer of BTA™ on Cu,0 equilibrated with
a neutral pH aqueous BTA solution to be 6.3x10" ¢cm™.* Bastidas reported the projected
area of a vertically oriented adsorbed BTA molecule to be about 20 A? (the projected area of
a rectangle surrounding the molecule), as compared with 38 A? for the horizontal orientation
of BTA,* corresponding to surface densities of 5.0x10'"* molecules/cm’® and 2.6x10™
molecules/cm?, respectively. Thus, the adsorption density of BTA on copper surface is

between 2.6x10'* and 8.4x10' molecules/cm?.

The experimentally evaluated coefficient ¢ in Table 3.1 corresponds to BTA adsorption
densities of 3.91x10' (at 0.6 V) and 3.89x10'* molecules/cm® (at 0.4 V) on copper,
intermediate between the saturation limits for BTA molecular planes parallel to the surface
and normal to the surface. This implies either a range of orientations of BTA molecules in a
monolayer, or that each BTA molecule is adsorbed onto the surface with its molecular plane
tilted with respect to the surface normal. This consistency with independently obtained data
affirms the validity of the approach adopted here for determining the adsorption behavior of
BTA in pH 4 aqueous solution containing BTA and glycine.

The resulting millisecond scale kinetics of adsorption of BTA onto copper surfaces from
acidic aqueous solution are shown in Figure 3.5, which shows rapid initial adsorption of
BTA onto the copper surface. Within 30 ms (at 0.6 V), more than 90 percent of the copper
surface is occupied by adsorbed BTA. The adsorption kinetics of BTA at 0.4 V are very
similar to those at 0.6 V when plotted as a function of normalized time (i.e. #/¢,), despite the
differences in the coefficients a, b, and c (inset of Figure 3.5).

Substituting the coefficients a, b, and ¢, along with the adsorption kinetics shown in Figure
3.5, into equations (3.5), (3.8) and (3.9) yields Figure 3.6, which shows the current density
responsible for passivation and the current density for direct dissolution of copper as a
function of time during the formation of a monolayer of BTA on copper. It is evident that
initially the vast majority of the current is due to the formation of the passive layer, albeit at a
steadily declining magnitude (it should also be recognized that this portion of Figure 3.6 is
extrapolated, since capacitive charging dominated the current observed in the experimental
potential step chronoamperometry experiments). At around 0.1 ms the current due to direct
dissolution of copper becomes comparable to that due to the formation of the passive layer,
and by 1 ms the majority of the current is due to direct dissolution of copper.
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Figure 3.5 Millisecond scale adsorption Kkinetics of BTA in pH 4 aqueous solution
containing 0.01 M glycine and 0.01 M BTA (inset: adsorption Kinetics over the
normalized time in linear scale)
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Figure 3.6 Current density for forming Cu(I)BTA and the current density for direct
dissolution as a function of time during the formation of a monolayer of BTA on copper

Equation (3.14) was solved numerically for the different parameters of » and ¢,
corresponding to potentials of 0.6 V and 0.4 V, using the atomic weight of copper (63.54
g/mole) and density (8.96 g/cm’®). The value of n was taken as 2, because although copper is
in the +1 oxidation state in adsorbed Cu-BTA complexes, it enters solution in the +2
oxidation state. Two extreme values of material removal rates taken from the literature were
considered, namely 130nm/min and 600 nm/min. Two extreme values of 7 were also
considered, namely 1 and 10 ms, values representative of typical pads and rotational
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velocities. The resulting values of #, are reported in Table 3.2, along with the values of
0 corresponding to these times, and the values of @ at #, + 7. There was no physically
realistic solution to equation (3.14) for the higher value of 7 in conjunction with the higher
material removal rate. Physically it is reasonable that high material removal rates would not
be seen with slow rotational speeds in CMP. It is seen that for the lowest material removal
rates typically encountered in copper CMP, the surface is almost completely covered by BTA
throughout the polishing process. The fractional coverage is about 93 % at 0.6 V (SCE), and
88 % at 0.4 V(SCE), and only a miniscule amount of BTA is removed with each asperity-
copper interaction. Under such conditions, essentially all material is removed by direct
electrochemical dissolution of copper. Conversely, at the highest material removal rates
typically encountered in copper CMP, the copper surface undergoing active polishing is only
partially covered by BTA (of course recessed areas on the copper surface that do not interact
with the pad would be fully protected by thick BTA layers). Immediately after an asperity-
copper interaction, about 64 and 49 % of the sites on copper would be occupied by BTA at
0.6 and 0.4 V, respectively. These occupancies would have increased to 71 and 61 % after
just 1 ms. These conditions correspond to values of #, of around 1 ms, which from Figure 3.6
is the time at which material removal involves both direct dissolution and formation of
passive layers. Regardless of the precise material removal rate, it is clear that dissolution is
an important material removal mechanism.

Table 3.2 Time corresponding to beginning of quasi-steady state, corresponding
fractional coverage, and fractional coverage at next asperity-copper interaction, for

MRRs and operating conditions typical of copper CMP processes

Potential tm b tus-as MRR

(V(SCE)) | (sec) | (Alem?) | (ms) | (nm/miny | 2 | O(0) | Olto™ lusay)
0.6 2 | 84x10*| 1 130 4.01068x107 | 0.9273 |  0.9283
0.6 2 [ 84x10* | 10 130 3.57592x107 | 0.9224 |  0.9326
0.6 2 [ 84x10*| 1 600 1.43898x107 | 0.6422 | 0.7087
0.6 2 [ 84x10* | 10 600 N/A N/A N/A
0.4 4 147x10* | 1 130 2.49268x107 | 0.8777 | 0.8801
0.4 4 | 47x107 | 10 130 2.06701x107 | 0.8653 |  0.8902
0.4 4 | 47<10* | 1 600 7.45896x107* | 0.4875 | 0.6056
0.4 4 147x10" | 10 600 N/A N/A N/A

3.6 Conclusions

The millisecond scale adsorption kinetics of BTA onto copper surfaces in pH 4 aqueous
solution containing 0.01 M glycine and 0.01 M BTA have been determined from analysis of
potential step chronoamperometry data. These kinetics show that BTA rapidly adsorbs onto
copper surfaces, forming a monolayer of Cu(I)BTA within a second or so. Building on this
analysis, we have shown that under typical CMP conditions, with typical material removal
rates, copper surfaces undergoing active polishing in acidic slurries containing BTA have less
than a monolayer of BTA on the surface. Further, only a small proportion of the adsorbed
BTA is removed with any given asperity-copper interaction; most material removal is due to
direct dissolution of Cu®" ions (which may subsequently form complexes with other slurry
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components) into the slurry. This mechanistic picture of copper CMP differs from the
commonly accepted model first depicted schematically by Kaufmann et al.® involving thick
passive layers that are completely removed with each interaction. We have also confirmed
that, as proposed earlier’” CMP is a wear-induced corrosion process, rather than a corrosion-
enhanced wear process.
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Chapter 4

Influence of Copper Ion Concentration on
the Kinetics of Formation of a Protective
Layer on Copper in an Acidic CMP
Solution Containing BTA and Glycine

4.1 Introduction

With the adoption of porous ultra-low-k dielectrics in integrated circuits, the planarization
processes used in manufacturing multi-level metallic interconnects have been modified to
maintain low down pressures, in order to avoid damaging the dielectric. Chemical
mechanical planarization (CMP) only yields low material removal rates when low down
pressures are applied, although these low rates can be acceptable if the copper films are very
thin. Electrochemical mechanical planarization (ECMP) ! was developed to achieve
reasonable material removal rates with low down pressures, although it is not widely used. In
ECMP copper is oxidized with an applied voltage instead of the chemical oxidizing agents
used in conventional CMP. During ECMP mechanical abrasion with a polishing pad and
abrasives removes the thin passive layer formed on the copper surface at the applied voltage.
At the same time, the copper at these unprotected protruding regions is dissolved by applied
voltages of up to 2 V. A very low down pressure (< 0.5 psi) provides removal rates similar to
those in conventional CMP.

In either CMP or ECMP, in order to achieve a planar surface, the solution must form a
protective layer on the copper surface, thereby preventing unwanted dissolution of copper at
recessed regions. Inhibitors such as benzotriazole (BTA) and ammonium dodecyl sulfate
(ADS) usually perform this protective function. The role of other additives in the CMP slurry
or ECMP electrolyte, such as complexing agents, inhibitors and oxidizers, has been
investigatedz’?”4 and new formulations have been developed.‘r”6 If the slurry or electrolyte is
only replenished slowly, or transport of chemical species is impaired by features on the
wafer, high concentrations of copper ions may develop in the solution, particularly near the
wafer. The role of copper ions in the slurry during CMP has been investigated. Steigerwald et
al. found that copper ions in the slurry dramatically increase the polish rate of titanium.’
Hariharaputhiran e al. argued that Cu®* ions complexed by amino acids such as glycine
promote the generation of hydroxyl radicals from hydrogen peroxide.8 Copper ions are also
known to affect the agglomeration behavior of abrasive particles in the slurry.® However,
little work has probed the effect of copper ions on the kinetics of formation of the passive
layer on the copper surface. Given that passivating BTA films contain copper ions, the
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buildup of dissolved copper ions in a CMP slurry or ECMP electrolyte with time might be
expected to alter the passivation kinetics.

The importance of passivation kinetics for ensuring protection of recessed regions of the
wafer surface undergoing CMP or ECMP is obvious. In addition, however, passivation is
typically rapid enough to affect the material removal rate at protruding regions that are
actively interacting with abrasive particles or pad asperities. Tripathi et al. developed a tribo-
chemical model that considers CMP to be a wear enhanced corrosion process, where
intermittent asperity/abrasive action removes some of the passivating film, thereby
temporarily enhancing the local oxidation rate, followed by time-dependent passivation of
copper.’® This model allows determination of the material removal rate if the passivation
kinetics, frequency of interaction, and amount of passive film removed per interaction are
known and remain unchanged during the process. Tripathi ef al. postulated that the stochastic
processes across the entire wafer could be simplified by assuming that a given site on the
wafer operates in a quasi-steady-state (the oxidation rate returns to the same value after each
interaction). The kinetics of passivation were then examined by potential step
chronoamperometry using copper microelectrodes, to provide data to use in the tribo-
chemical model.***? However, the earlier studies of passivation kinetics used solutions that
contained no added copper salts. Accordingly, the current study followed the methodology of
the earlier work to investigate the influence of copper ions in an acidic electrolyte containing
BTA and glycine on the passivation kinetics. Chronoamperometry was used to allow
measurement of the oxidation rate of copper at very short time scales. However, it must be
emphasized that the kinetics of passivation would be similar if the copper were being
oxidized chemically rather than electrochemically.

4.2 Experimental Details

4.2.1 Copper microelectrodes
Two types of copper microelectrode were fabricated from a 160 um diameter copper wire
(99.95% purity, MWS wire industries) insulated by enamel coating: 1) a microelectrode with
a three dimensional exposed area was cut with a fine blade to expose a fresh copper surface
(Figure 4.1a). The tip of the cut wire can be accessed by species present in a spherical region
of electrolyte around the tip, as shown in Figure 4.1a (recognizing that the figure is a two-
dimensional section) 2) A planar microelectrode was fabricated by embedding the copper
wire in uncured epoxy within a 10 mm diameter plastic tube, then cutting the cured assembly
perpendicular to the axis of the wire. The cut assembly was subsequently polished with
P320, P800, P2400 and P4000 sandpaper (Buehler). Then CMP was conducted to finish the
electrode surface using an IC1010 pad (Rohm and Haas Electronic Materials) and a slurry
containing 10 wt% alumina particles, 0.01M BTA, 0.01M glycine, 0.1 mM Cu(NOs), and
1 wt% H,0O,. The final shape of the microelectrode was a flat, circular copper disk, 160 um
in diameter, embedded in cured epoxy (Figure 4.1b).
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Figure 4.1 Exposed tip of a copper microelectrode and flux lines around a copper
microelectrode: a) three dimensional and b) planar electrode.

4.2.2 Chronoamperometry

A three electrode electrochemical cell, housed in a glass beaker, was used for all experiments.
The microelectrode was suspended at the center of the beaker facing downwards. A saturated
calomel reference electrode (SCE) was placed in a Luggin capillary 5 mm from the copper
microelectrode. A platinum mesh was used as a counter electrode. The pH 4 aqueous
electrolyte contained 0.01 M BTA, 0.01 M glycine and different concentrations of Cu(NOs3),.
The pH of the electrolyte was adjusted using acetate buffer. The solution was not aerated
before the tests. All potentials are reported with respect to the SCE (+0.2444 V vs. SHE at
25 °C).

Chronoamperometry was conducted using a Gamry G300 potentiostat. The copper
microelectrode was freshly cut (for the three dimensional electrode) or polished (for the
planar electrode) before each experiment. After immersion in the electrolyte, the
microelectrode was conditioned at -1.5 V for 20 seconds to reduce any surface oxides, and
then stepped up to an intermediate potential of -1.2 V for 10 seconds. The potential was then
stepped up to 0.6 V and the current was measured at time intervals of 0.1 ms minimum for 10
seconds. Each experiment was repeated several times to check for reproducibility.
Experiments were conducted either with or without agitation of the solution. The measured
currents are reported in this work rather than current densities because the precise surface
area of the three dimensional electrode was not easily determined.

4.3 Results

Figure 4.2-4.4 show chronoamperometry curves for copper after the potential had been
stepped up to 0.6 V in a pH 4 electrolyte containing 0.01 M BTA, 0.01 M glycine and 0.0, 0.1
and 0.6 mM Cu(NOs),, respectively. The current decayed with time due to the progressive
formation of a protective layer of adsorbed BTA on the surface of the copper.'’ Initially, at
any given time, the current passing at the three dimensional electrode exceeded that for the
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planar electrode by a factor of 1.5 (with no Cu(NOs3),) to 3.5 (with Cu(NO3),). This is most
likely due to the real surface area of the three dimensional electrode being larger than that of
the planar electrode because of roughness induced by cutting (Figure 4.1). Agitation did not,
in general, have much effect on the current at a given time. However, the current decayed
very differently for the planar and three dimensional electrodes, especially after 0.1 seconds;
the current passed by the planar electrode decayed more rapidly than that of the three
dimensional electrode. This appears to be due to a difference in the transport of dissolved
species. Copper ions that dissolve from the three dimensional electrode were able to be
transported in three dimensions into the spherical volume surrounding the microelectrode,
whereas copper ions released by the planar electrode were transported into a smaller,
predominantly hemispherical volume adjacent to the electrode (Figure 4.1). Thus, for a given
current, the concentration of copper ions near the surface of the three dimensional electrode
at a given time would be expected to be lower than that near the planar electrode. To
maintain charge neutrality, more BTA would be expected to migrate to the surface of the
planar electrode, thereby providing better protection of the planar electrode against
dissolution at a given time. The insensitivity of the current to agitation is, at first sight,
surprising. This is thought to be due to agitation increasing transport of both copper ions
away from the electrode, which might increase the current, and BTA ions to the electrode,
which would be expected to decrease the current. The interactions of these ions are discussed
further below.
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Figure 4.2 Measured current of copper microelectrodes (nominal surface area=2.01x10"
4 cm?) in a pH 4 solution containing 0.01 M BTA and 0.01 M glycine (no Cu(NO3),).
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Figure 4.4 Measured current of copper microelectrodes (nominal surface area=2.01x10"
‘em?)in a pH 4 solution containing 0.01 M BTA, 0.01M glycine and 0.6 mM Cu(NO3),.

Comparing Figure 4.2-4.4, the most obvious result is that the current stopped decreasing and
then began to increase when Cu(NOs), was present. The current reached a minimum sooner
at the higher Cu(NOs), concentration. This is attributed to the initial formation of protective
Cu(I1)BTA; films on the surface of copper, followed by nucleation and growth of bulk, non-
protective Cu(I)BTA, precipitates. The mechanism of precipitation and nucleation of bulk
Cu(I1)BTA; is further investigated in the following section.

Two experiments shown in Figure 4.4 were conducted for a longer period, 300 s, than the
others, which were stopped at 10 s. For both cases, the current reached a maximum at about
100 s and then began decreasing again. This implies that a protective layer eventually formed
again on the copper. This is analyzed below.
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4.4 Discussion

Although complexation with glycine affects the stability region of Cu*" ions,™ at the pH and
BTA concentrations used in this work, copper dissolves as Cu*".** Cu?* ions react with two
BTA ions to precipitate Cu(II)BTA, when the solution pH exceeds 3. In addition, Cu(Il)
and BTA form films on oxidized copper that have been reported to be as effective in
inhibiting corrosion as Cu(I)BTA.le’17

The solubility product of Cu(II)BTA, was estimated as follows. The pK, for acid dissociation
of BTA has been reported as 8.2'%). A solution containing 10* M Cu”" and 5 x 10° M BTA at
pH 3 was reported to be just saturated on the basis of such a solution becoming turbid after a
few hours."” The concentration of the BTA™ anion at pH 3 in a solution containing a total of 5
x 10~ M BTA would be 3 x 10 M, assuming that the activity coefficient of H is unity.
Thus the solubility product for Cu(II)BTA; is estimated to be 9 x 102’ mol*/L’.

In the chronoamperometry experiments, Cu”" and BTA™ ions are transported across the
boundary layer by both diffusion and migration. At elevated potentials (or in the presence of
a chemical oxidizing agent), Cu®" ions are continuously generated at the copper surface, and
are transported into the bulk, while BTA ions are transported toward the copper surface,
where adsorption and complexation of dissolved copper ions lowers their activity. Here we
consider diffusion to be the primary transport mechanism, which would be the case for
conventional CMP, where copper is oxidized by a chemical oxidizing agent. In ECMP, where
the wafer is held at a high potential, migration would further enhance the transport of Cu*"
into the bulk and BTA™ toward the electrode surface. The concentration of BTA™ and Cu®" at
different positions relative to the copper surface could be obtained by solving Fick’s second
law with appropriate boundary conditions. However, an analytical solution to the differential
equation is difficult to obtain, because the concentrations of free Cu’" and BTA™ ions at the
copper surface are affected by the time-dependent adsorption of BTA , the dissolution rate of
Cu and complex formation, as well as by diffusion.

Recognizing these challenges, the Cu®" concentration profile near the copper electrode,
C.p (Vs1) , was estimated by assuming: 1) that the concentration of copper ions is a function

of the distance from the electrode, governed by one dimensional diffusion of copper ions
from the electrode surface; and 2) the Cu”" ions dissolved from the surface of the electrode
into the electrolyte remain in the diffusion layer after stepping up the potential, giving the
following concentration profile:

S _y2
CCu2+ (y’t) = t eXp( y t} (41)

C

where S(#) is the cumulative amount of copper ions [mol/cm?] dissolved per unit area from
the copper surface during time ¢ after stepping up the potential, expressed as
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L.
L'diss(f)df ) . . oo
=———, y is the distance from the electrode surface, D is the diffusion

7F cu*
coefficient of Cu?", ¢ is the time elapsed since the potential of copper was stepped up to an
anodic value, iy, 1s the current density responsible for direct dissolution of copper ions into
the solution, dt is an infinitesimal time increment, z is the oxidation state of the oxidized
copper and F' is Faraday’s constant. If copper ions are present before stepping up the
potential, they are assumed to be uniformly dispersed. Assuming that the bulk concentration
of copper ions does not change the copper ion activity coefficient, and that there is no
complexation or precipitation, the bulk concentration of copper ions does not affect diffusion
behavior and thus can be added as a constant to equation (4.1).

S(t) =

As shown in Figure 4.5,'* the current density attributable to dissolution of copper is nearly
constant for the first 0.1 ms after stepping up the potential, and then decays following 7 .
The data in Figure 4.5 were obtained from current densities measured on copper at 0.6 V,
similar to those shown in Figure 4.2, using theoretical analysis to determine the kinetics of
adsorption of BTA onto the surface of copper from a pH 4 aqueous solution containing 0.01
M BTA and 0.01 M glycine. The current densities were measured using the same three
dimensional copper electrode and experimental setup as this work. In this analysis, the total
measured current densities were attributed to both the direct dissolution of copper into the
solution and the oxidization of copper on the surface to form a complex with the adsorbed
BTA, yielding the following governing equation:

-0.5
do . (t
a(l-0)+bo+c—=i,| — 4.2
(L=0)+bo+c- m[tj (4.2)

m

where ¢, is the time at which a complete monolayer is formed, i,, is the current density at #,,
6 is the fraction of surface sites covered by adsorbed BTA, a and b are the dissolution rates of
copper ions from bare sites and those on which BTA is adsorbed, respectively (expressed in
terms of current densities), and ¢ is a constant that relates the fractional coverage with the
charge density of the oxidized copper that constitutes the Cu(l)BTA on the copper surface.
The coefficients a, b and ¢ were obtained by solving equation (4.2) using the boundary
conditions: =0 at t=0; and 0=1 and d6/dt=0 at t = t,. After solving equation (4.2) to
evaluate 6 as a function of time, the portion of the current density attributable to the direct
dissolution of copper, a(1-6)+b6, could be determined using equation (4.2).
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Figure 4.5 Current density for direct dissolution of copper, iz, as a function of time
during the formation of a monolayer of BTA on copper'”.

Thus, considering the current density up to 0.1 ms to be constant, the cumulative amount of
copper ions dissolved from the electrode surface can be simplified to:

Laiss ¢ (fort<0.1ms)
s)=| F ] (4.3)
2 'd;j J0.0001+t - "‘;j (0.0001) (fort>0.1ms)
YA YA

where igiss is the nearly constant portion of the current density due to direct dissolution of
copper shown in Figure 4.5 and ¢ is expressed in seconds.

The concentration of copper ions is highest at the electrode surface and changes with time.
From equation (4.1):

Cer (0 = S (4.4)

Cu2+

It is also useful to consider a diffusion layer “boundary”, 2,/D_..t , at which the

concentration of copper ions is given by:

S S C. (O1)
C 2+ 2,/D »1,t) = =< (45)
Cu ( Cu ) e,\/ﬂD 2+t e

Cu

The limits on the concentration of copper ions at the electrode surface at a given time, ', can
be estimated as follows. The highest concentrations can be estimated by dividing time ¢ into
n increments and only considering the diffusion behavior of copper ions dissolved during
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each 7'/n time increment. The copper ions dissolved during the first of these increments, 0 < ¢
< t'/n, will have diffused into the electrolyte for t, leaving only a fraction of the dissolved
copper ions remaining at the surface of copper, as given by equatlon (4.3) and (4.4). The
copper ions dissolved during the next ¢ */n time increment (¢ n<t<2t /n) will have diffused
for (¢'- £'/n). Repeating until the nth time segment gives the concentration of copper ions at
the surface of copper shown in equation (4.6). Here the cumulative amount of copper ions
dissolved for the first 0.1 ms was used, so that i can be approximated as being constant,

designated as idiss -

| diss | diss | diss

(t" /n) (t /n) (t /n)
C (Ot =2 —— 1
D, \/ o (—” b \/nD . (—)t
(4.6)
|d|ss (t n ) n |d|ss (t n )
For infinitesimal time increments, 7 /# (n — oo), equation (4.6) can be rewritten as:
C.p (o,t")=jt 2E gp— 2asVl oot <0.1ms (4.7)
" o JAD zF /7D ..

This analysis assumes that the concentration profile of copper ions follows the diffusion
profile created by a constant total amount of solute during each infinitesimal time increment,
and ignores the concentration gradients that already existed because of copper ions that had
already diffused into the electrolyte during earlier time increments. Had these been
considered, the concentration gradients would have been steeper, resulting in faster diffusion.
Hence this simplified approach overestimates the concentration of Cu®’ near the electrode
surface and underestimates the bulk concentration of Cu®” away from the surface. The
corresponding concentrations of Cu®" at the diffusion layer boundary can be obtained from
equation (4.5).

Substituting the constant value of i giss from Figure 4.5 up to 0.1 ms, 0.06A/cm’, into equation
(4.7) and taking the diffusion coefficient of Cu®’, D » as 7.13x10%cm’s™  (from

Marcinkowsky and Philipslg), gives a concentration of Cu®" at the electrode surface at 0.1 ms
of approximately 1.3 mM. The upper bound of estimated [Cu®'] at the diffusion layer
boundary is 0.48 mM. Those estimates are listed in Table 4.1 along with the estimates in the
following calculations.
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Table 4.1. Concentrations of Cu®** [mM] at the limit of diffusion layer boundary at various
times during anodic polarization

Duration of anodic polarization [s] 10 0.1 3
[Cu®"] at the electrode | dissolved from the electrode 0.66-1.3 1.3 1.3
surface
[Cu™] at the diffusion | dissolved from the electrode 0.24-0.48 0.48 0.48
layer boundary , -
not complexed with glycine 0.21 0.41 0.41
total concentration when current 0.93 for 0.50 for
increases in presence of added - 0.6 mM 0.1 mM
Cu?’ [Cu™] | [Cu™]

Conversely, a lower bound for the concentration of Cu®" at the electrode surface can be

estimated by assuming that the total amount of Cu®" dissolved from the surface during time ‘
was introduced at = 0 and diffused into the electrolyte for ¢ . For ¢ less than 0.1 ms, the
concentration of copper ions at the electrode surface would be:

idisst* _
S(t:t*) _ zF _ idiss\/t_*
\/ﬂDCuht* \/”DCU2+t* zF /D, ..

C.. 0= (4.8)

This lower bound (for 0 < #* < 0.1ms) gives a concentration of Cu”" at the electrode surface
of 0.66 mM, half of the upper bound value. The concentration falls to 0.24mM at the
diffusion layer boundary. Because the purpose of the following analysis is to determine
whether or not there could have been homogeneous precipitation of Cu(II)BTA, in the
boundary layer, for the sake of simplicity, we consider only the lower bound values. This
provides a conservative assessment of the likely behavior. When ¢ exceeds 0.1 ms, the lower
bound estimation of [Cu”"] becomes:

CCUB (O,t*) _ 2+/0.00011 giss _ |diss(0.0001) (49)

sz zFW

This equation suggests that the concentration of Cu®" at the surface of the copper electrode
increases, albeit gradually, with time for times exceeding 0.1 ms. However, the numerical
values of the constants are such that the increases are imperceptible; the lower bound
concentration at the surface is 1.3 mM at both 0.1 s and 3 s (the times at which the current
densities began to increase in Figure 4.3 and Figure 4.4. The concentrations at the boundary
of the diffusion layer are 0.48 mM at both times. Therefore, the concentration of Cu" in the
diffusion layer after 0.1 ms, 0.1 s and 3 s of anodic polarization can conservatively be
assumed to be at least 0.24 mM, 0.48 mM and 0.48 mM, respectively (Table 4.1).

All of the discussion above considers total copper concentrations. However, the proportion
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of Cu?" available to interact with BTA”™ depends upon how much is already complexed by
glycine in the electrolyte. At pH 4, glycine exists mostly as a zwitterion, "H;NCH,COO".?°
"H3;NCH,COO' reacts with Cu*' to generate Cu(HzNCHzCOO)+:13

Cu®" + "HsNCH,COO™ — Cu(H,NCH,COO)" + H* (4.10)
Aksu and Doyle calculated the equilibrium for reaction (4.10) to be:

pH=1.219 — log{ " H;NCH,COO'} + log({Cu(H,NCH,COO)'}/{ Cu*'})  (4.11)

Assuming that all species in the electrolyte are ideal, with activity coefficients of 1 M ™', the
concentration of copper glycine complexes can be calculated. Setting this value to x, for a pH
4 electrolyte that contains 0.01 M glycine, in which the only copper ions at the diffusion
layer boundary are those that have dissolved from the electrode (0.24 mM at 0.1 ms after first
raising the potential), equation (4.11) can be rewritten as

4=1.219—-1log(107 — x) + log x — log(2.4x10™* — X) (4.12)

The minimum concentration of Cu”" in the diffusion layer boundary shown in Table 4.1 is
used in the calculation. Solving equation (4.12) gives that {Cu(H,NCH,COO)"} is 3.3 x
107. Similarly, the amount of Cu*" complexed by glycine at 0.1 and 3 s after first raising the
potential is 6.6 x 10~ M for both cases, based on the minimum concentration of Cu®" at the
boundary of the diffusion layer shown in Table 4.1. Given the large excess of glycine, it is
reasonable to assume that it is readily available, allowing rapid attainment of the equilibrium.
Thus the concentration of free Cu”" at the diffusion layer boundary at 10, 0.1 and 3 s after
anodic polarization is 0.21, 0.41 and 0.41 mM, respectively. For solutions that contained 0.1
mM and 0.6 mM copper salts initially, the free Cu®" concentrations would be 0.50 mM and
0.93 mM, respectively, at the times when the measured currents were first observed to
increase. These values are tabulated in Table 4.1.

The concentration of BTA at the surface of copper is much lower than that in the bulk
because the adsorption of BTA on the surface of copper at this condition is very rapid,'?
resulting in depletion of the BTA near the surface of the copper. The resulting concentration
profile is shown conceptually in Figure 4.6. Referring back to the solubility product for
Cu(IDBTA; of 9x1072” mol*/L’, it should be noted that the participating species are free Cu®"
cations and BTA anions. The bulk concentration of the BTA anion in the pH 4 electrolyte,
6.3x107 M for 0.01 M of total BTA, is obtained from the acid dissociation constant'®
(equation (4.13)):

BTA —» BTA +H" pK.=8.2 (4.13)
This exceeds the concentration of BTA anions required to exceed the solubility product of
Cu(I)BTA; in the boundary layer after 10 s of anodic polarization, which was the longest

duration for the data in Figure 4.2-4, which would have provided the highest concentration of
copper ions dissolved from the electrode, 1.5 x 10 M, even when the electrolyte contained
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no added Cu*". However, supersaturation would be needed for homogeneous precipitation of
Cu(Il)BTA,, and this was achieved much sooner in electrolytes that contained added copper
ions. Figure 4.6a depicts schematic concentration profiles for Cu?" and BTA™ across the
diffusion layer. It is clear that the product of the concentrations of Cu®" and BTA™ reaches a
maximum within the boundary layer, but at a distance y, from the copper surface because of
the convex profile of the curves and more weight on [BTA ]. This, then, is likely to be the
location where solid Cu(II)BTA, would nucleate, at a time #,, Once Cu(I)BTA, has
nucleated, the concentrations of free Cu®” and BTA™ would drop locally, because these
species have been removed from solution, as depicted in Figure 4.6b. This perturbs the
concentration profile, creating localized concentration gradients for both Cu?” and BTA™ that
would drive further flow of these ions to the precipitation site, allowing the nuclei of
Cu(II)BTA; to grow (Figure 4.6¢).

(@) t<t,

BTA} (g (b)1=1,

{BTA}

{BTA"}

»
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@
(o]
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+
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»
»

(Cu?y {Cu*"} {BTA’}

(BTA}

Figure 4.6 Schematic depiction of activity profiles of Cu’* and BTA™ near the surface of
a copper electrode at different times after raising the potential.

The Cu(I)BTA, nuclei would grow as more Cu>" and BTA™ diffuse toward the precipitate,
with a concurrent broadening of the perturbed region of the concentration profiles. Because
copper ions continue to dissolve at the copper surface, there will be an ongoing supply of
copper ions to the growing Cu(I)BTA, precipitates. These will only form Cu(Il)BTA, if
there is a stoichiometric supply of BTA ions. Some of these will come from the bulk, but
others would be expected to desorb from the copper surface, because the solid Cu(Il)BTA,
precipitates are more thermodynamically stable than adsorbed Cu(I)BTA complexes, yielding
the situation conceptualized in Figure 4.6d. This removal of protective species would result
in an increase in the current density at the copper electrode, as indeed is seen in Figure 4.3
and 4.4. Note that the onset of this increase in current occurs earlier for higher dissolved Cu®"

50



concentrations, which is consistent with earlier nucleation of Cu(II)BTA,.

Eventually, however, the bulk Cu(I)BTA, precipitates would be expected to grow toward the
copper ion source, namely the copper surface, and may repassivate it. This is seen
experimentally; Figure 4.4 shows that at longer durations repassivation does, indeed, occur.

This conceptual understanding of the disruptive influence of Cu(II)BTA; on passivation has
important ramifications for CMP and ECMP, where the topography of the wafer surface is
smoothed by preferential removal of materials at protruding regions, ideally without
dissolution of materials from recessed regions. The dissolution rate of copper, along with the
removal rate of the protective layer, determines the material removal rate. As discussed in the
introduction, for protruding regions, the protective material would be partly removed by
interaction with the pad asperities and any abrasives; and the area contacted by the asperity
and abrasives will again become protected by adsorbing BTA until the next interaction. If the
interval between the interactions is uniform enough, the removal and reformation of the
protective material will occur in a quasi-steady manner.'’ The interval between consecutive
interactions of asperities with copper is much shorter for the protruding areas than for the
recessed areas because only the longer, narrower asperities can reach the recessed areas,
whereas all asperities can contact protruding regions.”* For typical CMP and ECMP
conditions, the time period between interactions for protruding regions is too short for
significant depassivation, and any Cu(II)BTA;, nucleated in the boundary layer would be
removed by the motion of the asperities. In addition, the hydrodynamic conditions at these
protruding regions being swept regularly by pad asperities would differ from those assumed
in the analysis above. Given both considerations, the overall material removal rates would
not be expected to be strongly affected by dissolved copper in the slurry or electrolyte.

In contrast, at recessed regions there would be less agitation, and BTA has enough time to be
adsorbed onto the copper surface and form protective layers or multilayers. If the electrolyte
contains a sufficiently high concentration of Cu** ions and BTA, however, the adlayer formed
on the surface may be destroyed as depicted conceptually in Figure 4.6, which could account
for the transient elimination of passivity seen in Figure 4.3 and 4.4. This situation is not
unlikely; in conventional copper CMP processes, the concentration of Cu®" ions can exceed
20 mM, which is much higher than the concentrations used in this study, if the material
removal rate is 1000 nm/min.?> With elimination of passivity, the recessed regions of the
wafer would not be protected, which could lead to roughened topography, or at least longer
times needed to achieve planarization. Even for low concentrations of copper ions in the
bulk, high concentrations of copper ions may develop if mass transport of dissolved Cu”" into
the bulk is hindered. This suggests that the influence of copper ions on the kinetics of
formation of the protective layer must be considered when formulating new electrolytes or
slurries for ECMP or CMP of copper. Also, the concentration of copper ions in the electrolyte
must be controlled below a certain level to ensure the integrity of the protective material
during the process. This might be achieved with lower residence times for slurries, and
passage of the withdrawn slurry through a bed of a cation exchange resin that could replace
Cu** by H' ions.
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4.5 Conclusions

The influence of copper ions on the performance of CMP and ECMP using an acidic
electrolyte containing BTA and glycine was investigated. Even modest additions of copper
ions to the electrolyte impacted the kinetics of formation of the protective layer on the copper
surface. We propose that this is due to Cu®?” ions complexing with BTA™ in the boundary
layer, and eventually nucleating and precipitating Cu(I[)BTA,. The higher the concentration
of Cu®" in the electrolyte, the more easily Cu(I)BTA, nucleates. Nucleation and growth of
Cu(I)BTA; in the boundary layer causes desorption of BTA species from the adsorbed
protective layer. This nucleation of Cu(I[)BTA, followed by desorption of BTA could be
particularly problematic at recessed regions on the wafer surface because the interaction of
asperities is less frequent in those areas. Therefore, the influence of copper ions on the
stability of the protective layer must be considered when developing new electrolytes and
slurries. It is also suggested that it is important to control the concentration of copper ions in
the electrolyte during CMP and ECMP processes.
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Chapter 5

Evaluation of the Efficiency of a CMP Pad
in Removing Protective Materials from
Copper during CMP

5.1 Introduction

The surface of porous polishing pads used in chemical mechanical planarization (CMP)
application is rough, comprising numerous asperities formed by the pores. The rough surface
is constantly regenerated through conditioning between the runs or during the process. The
pad is wet by applying a polishing slurry that contains various chemicals such as oxidizing
agent, inhibitor and complexing agent, and abrasive particles to remove the material on the
surface of the wafer through the interplay between the chemical and mechanical actions. The
mechanisms of the material removal during copper CMP have been studied but few studies
have investigated the true synergy between the chemical and mechanical components.
Tripathi et al. postulated a quasi-steady state during the CMP process where the removal rate
of the protective layer by a pad asperity is balanced by the rate of formation of the protective
layer until the next interaction by another asperity. -2 Based on this assumption, they
predicted the material removal rates during copper CMP as a sum of the dissolution rates of
the copper and the removal rates of the protective layer, which can be measured by the
oxidation rates during the process. Choi ef al. further developed the Tripathi’s model so that
the quasi-steady state assumption can be applied even when less than a monolayer of the
protective material is present on the surface of copper.3 The kinetics of the protective material
formation on the surface of copper at acidic solution containing BTA and glycine were
determined based on the quasi-steady state assumption. It was found that only a fraction of a
monolayer of the protective material is present during copper CMP and a portion of the
existing protective materials is removed by the interaction with the asperities. It was also
proposed that the interaction with the pad asperity where abrasive particles are embedded
caused the material to be removed by occasional plastic deformation of the material and
subsequent removal of the piled up copper that was preferentially oxidized by the oxidizing
agents in the slurry.4 However, the exact interaction between the embedded abrasive particles
and copper has not been understood although most researchers have envisaged that the
interaction between these two materials is critical for understanding the material removal
mechanisms during copper CMP. Traditionally it has been considered that the embedded
abrasive particles plough the surface of copper to dislodge materials.>*®" The chemical
contribution to the material removal has also been considered by assuming that the chemical
additives in the slurry change the hardness of the copper or the abrasive size distribution,
although these approaches have not successfully predicted the material removal rates during
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copper CMP.” In this work, the interaction between the embedded abrasives and the copper
on which a protective film has are formed was investigated based on the work of Choi et al.’.
Specifically the efficiency of a pad asperity in removing protective material from the surface
of copper, which was defined as the removal efficiency, was determined for various
experimental conditions. The removal efficiency is essential for completing the mechanistic
model that predicts the material removal rates during CMP proposed by Choi ez al.*.

5.2 Experimental Detail

In situ electrochemical measurements during polishing were conducted using the apparatus
shown in Figure 5.1 connected to Gamry G300 Potentiostat. A three electrode
electrochemical cell, housed in a plastic beaker, was constructed on the table of a vertical
machining center tool (Matsuura MC-510VSS). The working electrode was a copper tube
(99.99 % purity from McMaster-Carr) with a 1 mm difference between the outer and inner
diameters, so as to minimize the variation of sliding velocities relative to the CMP pad across
the annulus. The copper tube was embedded in insulating epoxy, exposing an annulus at the
bottom of the electrode, with a cross sectional area of 0.46 cm”. The surfaces of the copper
electrode were insulated by epoxy except the bottom with cross sectional area of 0.46cm?
where electrochemical reactions occurred and corresponding current density was measured.
A platinum mesh was used as a counter electrode and was placed under the polishing pad. A
saturated calomel reference electrode (SCE) was placed in a Luggin capillary, and the tip of
the capillary was located between the polishing pad and the counter electrode. Icroro™
(Rohm and Haas) CMP pad, on which four through holes (4.76mm diameter) were machined
along the trajectory of the contact by the copper electrode (Figure 5.2), was fixed to the
bottom of the beaker. Note that the through holes on the CMP pad reduced the
uncompensated resistance between the working electrode and the counter electrode and
facilitated the delivery of the slurry to the interface of the working electrode and the pad. The
pad was maintained parallel to the open surface of the copper electrode to ensure uniform
pressure distribution throughout the copper during polishing. The polishing slurry contained
5 wt% alumina particles (primary diameter of 20nm and a median aggregate diameter of
150nm, from Cabot Corporation) and 0.01 M glycine in deionized water (DI water) with or
without 0.01 M benzotriazole (BTA). The pH of the slurry was adjusted to 4 by adding
acetate buffer. All potentials are reported with respect to the SCE.
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Figure 5.1 In situ electrochemical measurement apparatus constructed on the table of a
vertical machining center tool (Matsuura MC-510VSS). Shown in upper left is the
cross-section of the copper working electrode.

The pressure applied on the copper surface was adjusted by moving the axis of the machine
tool vertically; this position was numerically controlled as precisely as one micrometer. The
load applied during polishing was measured by a load cell (TUF-010-025-S from Loadstar
Sensors) placed under the electrochemical cell. The sliding velocity of the copper surface
over the polishing pad was adjusted by varying the rotational speed of the working electrode.

Potentiodynamic polarization was performed from -0.8 V to 0.8 V with a scan rate of 5 mV/s.
The copper electrode was conditioned at -0.8 V for 30 seconds before each scan to remove
any oxides on the surface. Slurries contained 0.01 M glycine, 5 wt% alumina abrasives with
or without 0.01 M BTA at pH 4. In situ IR compensation was not applied because of the
noise in the output data. Scans were obtained while rotating or not rotating the copper
electrode. Reproducibility of the data was ensured by conducting several scans for each
condition.

The CMP pad was conditioned using a diamond conditioner supplied from GNP Technology
while supplying DI water onto it before each experiment. The open surface of the copper
working electrode was polished before each experiment with an IC1010™ CMP pad using
the same slurry specified above for 30 seconds to flatten the entire surface including the
epoxy insulating layer, followed by additional polishing using commercial CMP slurry for 30
seconds to reduce the topography of the copper surface. The electrode was then immediately
rinsed with DI water. Any remaining oxides on the copper surface were reduced by applying
a cathodic potential of -1.5 V for 5 seconds followed by -1.2V for 10 seconds while abrading
the working electrode on the pad. The potential was then stepped up to 0.6 V and the current
was measured for 10 seconds during polishing. /n situ IR compensation was applied using an
integrated function of the potentiostat. Since the experimental results were highly dependent
on the surface of the copper electrode and the top surface of the pad being parallel, this was
ensured throughout the measurements. Figure 5.2 shows the pad after CMP when the bottom
of the copper was well aligned with the top surface of the pad. The uniform annular trajectory
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of the copper electrode demonstrates that the pad interacted with all points of the electrode.
Polishing was conducted with different down pressures and sliding velocities while
maintaining the potential of copper at 0.6 V. The same experiments were repeated, exerting a
down pressure but holding the electrode stationary, to compare with the data for the rotating
electrode. Experiments were repeated at least three times for each condition.

i

logalied

Figure 5.2 IC1010™ CMP pad with four machined holes after CMP of copper. Oxidized
copper remained on the surface of the pad leaving an annular trajectory corresponding
to the electrode.

5.3 Results

Figure 5.3 shows the efficacy of BTA at protecting the surface of copper over the entire range
of the scan. At anodic potentials the oxidation rates of the copper were nearly two orders of
magnitude lower than when the slurry contains BTA. Complying with the experimental
results of Tripathi ez al.', BTA also suppresses the reduction of oxygen at cathodic potentials.
When the copper electrode sled over the CMP pad at 0.5 m/s under 3.6 psi of down pressure
in the presence of BTA, the current densities increased about two orders of magnitude at
anodic region approaching the oxidation rates in the absence of BTA, showing the efficacy of
the abrading actions in removing the protective layer on the surface of the copper. Note that
the current densities at cathodic regions also increased when the copper was polished in the
presence of BTA. This implies that the inhibition by BTA at cathodic potentials was induced
by physical adsorption of BTA and the abrading actions by pad asperities and abrasives easily
remove the weakly bonded layer of BTA from the surface.
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Figure 5.3 Potentiodynamic polarization scan of copper electrode in a pH 4 slurry
containing 0.01 M glycine, S wt% alumina abrasives with or without 0.01 M BTA.
Scanned from -0.8 V to 0.8 V with the rate at 5 mV/s. Polishing, when used, was done
with a sliding velocity of 0.5 m/s and 3.6 psi of down pressure.

Figure 5.4 shows a typical chronoamperometry curve when the potential of copper was
stepped up to an anodic potential, 0.6 V. The current density decreased rapidly before
stabilizing at a quasi-steady state® after two seconds; thus the values for the first two seconds
were excluded when evaluating the average current densities for each experimental
condition. The initial decay of the current density (see the inset of Figure 5.4) was attributed
to adsorption of BTA on the oxide-free surface of copper. Capacitive charging for the
macroelectrode used to give Figure 5.4 was not considered because it was finished by 0.05
seconds in the absence of BTA (see filled circles in Figure 5.5) and the protective layer on the
surface of copper would further reduce the time for the capacitive charging in the presence of
BTA.! After the initial decay of the current, a quasi-steady state was reached where the
current densities were nearly constant, implying that the overall fraction of sites occupied by
BTA remained constant, although the exact location of the occupancy would change as the
asperities swept the surface of the copper. The noise of the measured current densities was
due to the rotation of the copper electrode; the frequency of the noise corresponded to that of
rotation.
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Figure 5.4 Chronoamperometry curve during polishing when the potential of copper
was stepped up to 0.6 V. Inset shows the current density in the first 0.5 seconds. Sliding
velocity and down pressure were 0.75 m/s and 3.6 psi, respectively.
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Figure 5.5 Comparison of the current decaying characteristics using a micro-electrode
[from reference 1] and a macro-electrode. The current densities were measured after
stepping up the potential to 0.6 V after polarizing at -1.2 V in a pH 4 electrolyte
containing 0.01 M glycine with or without 0.01 M BTA for a micro-electrode and
additional 5 wt% alumina abrasives for a macro-electrode. A macro-electrode was in
contact with the polishing pad. Inset shows the original data for a micro-electrode
before shifting.
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Figure 5.6 shows the average steady-state current densities of copper during polishing
(between two and ten seconds) with different down pressures or sliding velocities. It is clear
that the current densities in the absence of BTA, where protective material was not expected
to form, were insensitive to the down pressure and sliding velocity. In contrast, the current
densities in the presence of BTA, where some surface sites on the copper were expected to be
protected, increased with increasing down pressure and sliding velocity. This suggests that
increasing pressure and velocity increased the amount of protective material removed from
the surface of copper by the pad asperities and the abrasives embedded between the asperity
and the copper, leaving more unprotected surface sites.
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Figure 5.6 Average current density of copper during polishing when the potential was
stepped up to 0.6 V for different down pressures (a) and for different sliding velocities
(b). The slurry is at pH 4 and contains 0.01 M glycine and 5 wt% alumina abrasives
with or without 0.01 M BTA. Error bars denote one standard deviation of the
measurements.

Figure 5.5 compares the decrease in the current densities over time for micro- and macro-
electrodes, both of which were stationary, in a pH 4 aqueous solution containing BTA and
glycine. It also shows the nearly constant current densities when there was no BTA in the
solution. 5 wt% of alumina abrasives were added to the solution only when macro-electrode
was used. The macro-electrode was in contact with the perforated CMP pad without rotation
during the measurements to allow comparison with the currents during polishing. It was of
interest to compare the data obtained using a macro-electrode in the polishing slurry used in
this work with the data obtained by Choi et al.® using a micro-electrode in the same aqueous
solution, but with added alumina particles, because the adsorption kinetics of BTA for this
case were known. The current densities for the micro-electrode at any given time were about
22.7 times larger than those for the macro-electrode (see inset of Figure 5.5). To aid the
comparison the data for the micro-electrode were shifted by a factor of 22.7 in the main plot
of Figure 5.5. It is clear that, with this correction, the relative magnitudes of the current
densities in the absence and the presence of BTA were the same for the macro and
microelectrodes.
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This discrepancy between the micro and macro electrodes reflects better mass transport for
the microelectrode, which is surrounded by a spherical region of electrolyte. Copper ions
dissolving from the macro electrode are restricted to two dimensional transport, and the
presence of the CMP pad between the macro-electrode and the counter electrode blocked and
changed the electric field, further lowering the oxidation rates. Despite the discrepancy in the
magnitude of the oxidation rates for the two different electrodes, the intrinsic mechanism for
passivation would be unchanged. Therefore, the approach used by Choi et al.® of considering
the fractional coverage of the copper by Cu(I)BTA complexes as a function of time was
adopted to examine the material removal efficiencies from the measured current densities.

5.4 Discussion

5.4.1 Evaluation of the removal efficiencies from the experimental results

Recalling the concept of a quasi-steady state, it is reasonable to assume that the steady
current seen during polishing corresponds to a state where the rate of removal of the
protective material on copper is balanced by the rate of the formation of new protective
material. The removal of the protective material by an asperity is nearly instantaneous,
whereas the protective material, Cu(I)BTA, forms again comparatively gradually, until the
next interaction with an asperity. The average duration of the contact between a given point
on the copper and a pad asperity, #,;, was estimated assuming circular asperity and copper
contacts:

as (5.1)

where d, is the average diameter of the circular contacts between the asperities and copper
and v is the sliding velocity of the wafer over the pad. Equation (5.1) gives a maximum
because the duration of the contact varies with the wear distances' across the circular contact,
as shown in Figure 5.7.

asperity-copper
contact

( _\ ______ > ||
wear distance

Figure 5.7 Wear distances of an asperity sliding over the surface of copper from left to
right.

The growth of the protective material on the copper surface is dependent on the fraction of
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occupied sites at the moment, characterized as ¢, in Figure 5.8, and the duration until the
subsequent contact by another asperity, defined as #,,.,; in Figure 5.8.

-
-

tO +tasfas

Oxidation rate |, i

©  Coverage ratio, 8 ~

/ Imeasured

Figure 5.8 Evaluation of #) by knowing the average oxidation rate, #,,,, and the curve of
the coverage ratio.

t0 t0+tas-as Ti me (S)

The time for a point on the surface of copper that has just interacted with an asperity to
interact with the next asperity, 7,4, can be determined by equating it with the time required
to completely sweep the surface of the copper wafer by the asperities:

A
N..d.v

as—as

N d Vtas—as = AN or tas—as =

as—as

(5.2)

where N, is the number of asperities that contact the surface of a wafer, d,, is the average
diameter of the circular contact areas between asperities and copper and 4,, is the surface
area of a wafer. Note that the influence of the sliding velocity on N, and d, is not
considered. The number of asperities that contact the surface of a wafer (N,,) is calculated by
the following expression:

N = SeomacAw (5.3)
as °

aas

where 7onqer 18 the ratio of real area of contact between a CMP pad and a wafer to the

nominal contact area and a,, is the average contact area of an asperity contacting the copper.

Thus, assuming a circular contact area between an asperity and a wafer the time interval

between consecutive contacts by asperities at a point on the surface of copper is determined

as:

d
t =—2 54
as—as 4V|’ ( )

contact

62



where 7coniae; 18 an increasing function of the down pressure&9 and d,, can either increase or
stay constant with the down pressure. Both can be experimentally characterized using
confocal reflectance interference contrast microscopy (C-RICM)®* or dual emission laser
induced fluorescence (DELIF )10.

tp and ¢,5.4s can be determined from a plot of the oxidation rate of copper as a function of time
since a bare surface of copper is raised to an anodic potential, knowing the experimentally
observed average oxidation rate of copper, as illustrated in Figure 5.8. Since the measured
oxidation rate, iyeqsured, 1S the sum of the currents from the entire surface of the copper where
some points have just been abraded by an asperity while others are waiting to be abraded, the
exact location of #) can be determined using the following expression:

t0 +tas—as -
I idt
t0

imeasu red — t (5 5)

as—as

When a spot on the surface is abraded by an asperity, the oxidation rate at that point will
increase immediately because the fraction of sites occupied by protective materials, 6, will

decrease. As time elapses until the interaction with another asperity, the protective material
progressively accumulates, finally giving a coverage ratio of 6,

0 +tas—as :

Using these coverage ratios at a given point on the surface immediately before and after
abrasion, the removal efficiency, 7, can be defined as:

et
n=1-—2 (5.6)

tO +tasfas

This is the efficiency of an asperity and abrasives embedded between the asperity and copper
in removing protective materials on the surface of copper.

tp was evaluated for different experimental conditions using the measured average current
densities and the kinetics for adsorption of BTA onto the surface of copper (coverage ratio by
Cu(DBTA with time) reported by Choi ef al.’, shifted by a factor of 22.7 times lower, as
previously discussed. Table 5.1 shows these data, along with the intervals between
consecutive asperity-copper interactions, the corresponding coverage ratios and the removal
efficiencies. When estimating #,.,5, the average area of the contact of an individual asperity
with copper was assumed to be constant regardless of the applied pressure or the sliding
velocity. However, the real contact area ratio was considered to increase with increasing
down pressure, due to the increase in the number of asperities that contact the wafer.™* Data
for the average area of the individual asperity and copper contacts and the real contact area
ratio, which was linearly proportional to the down pressure, were not measured for the
conditioned CMP pad used in this work; instead, these data were adopted from experimental
measurements made by Elmufdi et al. who used an IC1010™ pad conditioned with SPD-01
or CG-181060 conditioner.® It was assumed that #,., and a,; values for the pad used in this
work are not very different from the values in the literature. The estimated intervals between

63



consecutive asperity interactions with a given point on the copper surface were of the same
order as the periodicity of the protective material formation and removal on the surface of
copper derived by DeNardis ef al. from spectral analysis of the coefficient of friction?.

Figure 5.9 further illustrates the changes in the removal efficiencies with the down pressure
or the sliding velocity when ¢4, and a, values for SPD-01 or CG-181060 conditioners
determined by Elmufdi et al. were used to evaluate the removal efficiencies from the
measured current densities in Figure 5.6. Error bars indicate one standard deviation. No error
bar is shown where a current density smaller than one standard deviation than the mean
current density corresponds to a removal efficiency of unity. The CG-181060 and SPD-01
conditioners yielded asperity-copper contact areas of 22 um” and 11 pm?, respectively, with
the real area of contact being 0.100% and 0.135% of the total for a 3.6 psi down pressure.
The removal efficiencies evaluated using those parameters were insenstitive to the down
pressure or the sliding velocity considering the large error bars. The removal efficiency was
very sensitive to the precision of the measured current density especially when #,.,; was
large, due to the very rapid adsorption of BTA onto copper in a very short time after the
copper was anodically polarized (the curve for the coverage ratio by Cu(I)BTA with time
appears to be almost a step function’, this curve is schematically shown as a blue line in
Figure 5.8). When ¢4, is large the positions of 7y and #y+ #,.,5 are distant, leading to a large
difference in the coverage ratios by the protective material at those moments. Any slight
increase in the measured current density, oxidation rate curve shown as a green line in Figure
5.8, would shift the location of #, towards smaller values, leading to a huge difference in the
coverae ratios at #y and 7+ 7,5, and thus an increase in the coverage ratio for a given 7,55 .
Since 74.45 and a,, are highly dependent on the choice of the conditioner and the duration of
the conditioning, the actual removal efficiencies shown in Table 5.1 and Figure 5.9 may not
be representative of the experimental conditions used in this work. However, this analysis
indicates that the removal efficiencies are insensitive to the down pressures or the sliding
velocities regardless of the use of different #,,.,; and a,, values (Figure 5.9).

Table 5.1 Removal efficiency and BTA coverage ratio on the surface of copper during
CMP under different experimental conditions. The real contact area ratio and the
average area of individual asperity and copper contacts were taken from reference 8,
using data obtained using an SPD-01 conditioner.

.. Down Slidin tus-as t

Condition | &, o cure (psi) Veloci%y (m/s) | (ms) ((;ns) % O d

1 1.8 0.5 8.71 0.530 0.505 0.841 0.400
2 3.6 0.25 8.71 0.298 0.426 0.839 0.492
3 3.6 0.5 4.35 0.820 0.566 0.790 0.284
4 3.6 0.75 2.90 0.532 0.505 0.748 0.325
5 3.6 1 2.18 0.566 0.514 0.723 0.289
6 5.4 0.5 2.90 0.575 0.516 0.749 0.311
7 7.2 0.5 2.18 0.545 0.509 0.722 0.295
8 9 0.5 1.74 0.340 0.443 0.689 0.357
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Figure 5.9 Removal efficiency under various down pressures at 0.5 m/s of sliding
velocity (a) and sliding velocities under 3.6 psi of down pressure (b). Error bars
correspond to the standard deviation of the experimental data in Figure 5.6.

5.4.2 Analytical evaluation of the removal efficiency

The removal efficiency was evaluated analytically to assess whether the removal efficiencies
evaluated from experimental data were reasonable. The response of the protective material on
the surface of copper, Cu(I)BTA, to the sliding motion of abrasive particles embedded
between an asperity and the copper was considered. It was assumed that the embedded
abrasive particles remove all the adsorbed Cu(I)BTA in their paths as they slide over the
surface. Removal of the protective material by asperities in direct contact with the copper
was neglected because prior studies on polishing rates in the absence of abrasives indicate
that pad asperities alone are ineffective in removing the protective material.'* Thus, one can
estimate the fraction of the Cu(I)BTA on the surface that was removed by interaction with a
pad asperity where abrasives are embedded by comparing the areas swept by the asperity and
by the embedded abrasives during the interaction:

n=—2 (5.7)

where wgps 1s the cumulative width of sliding trajectories on the copper of all abrasive
particles trapped under an asperity and wy, is the width of the sliding trajectory of an asperity.
It was assumed that all the embedded abrasives and the asperity slide in the same direction by
the same distance. It is necessary to account for overlapping paths because once protective
material has been removed by an abrasive particle, there is no time for any more protective
material to form before the next abrasive particle embedded in the same asperity interacts at
that site on the copper. The total width of the resultant sliding trajectories of the embedded
abrasives under an asperity was calculated by summing the expected widths of the sliding
trajectories of the individual abrasives:

65



Wabs = (Wab)l + (Wab)z + (Wab)3 +o.t (Wab)nab
(Wab)l) + (1_ (Wab)l + (Wab)z ) T+ (1— (Wab)l + (Wab)z +ot (Wab)nab—l

W,

as as as

(5.8)
]

:(Wab)1|:1+ (1-

where (w,;); is the expected width of a sliding trajectory of i-th abrasive. The expected width
of the sliding trajectory of the second abrasive is reduced by the probability which it overlaps
the trajectory of the first abrasive. Figure 5.10 shows that the second abrasive can leave a
trajectory only when it slides area not overlapping with the trajectory by the first abrasive,

giving a probability that the second abrasive removes the protective material to LM.
W

as

The same argument is applied to the remaining abrasives to determine the cumulative width
of the sliding trajectories of all embedded abrasives.

—a

Ll
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Figure 5.10 Trajectories by embedded abrasives during an interaction of a pad asperity
with the surface of copper.

It is assumed that the removed protective material does not redeposit on the surface of the
copper, if did, this would lower the removal efficiency. Any change in the ability of an
abrasive particle to remove protective material due to protective material already
accumulated on its surface was neglected. The embedded abrasives were also not considered
to be rolling. If rolling were considered, it might reduce the evaluated removal efficiency,
because of the shorter moving distance than during sliding as illustrated in Figure 5.11. Any
interaction between the down pressure and the tangential frictional force between the
abrasives and copper was neglected; thus the pressure distribution in the copper transmitted
by the abrasive particle, and the shape of the contact area, were obtained from the Hertz
contact theory, assuming elastic deformation of copper. " The same assumption could be
made if the embedded abrasives rolled on the surface of copper. The width of the sliding
trajectory of the first abrasive particle was estimated using Hertz contact theory'* as follow:

(Wab)l = 2\/ rabhe (59)

where 4, is the penetration depth of an abrasive particle into elastically deformed copper,
which is also determined using Hertz contact theory:
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3f 213
h =|—>"ab__ 5.10
¢ (4E*rab“2J (5.10)

E, E,

v are the elastic modulus and Poisson’s ratio, respectively, and subscripts 1 and 2 denote the
contacting materials; in this case copper and the abrasive, respectively. It was assumed that
the presence of protective material on the surface of copper does not affect the indentation
depth or the area of contact between the abrasive and copper because it is very soft and thin.

-1
. . . * 1 —V. 2 1 -V 2
where £, is the force transmitted by an abrasive to a wafer, E :( L+ 2 , E and

Figure 5.11 Sliding (a) and rolling (b) of an abrasive embedded on a pad asperity on the
surface of copper. Shapes with dotted lines show the original position before the
movement.

If the copper is plastically deformed by the force applied on an embedded abrasive, the width
of the contact and indentation depth are:

(Wab)l =2 2r-abhp (511)

where the indentation depth of plastically deformed copper, 4, is given by:

h, = (5.12)
ﬂrabHCu

where Hc, is the hardness of copper. Note that in this case, only the leading edge of the area
contacted by the abrasive particle supports the load applied by the abrasive while the abrasive
ploughs on the surface of the copper.

To calculate the indentation depth by the embedded abrasives, the force applied on the
abrasive f,, was estimated, starting from calculating of the force applied on a pad asperity.

5.4.2.1 Force applied on a pad asperity
The observation in the section 5.4.1 that the removal efficiencies were insensitive to the
down pressure and sliding velocity could be explained if the average area of an asperity-
copper contact is independent of those parameters. This is an appropriate approximation to
assume because the number of asperities contacting a wafer during copper CMP is a small
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portion of the total number of asperities and thus the Gaussian distribution of the asperity
heights15 can be approximated to the exponential distribution, which results in the number of
contacts being proportional to the applied load."" The exponential distribution of pad
asperities contacting the wafer was experimentally observed by Sun et al. 16 Using this
assumption and the experimental observation that the real overall contact area was linearly
proportional to the down pressure,® the average area of each asperity-copper contact should
be independent of applied pressure, and hence the force transmitted through an asperity (fzs)
should be constant for a given pad with given conditioning specifications:

f =P (5.13)
r

contact

where P is the nominal down pressure applied on a wafer. Using the values used in this work,
the average force per asperity was 0.2 mN or 0.5 mN when conditioning by an SPD-01
conditioner or CG-181060, respectively.

5.4.2.2 Number of abrasive particles embedded between an asperity and

copper
Alumina abrasives may agglomerate when the pH of a slurry, the concentration of copper
ions or additives in a slurry lower the zeta potential sufficiently to eliminate the electrostatic
repulsion between particles.'”*® Thnfeldt ef al.” estimated the force required to break up the
agglomerate using the equations developed by Brown et al. to calculate the shear strength of
a powder.™ Using their analysis, the lower and upper bounds of the force required to break
up an agglomerate 20 nm in diameter were only 70 pN and 0.9 — 4 nN (discussed below).
These forces are nearly three orders of magnitude lower than the force transmitted to an
embedded abrasive, suggesting that any agglomerates are broken up when squeezed between
an asperity and copper. Therefore, it was assumed in the following analysis that only
individual abrasive particles are present in the squeezed areas.

Slurry containing abrasive particles wets the CMP pad and is squeezed between the pad and
the wafer as the wafer is contacted with the pad to begin the CMP process. Neglecting any
forces that could influence the spatial distribution of abrasives around the pad asperities such
as electrostatic and van der Waals forces between the abrasives and asperities, the local
concentration of abrasive particles in the slurry squeezed between the pad and the copper is
assumed to be identical to that in the bulk slurry, c¢,,, which is expressed as a ratio of the
weight of abrasives to the total weight of the slurry. Further, assuming that the abrasive
particles are rigid spheres with uniform radius, 7,5, the number of abrasive particles that are

embedded between an asperity and the copper, N, , is determined as:

_ 3tha‘aspslurry (5 14)

nab 2
27zrab pab

where pg.-, and pup are the density of slurry and abrasives, respectively. It was assumed that
the number of embedded abrasives is in steady state in which abrasives in the slurry are
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continuously drawn into and discharged from the gap between the asperities and the copper
as the wafer slides over the pad. The assumptions employed in this analysis are similar to
those in the work of Che et al.zo, Zhao et al.?* and Bastawros et al.??. The estimated number
of abrasives embedded on an asperity is listed in Table 5.2 for various concentrations of the
abrasives in the slurry.

5.4.2.3 Force applied on an abrasive

The force applied on an abrasive particle that is embedded between an asperity and copper
was estimated by investigating the upper and lower bounds of the situation where pad
asperities are deformed by the embedded abrasive particles as shown in Figure 5.12. Note
that pad asperities will be deformed by the applied force in preference over the abrasives and
copper because the pad material has a much lower elastic modulus and hardness than copper
and abrasives. The upper bound of the estimated force is obtained when the pad asperity is
not deflected enough to contact the surface of the copper (Figure 5.12 (a)). Thus the force
applied to the asperity is supported only by the embedded abrasives. The upper bound of the
estimated force on an abrasive, f,-.», 1S then:

fab—ub = fas/nab (515)

The lower bound of the estimated force, f;-5, would occur when a pad asperity is deformed
enough to encapsulate the abrasive particles and to contact the surface of the copper
completely; so the force applied to the asperity is evenly distributed across all abrasive
particles and the deformed asperity contacting the copper (Figure 5.12 (c)). Then the force on
an individual abrasive particle is independent of the number of embedded abrasives, and
dependent only on the cross-sectional area of the particle:

fab—lb = ﬂrabz ( fas / aas) (516)

If the pad asperities are deflected enough to contact the surface of the copper only partly, as
shown in Figure 5.12 (b), the force applied on an abrasive will be intermediate between those
two extremes, and will be inversely proportional to the area of the contact between the
deflected asperity and the copper. Thus the force applied on an embedded abrasive, in
general, can be written as:

2
fab = fas[ ﬂWab J (517)
as—def

2~
W, "N, +4a

where a,.q0r 15 the contact area between copper and the asperity that is deformed by the
embedded abrasives.
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Figure 5.12 Contact between a pad asperity and a copper wafer in the presence of
abrasive particles in the slurry: (a) An asperity is not deformed much, and does not
itself contact the wafer (b) An asperity is deformed to partly contact the surface of a
wafer and (c) An asperity is deformed enough to encapsulate the abrasives and to
contact the wafer.

(a)

The estimated upper and lower bounds on the force applied to an abrasive for the varied
concentrations of abrasives is tabulated in Table 5.2. The parameters for an SPD-01
conditioner were used. The upper bound of the estimated force transmitted to each embedded
abrasive particles decreases with increasing concentration of the abrasives, from 3.06 uN for
0.5 wt% of abrasives to 0.304 uN for 5 wt% of abrasives. In contrast, the lower bound of the
estimated force applied to an abrasive is 5.78 nN, regardless of the concentrations of the
abrasives.

Table 5.2 Number of abrasive particles embedded between an asperity and the wafer,
force on an embedded abrasive particle, shear stress and penetration depth induced by
the applied force for different concentrations of abrasives. The down pressure, the
sliding velocity and the diameter of abrasives were 3.6 psi, 0.5 m/s and 20 nm,
respectively. a,;, = nrabz

Cw | & Jar Job fma fma e he | gy i/t
(Wi%) Ny, | (upper) | (lower) | (upper) | (lower) | (upper) | (lower) %)
(uUN) (nN) (GPa) (GPa) (nm) (nm)
0.5 66 3.06 5.78 12.3 1.51 3.6 0.06 0.188
1 133 1.52 5.78 9.71 1.51 2.2 0.06 0.380
3 399 0.507 5.78 6.73 1.51 1.1 0.06 1.14
5 665 0.304 5.78 5.68 1.51 0.77 0.06 1.90

5.4.2.4 Prediction of the removal efficiency
Applying this analysis to predict the removal efficiencies using equation (5.7) and (5.8) for
the experimental conditions 1 to 8, removal efficiencies of 0.208 and 0.582 were obtained for
the lower and upper bounds of the estimated forces, respectively when conditioning the pad
with an SPD-01 conditioner, assuming that the copper underwent elastic deformation only. If
copper was considered to undergo plastic deformation, a removal efficiency of 0.678 was
predicted for the upper bound of the estimated force. For a pad conditioned with a CG-
181060 conditioner, the predicted removal efficiencies were 0.280 and 0.709 at the lower and
upper bounds of the estimated forces, respectively when the copper was elastically deformed.
If plastic deformation of the copper was considered, the predicted removal efficiency was
0.844 for the upper bound of the estimated force. Note that all the experimental conditions 1

70



to 8, other than conditions 1 and 2 for the CG-181060 conditioner, yielded the same removal
efficiencies for each conditioning specification because the average area of the asperities and
copper contacts was assumed to be invariable. Referring back to the evaluated removal
efficiencies shown in Table 5.1, these can be seen to be intermediate between the upper and
lower bounds calculated here, which provides some confirmation of the validity of the
analysis.

To further examine the validity of the analysis, chronoamperometry measurements were
made during polishing with various concentrations of abrasives in the slurry, with other
conditions unchanged. Four different concentrations were used, namely 0.5, 0.1, 3 and 5 wt%
of alumina abrasives in the slurry. The experimental data, analyzed by equation (5.7) and
(5.8), for either an SPD-01 or CG-181060 conditioner, yielded the removal efficiencies
shown in Figure 5.13. The analytical prediction using equation (5.8) yielded the removal
efficiencies shown as continuous curves in Figure 5.13. The upper bound of the estimated
force on an abrasive gave two different curves, one for the condition where the copper
underwent plastic deformation, and the other for the condition where copper only deformed
elastically. However, the lower bound of the estimated force gave only a single curve for
elastic deformation of copper, because the indentation depth resulting from the force was
only a fraction of the diameter of a copper atom, 0.6 A, which is too small to initiate
dislocations in the crystal lattice, and hence plastic deformation. This is discussed further
below.

The widths of the sliding trajectories for plastic deformation of the copper were calculated
using nanohardness values obtained from molecular dynamic (MD) simulations of
nanoindentation. Mechanical properties obtained at larger scales, which have been used to
model the material removal during CMP, have limited relevance to copper CMP because the
mechanical properties of materials are known to exhibit a significant size effect as the
volume decreases. For hardnesses measured by nanoindentation, the hardness of the
materials increases as the indenter tip radius or the indentation depth decreases. 22422627
The hardness of copper at the nano-scale, determined through molecular dynamic (MD)
simulations of nanoindentation of copper by Ziegenhain ef al. 28 and Saraev et al.”®, was about
15 GPa, which is nearly one order of magnitude larger than the hardness measured by
nanoindentation with higher loads on the order of Newtons, with deeper depths of tens of to
hundreds of nanometers*®*3%33% ~Although the MD simulations considered a defect-free
crystal, the surface of the copper that is in contact with a single abrasive particle can also be
assumed nearly defect-free because of the small area of the contacts. The penetration depths
caused by the force applied on an abrasive particle, used to determine the widths of the
trajectories for different concentrations of abrasives in the slurry, are listed in Table 5.2. The
upper bound estimate of the force on an abrasive gave a penetration depth of the order of 1
nm for both elastic and plastic deformation, which is of the same order as the roughness after
copper CMP. 33

71



T T T T T l T T T T 13
(a) * (b) _
O  experimental (SPD-01) experimental (CG-181060)
. 08F > 0.8 fopup (Plastic)
2 c
'S 0.6 ab-up (Pastic) S 0.6 ‘ lastic)
E \ i E ab-ub (elastic)
‘_§ 0.4k fab_ub (elastic) | 7; 04-
<) o)
5 o 5
T 02~ o g X o2~ A
. fopip (€lastic)
fab—lb (elastic)
0" - - ; : (0 — - : : :
0 1 2 3 4 5 0 1 2 3 4 5
Concentration of Abrasives (Wt%) Concentration of Abrasives (wt%)

Figure 5.13 Removal efficiencies evaluated from analysis using equation (5.8) and
obtained from experimental data assuming either a (a) SPD-01 conditioner or (b) CG-
181060 conditioner.

For lower concentrations of the abrasives, the experimentally evaluated removal efficiencies
approximated the analytically predicted removal efficiencies for the lower bound of the
estimated force when copper was elastically deformed, regardless of the assumed
conditioning specifications. This implies that the pad asperities supported by the abrasives
were deformed enough to contact the copper, such that the force applied to the embedded
abrasive particles approached the lower bound of the estimate. In contrast, for higher
abrasive concentrations the experimentally evaluated removal efficiencies were intermediate
between the lower and upper bound predictions for elastically deformation. This suggests that
the pad asperities supported by the embedded abrasives were deflected to partly contact the
surface of the copper. As the concentration of the abrasive particles increases, the portion of
the asperity (aq-qo) contacting the wafer decreases, so that a higher force is borne by the
abrasives. This was evidenced by the experimentally evaluated removal efficiency being
higher than the lower bound predicted values for 3 and 5 wt% abrasives, particularly for 5
wt%. These trends would be expected, as the distance between the embedded abrasive
particles decreases with increasing concentration of the abrasives. However, the separation
remains much larger than the size of the abrasives, because as shown in Table 5.2, only
1.90 % of the total contact area between an asperity and the copper is occupied by embedded
abrasives when 5 wt% abrasives is used. Thus the pad asperities will be deflected enough to
contact the copper, although the contact area by the deflected portion would decrease with
increasing abrasive concentration. These inferences that deflected asperities completely or
partly contact the copper are consistent with the work of DeNardis ef al.'* and Li et al.*” who
deduced a contact mode during copper CMP from the slopes of experimentally obtained
Stribeck curves. The contact mode during copper CMP using slurry containing abrasive
particles and oxidizing agent was “partial lubrication” where abrasive particles and slurry
separate the pad asperities and the copper in part or “boundary lubrication” where the
asperities, abrasives and copper are in direct contact. Both the analysis in this work and the
work of DeNardis ef al.'* and Li et al.’’ suggested that copper CMP does not operate in
hydrodynamic lubrication mode.
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However, it is challenging to predict the amount of the deformation of the pad asperities
supported by the embedded abrasives precisely. This is because mechanical properties such
as hardness, elastic modulus and Poisson’s ratio measured for a porous pad in the bulk®® are
not representative of the local properties during an interaction. The pad asperities themselves
are solid material, whereas the elastic modulus of the bulk, porous material is lower,
following the expression:****

E,=E,(1-P,")" (5.18)

where Ey and E, are the elastic moduli of the asperities and porous CMP pad, respectively,
P,q 1s the porosity of the pad and

S :1.21(Ej \/1+{(E} —1}0052415 (5.19)
X X

where Z /X is the shape factor of the spheroidal pores (unity for spherical pores), and @ is the
angle between the rotational axis of the spheroids and the stress direction. cos’¢ for isotropic
materials is 1/3. Using the porosity of IC1000 pads, 0.56,**** and the elastic modulus of a
porous IC1000™ pad at 25°C measured by Lu et al.*®, 380 MPa, the local elastic modulus of
the asperities was estimated to be 1.5 GPa, nearly four times larger than the bulk modulus.
The estimated local elastic modulus is similar to the value used by Che et al.*°. In addition,
the elastic modulus of the pad is strain rate dependent. The pad asperities in contact with the
embedded abrasives are much stiffer during CMP than during typical measurements of the
elastic modulus because the strain rate is more than five orders of magnitude higher than that
used in typical measurements. Moreover, Hertz contact theory and other models such as the
Johnson-Kendall-Roberts (JKR) theory44 cannot give a realistic prediction of the deformation
of the asperities, which would be expected to be of the order of the size of the abrasives,
because these models were constructed for small deformations of the contacting materials.
Therefore, the exact deformation of the asperities was not sought.

5.4.3 Material behavior of copper at nano-scale
To confirm that the copper was elastically deformed by interaction with the embedded
abrasives, as Figure 5.13 implies, the mechanical response of copper at the nano-scale was
investigated. The maximum shear stress induced in the copper (v¢,=0.33 and E¢,=132 GPa)45
by an abrasive particle (1,;=0.16 and E,,=380 GPa)* indenting the surface was calculated
from themfollowing expression derived from Hertz contact theory and the Tresca yield
criterion:

. =0.30p, (5.20)

where py is the maximum Hertz pressure, given by:
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The maximum shear stress is observed below the contact surface. The determined maximum
shear stress in the copper, 7., for the upper bound of the estimated force ranged from 5.68
GPa to 12.3 GPa, depending on the concentrations of the abrasives, whilst the lower bound of
the estimate gave a constant maximum shear stress of 1.51 GPa. Note that the shear stresses
in Table 5.2 were evaluated assuming indentation of copper by embedded abrasive particles,
which is equivalent to frictionless sliding or rolling in terms of the induced shear stress. If
friction between the abrasives and copper during the sliding or rolling of the particles is
considered, the shear stress for incipient plasticity of the copper will be lowered, due to the
additional tangential force component, and will decrease as thecoefficient of friction
increases. The maximum Hertz pressure that induces the first yield of copper decreases to
approximately 1.5 times of the shear strength of copper for a coefficient of friction of 0.6
compared to 3.3 times for frictionless sliding.'* In addition, the first yield occurs at the
contact surface when the coefficient of friction exceeds 0.3 whilst subsurface yield is
observed for smaller coefficients of friction. The maximum Hertz pressure does not deviate
much from that for frictionless sliding when the coefficient of friction is smaller than 0.3.'* If
rolling of the abrasive particles with tangential traction is assumed, the required maximum
Hertz pressure will be intermediate between the values for frictionless sliding and sliding
with friction.'*

The addition of abrasive particles into an abrasive free electrolyte increases the overall
coefficient of friction between the pad and the copper during copper CMP***'; thus it is
appropriate to assume the presence of friction between the surfaces, although their magnitude
cannot be resolved at present. Some information about the coefficient of friction can be found
in the literature. Molecular dynamic simulation of the scratching of the surface of copper by a
cutting tool gave estimated coefficients of friction between the tool and copper. When the
(001) plane of copper was scratched or machined at 18 m/s with a tool that has -45° rake
angle, MD simulation predicted a coefficient of friction of 0.64.*® When the (001) plane of
copper was scratched at 1 m/s with a hemispherical diamond tool of 2.3nm radius with MD
simulation, the coefficient of friction was 0.57.* Note that the scratching was deep enough
compared to the size of the tool that the copper was plastically deformed in the simulations.
Deep scratching (~100 nm) of electroplated copper with a diamond Berkovich nano-indenter
of 100 nm radius at 333nm/s resulted in a coefficient of friction of approximately 0.5.%
Those values, ranging from 0.5 to 0.64, were obtained based on dry contact of a tool or tip
with copper. However, the coefficient of friction during copper CMP may be different
because fluid may be present between the surfaces of the abrasives and copper, and
protective materials may be present on the surfaces. Moreover, the small indentation depth
and the very low negative rake angle presented by spherical abrasive particles would further
reduce the friction coefficient during the interaction. Nevertheless, a coefficient of friction of
0.6 gives a very conservative estimation of the maximum shear stress required to initiate
plasticity in the copper during CMP. Then, the maximum Hertz contact stress would have to
be at least 1.5 times the shear strength of copper to initiate plastic deformation of copper, as
described in equation (5.22). At the nano-scale the maximum shear stress in the copper at the
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onset of plasticity is approximately the same as the theoretical shear strength of copper (7).
28295152 Therefore, the maximum Hertz contact pressure to plastically deform the copper can
be written as:

P, =15z, (5.22)

Substituting equation (5.20) into equation (5.22) gives a lower limit for the maximum shear
stress induced in copper required to induce plasticity in the presence of strong frictional
forces:

Torax 2 0457, (5.23)

The theoretical shear strength of copper can be approximated as

G

= 5.24
22 ( )

T =

where G is the shear modulus for the preferred glide system.” The theoretical shear strength
of copper calculated using ab initio density functional theory (DFT) by Ogata et al.>* and
Krenn et al.> was 2.16 GPa for relaxed shear and 3.42 GPa for unrelaxed shear, and 2.65
GPa for relaxed shear and 4.0 GPa for unrelaxed shear, respectively. The theoretical shear
strength obtained from MD simulations of nanoindentation by Zhu ez al.*® and by Ziegenhain
et al.™® were 4.56 GPa and 3.46 GPa — 5.90 GPa, respectively. The discrepancy between the
values obtained by DFT calculations and nanoindentation simulations was attributed to the
triaxial stress at the critical site under the indenter where dislocations nucleate.’®” As briefly
mentioned above, the maximum shear stress in the copper during load controlling
nanoindentation at the onset of the plasticity was approximately the same as the theoretical
shear strength of the material,”**'** suggesting that plastic deformation is due to
homogeneous nucleation of dislocations in the subsurface below the indented area.
Nanoindentation into copper, either by experiments or simulations has been widely employed
to study the onset of plasticity. Suresh ef al.”' performed nanoindentation into polycrystalline
copper with an average grain size of 500 nm, where most of the surface had (111) texture,
using a diamond Berkovich indenter with a tip radius of 50 nm. They observed displacement
bursts at certain discrete loads as the indenting load was increased. The first burst is generally
accepted to be the onset of plasticity.* The maximum shear stress in the copper at the first
displacement burst, calculated using Hertz theory, was 10.7 GPa, which is similar to the ideal
shear strength of copper. Chen et al.>* conducted similar nanoindentation tests on a coarse
grained copper with a 60 um grain size using a diamond indenter with a tip radius of 50 nm;
the calculated maximum shear stress in the copper at the onset of the plasticity was 8.5 GPa.
Ziegenhain ef al.”® performed molecular dynamic (MD) simulations of the nanoindentation
test using an indenter with an 8 nm tip radius, and found that the maximum shear stress in the
copper at the yield point was 7.8 GPa — 11.2 GPa for the (100) plane and 10.3 GPa — 13.1
GPa for the (111) plane. MD simulations of nanoindentation with a 3 nm radius tip indenter
by Saraev et al.”’ predicted a maximum shear stress of 8.5 GPa underneath the indenter at the
onset of plasticity for (001) surfaces of single crystal copper. Note that all the maximum
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shear stresses at the onset of plasticity were larger than the theoretical shear strengths
obtained by DFT calculations. This is due to the use of the Hertz contact theory to evaluate
the maximum shear stress underneath the indenter. This approximates a linear relationship
between the strain and stress. However, at the strain at the onset of the plasticity during
indentation the relationship is nonlinear; thus the Hertz theory overestimated the maximum
shear stresses.”’ Nevertheless, the maximum shear stresses obtained by the indentation
experiments were adopted to compare with the shear stresses in Table 5.2 since the shear
stresses in the table were also obtained using the Hertz theory. Also note that the shear
strength values obtained through the nanoindentation experiments on a polycrystalline copper
sample were comparable to simulations for single crystal copper. This was due to the area
contacted by the indenter being very small compared to the grain size of the copper, and far
away from the grain boundaries that can be sources for the heterogeneous nucleation of
dislocations. Thus it is reasonable to use the shear strengths obtained from the
nanoindentation tests or simulations to predict the mechanical response of copper by
interaction with abrasive particles embedded in pad asperities during CMP.

Applying 8.5 GPa as the theoretical shear strength of copper for nano-scale interactions,
equation (5.23) predicts that copper would be plastically deformed if the maximum shear
stress in the copper exceeds 3.8 GPa. The lower bounds of the estimated forces in Table 5.2
were below this level, while the upper bounds of the estimated forces exceeded it. Recalling
that the pad asperities were fully deflected by the embedded abrasives to contact the copper
(Figure 5.12a) for lower concentrations of the abrasives, the lower bound of the estimated
force was applied by the abrasives. Since the shear stress induced by this lower bound of the
force was lower than the threshold for the copper to be plastically deformed the copper was
elastically deformed during the process. For higher concentrations of the abrasives, the
deflected asperities would only partially contact the copper. Thus the maximum shear stress
in the copper induced by the embedded abrasives would be intermediate between the upper
and lower bounds, which can be either higher or lower than the threshold value. Noticing that
both the width of the sliding trajectory (and thus approximately the analytically predicted
removal efficiency, especially when the concentrations of the abrasives are low) and the
induced maximum shear stress are proportional to the power of 1/3 of the applied force on an
abrasive, they can be approximated to be linearly proportional each other, provided that the
elastic modulus and the radius of the abrasive are invariant. Therefore, the maximum shear
stress in the copper can be interpolated for a given concentration of the abrasives using the
corresponding experimentally evaluated removal efficiency and the predicted removal
efficiencies for the upper and lower bounds of the estimated forces. When parameters for an
SPD-01 conditioner were used, the maximum shear stresses in the copper during the process
were approximately 2.2 GPa and 2.4 GPa for 3 wt% and 5 wt% of the abrasives, respectively,
indicating that the deformation of the copper was elastic. For the parameters for a CG-
181060 conditioner, the maximum shear stresses were 3.7 GPa and 5.0 GPa for 3 wt% and 5
wt% of the abrasives, respectively, suggesting that the copper might be plastically deformed
for 5 wt % of the abrasives. In fact, the experimentally determined removal efficiency for this
condition in Figure 5.13b was close to the curve predicted by assuming plastic deformation
of copper, although it was still a little lower than that predicted by assuming elastic
deformation of the material for the upper bound of the estimated force. Moreover, the 5.0
GPa maximum shear stress may still be lower than the threshold stress for plasticity if the
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coefficient of friction between the abrasives and copper is lower than the assumed value, 0.6.

In summary, the copper appears to be elastically deformed by the force exerted through the
embedded abrasives for most of the abrasive concentrations used in this study, with plastic
deformation only possible when high concentrations of the abrasives were used, agreeing
well with the results shown in Figure 5.13.

5.5 Conclusion

The removal efficiencies for abrasive particles that are embedded on a pad asperity removing
protective material from the surface of copper during CMP were experimentally determined
and were compared with analytically predicted values. The predicted removal efficiencies
agreed well with the experimentally evaluated efficiencies. Also, the removal efficiencies
were found to be insensitive to the down pressure and sliding velocity during the CMP
process. Comparison of the analytically resolved removal efficiencies for various
concentrations of the abrasives in the slurry with the experimentally evaluated values
suggested that the pad asperities encapsulated the embedded abrasive particles and
themselves contacted the surface of the copper at low abrasive concentrations, while at
higher abrasive concentrations the asperities were only partially deflected. Most of the load
was borne by the abrasive particles, and less by asperities that were only partially contacted
the copper. The maximum shear stresses calculated assuming these different asperity-copper
contact modes implied that the copper was elastically deformed for most of the abrasive
concentrations used in this study, although some plastic deformation may have occurred at
the highest abrasive concentrations. In conclusion, an increase in the concentration of
abrasives in the slurry not only gradually increases the efficiency of removal of the protective
film on the copper surface, but also increases the possibility of the copper being plastically
deformed by the embedded abrasives, both of which contribute to increased material removal
rates during copper CMP.
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Chapter 6

Material Removal Mechanism During
Copper CMP Based on Nano-Scale
Material Behavior

6.1 Introduction

Earlier modeling studies for copper CMP have relied on models developed for oxide CMP.
123458 Material was considered to be removed by abrasion by abrasive particles that are
trapped between a wafer and pad asperities while sliding on the surface being polished. The
chemical additives in the slurry were considered to function by reacting with the surface of a
wafer, to soften the material>**"® or by dissolving physically dislodged material®. However,
much earlier, Kaufmann et al. proposed a synergistic model for metal CMP that attributes
material removal during CMP of metals to the cyclic removal of the passivation layer on the
surface of a metal through mechanical abrasion with the abrasives and the pad asperities, and
subsequent active oxidative dissolution of the metal from the resulting exposed regions, until
the passivation layer has regenerated.’ This model assumed that the passivation layer was
thick enough that the abrasive particles did not indent the unoxidized metal beneath the
passivation layer. Tripathi, Doyle and Dornfeld proposed a quantitative model similar to
Kaufmann’s model by postulating a quasi-steady state where the overall rate of removal of
passivation material and the overall rate of growth of passivation material are balanced,
giving an overall constant removal rate during copper CMP." In this model the abrasives and
asperities served only to remove the passivation material from the surface, thereby exposing
copper to undergo oxidative dissolution by the slurry. Choi, Doyle and Dornfeld suggested
that at steady state the passivation film formed on copper during CMP using an acidic slurry
containing BTA and glycine (Cu(I)BTA and Cu(I)BTA,) is only a fraction of a monolayer,
partly protecting the surface of a wafer from dissolution.* Removal of the passivation layer
is only a small portion of the the electrochemically measured material removal rate; most of
the electrochemically measured material removal rate is due to active dissolution of copper.
Both Tripathi ef al. and Choi ef al. considered the material removal during copper CMP to be
mostly due to the electrochemical oxidation of the copper while the protective material is
repetitively removed by the abrasives, and copper is dissolved from exposed regions
(although they recognized the role of the mechanical interactions between abrasives and
copper in removing the passivated material). However, measurable amount of copper are
removed even when the slurry contains no chemical additives other than deionized water and
abrasive particles, implying that copper can be removed directly from the surface through
mechanical interactions with the abrasive particles, even when there only oxidizing agent in
the slurry is dissolved oxygen.'?***!* Quantitative approaches to modelling the material
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removal behavior during copper CMP have not been successful to date because the relative
contributions of each mechanism have not been unambiguously determined. In this study, the
relative contribution of each mechanism is determined by comparing material removal rate
(MRR) and corrosion rate during copper CMP. A model is proposed to elucidate the
mechanism for removing copper by mechanical abrasion based on the material properties of
copper at the nano-scale.

6.2 Experimental Procedure

6.2.1 In situ Electrochemical Measurement

The electrochemical material removal (corrosion rate) of copper was evaluated by measuring
the current density at a copper electrode while polishing using the apparatus shown in Figure
6.1. A three electrode electrochemical cell, housed in a glass beaker, was assembled on the
table bed of a high precision machine tool (Matsuura MC-510VSS), which rotated the
working electrode at high speed with high precision. The working electrode was a copper
tube (99.99 % purity from McMaster-Carr) with a 1 mm difference between the outer and
inner diameters, so as to minimize the variation of sliding velocities relative to the CMP pad
across the annulus. The copper tube was embedded in insulating epoxy, exposing an annulus
at the bottom of the electrode, with a cross sectional area of 0.46 cm”. A saturated calomel
reference electrode (SCE) was placed in a Luggin capillary 5 mm from the copper electrode.
The counter electrode was platinum mesh. The slurry contained 2 wt% alumina particles
(primary diameter 20nm, median aggregate diameter 150nm), 0.01 M glycine, 0.01 M BTA,
0.1 mM Cu(NOs); and 0.5 wt% H,O; in deionized (DI) water at pH 4. Only during the
potentiodynamic scans a slurry containing 4 wt% alumina particles, 0.01 M glycine, 0.01 M
BTA, 0.1 mM Cu(NOs), and 1wt% H»0, in DI water at pH 4 was used. A piece of IC10101
pad was fixed horizontally on the bottom of the beaker. The pressure applied to the copper
surface was measured with a load cell (TUF-010-025-S from Loadstar Sensors) placed under
the beaker. Before each run the electrode was polished using the apparatus, to maintain a
consistent surface roughness. It was then washed with DI water and any remaining oxides on
the copper surface were reduced by holding at -1.2 V (SCE) for 60 seconds while polishing
the working electrode. Potentiodynamic polarization was conducted by scanning the potential
from -0.8 V (vs. SCE) to 0.8 V (or 1.0 V) at a rate of SmV/s, to estimate the corrosion rate of
copper during CMP. The corrosion rate was evaluated from the measured potentiodynamic
curves using the linear polarization resistance technique'® and Faraday’s law.

6.2.2 Copper CMP
A 4 inch blanket copper wafer underwent CMP using a POLI-500 CMP machine (GNP
Technology). The blanket copper wafer has a 1000 nm thick layer of copper
electrochemically deposited on a thin Ta and Cu seed layer. The CMP pad (IC1010) pad was
broken-in initially, and then conditioned for 30 seconds using a diamond condidtioner
(supplied from GNP Technology) between each run. During conditioning deionized water
was passed at 300 ml/min; the slurry (composition as above) was supplied at 100 ml/min
during CMP of copper. The applied pressure and sliding velocity of a wafer over the CMP
pad were varied from 2 psi to 6 psi, and 0.5 m/s to 1.25 m/s, respectively. CMP was
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performed for three minutes for each test, and the material removal rate (MRR) was
evaluated by measuring the sheet resistance of the remaining copper at 21 points.

CMP of the copper blanket wafer was also performed using a slurry containing only 4 wt%
of alumina abrasives and 0.3 mM sodium oleate in DI water. The surfactant sodium oleate
was added to prevent excessive frictional force between the wafer and the pad during the
process.™ It did not affect the measured material removal rates. The pH of the slurry was not
controlled; the natural pH of the alumina suspension was about pH 4. The sliding velocity
was 0.75 m/s and the applied down pressure 4 psi. The wafer was weighted before and after
two minute CMP five times using an electronic balance (Sartorius A200S) to evaluate the
material removal rate. The MRR was evaluated by averaging the MRRs from three runs of
CMP.

Potentiostat

R S

! [ 5
. Insulation I Spindle

Reference
Electrode I
Luggin
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IC1010 Pad

Pt Mesh
Slurry

Load Cell

Figure 6.1 Apparatus used for in situ electrochemical measurement during polishing of
copper.

6.3 Results

Figure 6.2 shows the influence of polishing on the electrochemical behavior of copper.
Abrasion had little impact on the cathodic current, but significantly increased the oxidation
rate at anodic potentials, resulting in both a lower corrosion gotential and a corrosion rate
(evaluated using the linear polarization resistance technique'®) that was about an order of
magnitude higher than that observed under static conditions. This demonstrates the efficacy
of BTA as a corrosion inhibitor. It also shows that abrasion by the abrasives removed the
protective material on the copper surface, thereby allowing more rapid oxidation at the
exposed surfaces.
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Figure 6.2 Influence of polishing on the polarization behavior of copper in a slurry
containing 4 wt% alumina particles, 0.01 M BTA, 0,01 M glycine, 0.1 mM Cu(NO3),,
and 1 wt% H,0, at pH4 with the scan rate at SmV/s.

Figure 6.3 compares the MRR measured from CMP experiments and the corrosion rates
evaluated from potentiodynamic curves during polishing. The electrochemically measured
corrosion rates are the sum of the rate of removal of the protective material and the overall
dissolution rate at the surface (because copper must be oxidized before it interacts with BTA
to form protective material). The corrosion rates was less than 1 % of the total MRR
measured in CMP experiments for all conditions shown in Fig. 6.3. Similar results were
observed by Jindal et al. comparing the polish rate and dissolution rate of copper using a
slurry containing hydrogen peroxide, glycine and abrasives.’” This implies that during CMP
almost all of the copper is removed by direct mechanical action, rather than by
electrochemical dissolution. It is possible that the evaluated corrosion rate underestimates the
total oxidation rate of copper if hydrogen peroxide acts via a Fenton-type mechanism that
yields hydroxyl radicals, which are strong oxidizers. The MRR measured from the CMP
experiments using a slurry containing only alumina abrasives and sodium oleate was 9
nm/min, which is lower than the MRR for the slurry containing H,O,, glycine, BTA and
Cu(NO3), but not insignificant compared to the corrosion rate. Other researchers observed
similar or higher MRR when copper was polished with DI water containing only abrasive
particles.'*'*!* Given that some MRR is observed when copper is polished with DI water
containing only abrasives, it is apparent that most of the total MRR during copper CMP must
be due to the mechanical removal of copper.

Removal of the material by the CMP pad material itself was not considered because CMP
without abrasive particles showed negligible MRR." The linear increase in total MRR with
applied pressure and sliding velocity seen in Figure 6.3 contrasts with the near constant
corrosion rate of about 0.2 nm/min, providing further support for mechanical removal of
some of the copper; down pressure and sliding velocity would be expected to affect the
indentation depth of abrasives into the surface of copper, the number of abrasives contacting
the copper at a given asperity, and the sliding velocity of the abrasives. It should be noted
that the chemical additives used in the slurry enhanced the overall MRR, as observed from
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the significant difference in the MRRs obtained using the slurry containing chemicals, 23
nm/min, and that using the slurry with only abrasives and a small amount of surfactant, 9
nm/min with a sliding velocity of 0.75 m/s and 3.6 psi of pressure. The probable mechanism
for this increase in the MRR is discussed in detail below.

(a) 40 (b) 40
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Figure 6.3 Influence of (a) applied pressure and (b) sliding velocity on the material
removal rate (MRR) during CMP and the corrosion rate measured by potentiodynamic
testing during polishing. The sliding velocity was maintained at 1m/s for (a) and the
pressure was 4 psi for (b) for both CMP and potentiodynamic testing. pH 4 slurry
containing 0.01M BTA, 0.01M glycine, 0.1 mM Cu(NO3),, 2wt% alumina and 0.5 wt%
H,0; was used.

6.4 Discussion

6.4.1 Model for material removal by abrasion

Applying the material removal mechanism for oxide CMP, some researchers have considered
that material is removed mechanically from the surface of a wafer during copper CMP by
abrasive particles trapped between the wafer and pad asperities. The abrasive particles are
considered to slide on the surface while plastically deforming the surface, piling up dislodged
material along the trajectory of the sliding abrasives to form shallow trenches. This dislodged
material is then removed by chemical additives in the slurry4 or by another abrasion”. Some
researchers have also argued that material is cut from the surface by sliding abrasive
particles, with detached material becoming debris'. Regardless of whether the dislodged
material becomes debris or piles up on the surface, plastic deformation of copper has
generally been assumed. Although there are some variations in the representation of the
number of abrasive particles that are involved in the ploughing or abrasion of the wafer, Nap s
estimation of the forces exerted by the abrasives, f,;, calculation of the depth of the trenches,
h,,, and the portion of the deformed wafer that contributes to the material removal rate K.,
the material removal rate predicted by this mechanism is generally be expressed as:
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MRR = K e AV (6.1)
A,

where A; is the cross sectional area of the trench generated on the wafer by the indentation of
the sliding abrasive, v is the sliding velocity of the wafer over the pad and A4,, is the area of
the wafer surface. The equation gives the MRR as a unit of thickness reduction per unit
processing time. The cross sectional area of a trench generated on the wafer surface by a
sliding abrasive can be expressed as:

3/2

A ochw oc 2 (62)

3/2
rawa

where 7, 1s the average radius of the abrasive particles, H,, is the hardness of a wafer, #,, the

. . f . .
depth of the indentation, h, =—=2>— and wy is the width of the trenchw,, =2,/2r,.h, .
ab’ 'w

Then equations (6.1) and (6.2) give that the MRR during CMP is:

* 3/2
nab fab v

MRR oc K,
rawasleN

(6.3)

Note that 714 depends on the concentration and the size of the abrasive particles in the slurry,
the ionic strength of the slurry, the zeta potential of the abrasive particles (which determines
the degree of agglomeration), the zeta potential of the wafer surface and pad asperities, and
the interval between consecutive interactions of a given site on the copper surface with pad
asperities, which in turn depends on the surface topography of the pad, down pressure and
the sliding velocity. f,, depends on na , the amount to which trapped abrasive particles
deflect the pad asperities, the surface topography of the pad and the down pressure. The
hardness of the wafer, H,, depends on the processing and consumable parameters, as
discussed below.

This model has not been successful when applied to copper CMP, yielding MRR values that
are two or three orders of magnitude higher than those experimentally observed when the
bulk hardness of copper was used. Numerous hypotheses have been proposed to address this
discrepancy. Luo and Dornfeld adopted the concept of “active abrasives”, particles that are
large enough to be squeezed between the pad asperities and the wafer to reduce the number
of abrasives participating in the material removal.’® Other researchers'>'%?° used similar
criteria to filter out the size of the abrasive particles participating in the material removal. It
has also been argued that only a portion of the material dislodged by the sliding abrasives is
actually removed. Xie er al.' suggested that only a portion becomes loose debris that
contributes to material removal. On the basis of experimental observations of material
removal by micro-scale scratches, Che et al. asserted that the material dislodged by a
scratching event is removed only when it is involved in another scratching event.” Hardness
values measured by nano- or micro-indentation, which are a few orders of magnitude higher
than hardnesses measured at the macro-scale, have also been adopted to estimate the
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deformation of copper.'*****% However, it is well known that indentation hardnesses show a

size effect, with larger indenter size or indentation depth yielding lower apparent indentation
hardnesses.?#2>2027:28.29.30 A5 the size of the indented volume decreases the probability of
crystallographic defects being present under the indenter decreases, leading to enhanced
resistance to plastic deformation. The indentation experiments that measured the surface
hardness during copper CMP were conducted with indentation loads ranging from hundreds
of micro-Newtons to milli-Newtons, and indentation depths of the order of tens or hundreds
of nanometers. These indentation depths are one or two orders of magnitude larger than the
values when abrasive particles interact with a wafer (Figure 6.4)*". Therefore the material
properties at more relevant length scale are required to understand the deformation of copper
induced by interaction with abrasive particles.

0.1-1uN

Abrasive
Oxidized copper

Grain boundaryc\ ~10nm ,r<

\4 \)\Copper
| KK 'l

Grain size ~ 1um

Figure 6.4 Length scales during the interaction between an abrasive particle and the
copper during CMP.

6.4.2 Material properties of copper at the nano-scale
Hardness at more relevant length scales can be obtained from atomistic simulations of
nanoindentation where the indentation depth is of the order of nanometers and the load is of
the order of tens or hundreds of nano-Newtons. The maximum shear stress in the copper
during load controlled nanoindentation at the onset of the plasticity was approximated as the
theoretical shear strength of the material, 233343 suggesting that plastic deformation is due to
homogeneous nucleation of dislocations at the subsurface of the indented area.
Nanoindentation into copper has been studied extensively, both experimentally and in
simulations, to examine the onset of plasticity. Suresh ez al.** performed nanoindentation into
polycrystalline copper with average grain size of 500 nm and most of the surface with a (111)
texture, using a diamond Berkovich indenter with a tip radius of 50 nm. They observed
displacement bursts at certain discrete loads as the indenting load was increased. The first
burst is generally considered to be the onset of the plasticity. ® The maximum shear stress in
the copper at the first displacement burst was 10.7 GPa, which is similar to the ideal shear
strength of copper. The maximum shear stress induced in the material was calculated using
Hertz theory. Note that polycrystalline copper started deforming plastically at about the same
load as the single crystalline material. This is attributed to the grain boundaries of the copper
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used in the experiments being far from the region undergoing indentation, because the copper
grains are much, much larger than the volume undergoing nanoindentation, as shown in
Figure 6.4. Chen et al.*>® conducted similar nanoindentation tests on coarse grained copper
with 60 um grains using a diamond indenter with a 50 nm tip radius; the calculated
maximum shear stress in the copper at the onset of the plasticity was 8.5 GPa. Ziegenhain et
al. ¥ performed molecular dynamic (MD) simulations of nanoindentation using an indenter
with 8 nm of a tip radius, and found that the maximum shear stress in the copper at the yield
point was 7.8 GPa — 11.2 GPa for the (100) plane and 10.3 GPa — 13.1 GPa for the (111)
plane. MD simulations of nanoindentation with a 3 nm radius tip indenter by Saraev et al.”
identified a 8.5 GPa maximum shear stress underneath the indenter at the onset of plasticity
for the (001) surface of single crystalline copper. Thus the maximum shear stress in the
copper at the onset of the plasticity can be considered to be at least 7.8 GPa.

The theoretical shear strength of copper can be approximated as

G
2\/§7r

(6.4)

Tih

where G is the shear modulus for the preferred glide system.37 The theoretical shear strength
of copper calculated using ab initio density functional theory (DFT) by Ogata et al.®® was
2.16 GPa for relaxed shear and 3.42 GPa for unrelaxed shear, while Krenn et al.®® calculated
strengths of 2.65 GPa for relaxed shear and 4.0 GPa for unrelaxed shear. The theoretical
shear strengths obtained from MD simulations of nanoindentation by Zhu et al.* and by
Ziegenhain et al.>® were 4.56 GPa and 3.46 GPa — 5.90 GPa, respectively. The discrepancy
between the strengths predicted by DFT calculations and nanoindentation simulations was
attributed to the triaxial stress at the critical site under the indenter where dislocations
nucleate.”®*" Also note that all the maximum shear stresses at the onset of plasticity during
nanoindentation experiments or simulations were larger than the theoretical shear strengths
predicted by DFT calculations. This is due to the use of the Hertz contact theory to evaluate
the maximum shear stress underneath the indenter. This approximates a linear relationship
between the strain and stress. However, at the strain corresponding to the onset of plasticity
during indentation, the relationship is nonlinear; thus the Hertz theory overestimated the
maximum shear stresses.>’ Nevertheless, the use of the maximum shear stress at the onset of
plasticity during nanoindentation experiments for comparison is justified because the
estimated maximum shear stress is also obtained using the Hertz contact theory.

6.4.3 Material behavior of copper during CMP at nano-scale
The maximum shear stress induced in the copper by indentation by abrasives during CMP
was estimated to be of the order of a few GPa>'** | which is similar to the ideal shear strength
of copper. Since the ideal shear strength is only the threshold shear stress to initiate plasticity
of a material, higher loads, as high as the ideal strength, would be required for plastic flow.
This implies that the load exerted by the trapped abrasive particles during CMP may not be
enough to plastically deform the copper. However, there are notable differences between the
conditions for nanoindentation simulations or experiments and the condition of copper during
CMP. Some regions of a copper film on a wafer during CMP may have a high dislocation
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density resulted from the previous deposition and etching processes. Those regions of high
dislocation density may undergo plastic deformation by the abrasive particles sliding on the
surface of the wafer, leaving a high dislocation density in the copper. MD simulation of the
nano-scale machining of copper showed that dislocations left in the copper after machining
were not relieved® and the plastic zone was large* at slow cutting velocities where the
temperature rise was small, which is the situation during copper CMP. MD simulation of
repetitive scratching events on copper predicted an increased number of defects in the crystal
compared to non-scratched regions.45 In addition, the copper may contain voids, vacancies,
impurities and grain boundaries created during the deposition processes.

6.4.3.1 Influence of crystallographic defects

The crystallographic defects lower the shear strength of copper because they facilitate
activation of the dislocation source®***’ or function as heterogeneous nucleation sites for
dislocations”’. MD simulations predicted that vacancies in otherwise perfect Fe crystals*® and
Ni cyrs‘[als%’49 reduced the stress required for the onset of plasticity. Dislocations did not
nucleate at the vacancies but interacted with them during subsequent motion so as to reduce
the shear strength of the materials. Static atomistic simulations of nanoindentation on (111)
Cu crystal planes®® and MD simulations of nanoindentation on Ni>* showed that the hardness
was also reduced by voids in the crystal. The cutting and thrust forces during nanomachining
of single crystalline copper were also reduced by voids.*” Nanoindentation experiments on a
single crystal of tungsten using a Berkovich indenter with a tip radius of 390 nm showed that
the load for plasticity decreased as the dislocation density in the crystal increased.*
Simulations of nanomachining of copper showed that dislocations nucleate near the surface
of the workpiece and emit into the crystal.* When machining was conducted at previously
scratched regions with high defect densities, the cutting load was decreased.* Also, atomistic
simulation of nanoindentation of Cu53’54’55, Ni*® and Mo”’ at grain boundaries predicted that
lower contact stresses were required for plasticity than required for perfect crystals.

6.4.3.2 Influence of roughness on the surface of a wafer
The chemical additives used in CMP slurries have been reported to change the topography of
the copper so that it contains surface peaks and valleys. *® In addition, the nano-scale
scratches or trenches generated by sliding abrasive particles further roughen the surface.
Crystallographic defects such as vacancies, dislocations, impurities and grain boundaries
make copper more susceptible to chemical attack™®, which exacerbates the roughness on the
surface. Surface roughness that is smaller than the size of an indenter has been observed to
induce plasticity by facilitating the nucleation of dislocations near the surface.®® Since the
abrasive particles used in CMP, on the order of tens of nanometers in size, are larger than the
scale of roughness of the wafer after CMP, on the order of less than a nanometer, dislocations
would be expected to nucleate at the surface roughness when the wafer interacts with sliding
abrasive particles. Simulations and experiments of nanoindentation have shown the influence
of surface roughness on the shear strength of various materials, including copper. Atomistic
simulations of nanoindentation of Cu showed that the load needed to nucleate dislocations
decreased significantly when indented near surface steps.”* Similar behavior was predicted
for the (111) faces of Au.% Nanoindentation experiments on Au using 25, 72, 100 and 230
nm radius tungsten tips showed a 45% reduction in yield stress when indented near surface
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steps.®®

6.4.3.3 AFM scratching experiments
The influence of the surface roughness caused by chemical additives on the shear strength of
copper has also been studied by scratching copper that was previously treated with chemicals
using an AFM tip. Liao et al.>® exposed copper samples to solutions containing: only 5 wt%
H,0,. 5 wt% H,0, and 1 wt% glycine; and 5 wt% H,0,, 1 wt% glycine and 0.1 wt% BTA for
8 minutes and then measured the surface roughness and hardness by SEM and
nanoindentation, respectively. The nanoindentation experiments used a load of 100 to 2500
puN with a 100 nm diameter Berkovich indenter, yielding an indentation depth exceeding 50
nm. Deep indentation was performed to avoid measuring the hardness at the surface layer,
which was presumed to be oxides of copper. The chemically treated copper samples were
also scratched using an AFM tip with a diameter of 20 nm under a load of 2.48 uN and the
depth of the scratches were measured. The depths of scratches by the AFM tip were
summarized in Table 6.1. Increased depths were observed when the copper samples were
treated with various chemicals. In addition, each copper sample showed increased roughness
after exposure to the chemicals, but the measured nanohardness values evaluated from the
indentation experiments were only slightly changed; either increased or decreased. The
insensitiveness of the nanohardness to the chemical treatment has also been reported by other
researchers.'>?' This change of the hardness was attributed to the oxide layer on the surface
by Ihnfeldt and Talbot’' and Liao er al.>® However, there appears to be no correlation
between the measured hardness of the chemically treated copper, which was presumed to be
the hardness of copper oxides, and the MRR during CMP"**', suggesting that the measured
hardness is not the material property governing the interaction between abrasives and copper
during CMP. This is presumably due to a size effect not recognized by the authors. As
discussed above, material properties at very small length scales differ from those at larger
length scales. When an AFM tip was used for scratching, the applied load was two or three
orders of magnitude smaller than that used for the nanoindentation experiments. Also, the tip
radius was nearly an order of magnitude smaller than that for indentation. Thus the plastic
zone created by the AFM tip was very small, and would have contained few dislocations. At
this length scale where only small number of dislocations are contained around the AFM tip
during the indentation the nucleation of dislocations, which has been believed to initiate the
plasticity at the small length scale, may be homogeneous requiring a shear stress as high as
the ideal shear strength of the material. The copper sample that was not exposed to the
chemicals can be assumed to have behaved this way. When an AFM tip scratched the surface,
the scratches became deeper with increasing surface roughness as shown in Table 6.1. Liao et
al® attributed the deeper scratches to weaker adhesion of the roughened surface material to
the substrate. However, the increase in the scratching depth clearly showed that the increased
surface roughness reduced the hardness of the surface material. The plasticity may have been
initiated by heterogeneous nucleation of the dislocations or the activation of the dislocations
source at the surface steps, voids, vacancies or impurities, reducing the required contact force
for plasticity. Moreover, since a given copper sample was scratched repeatedly by the AFM
tip to give 2x2um” of scratched area the region may contain additional defects from the
deformation that facilitate heterogeneous nucleation of the dislocations. Therefore, depth of
the scratches increased due to the reduction of the resistance to the plasticity, i.e. reduced
hardness, at the very small length scale when the surface roughness was high. Oxide of
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copper might have been formed on the surface of the copper which was exposed to various
chemicals, and the change in the depth of the scratches may be considered to be due to the
scratching on those oxides. However, the hardness of the copper oxide such as CuO, which
have been suggested to be formed upon exposure to H,0,* is much higher than that of pure
copper® %, contradicting to the observed depth of the scratches. Thus the size effect rather
than the identity of the scratched material itself was more relevant to explain the enhanced

depth of the scratches by the AFM tip.

To confirm that the deformation of the untreated copper sample was due to the homogeneous
nucleation of dislocations, and that the reduction of the hardness of the chemically treated
samples might be attributed to heterogeneous nucleation of dislocations, the maximum shear
stress induced in the copper was evaluated. Since the bulk hardness of CuO or Cu,O0 is higher
than pure copper the hardness of the copper oxide at the very small length scale was also
assumed to have the same trend. Thus the maxim shear stress in the copper instead of copper
oxide was investigated in this work.Using the measured depth of scratches on the copper
samples 4, and the radius of the AFM tip r;, the contact area between the AFM tip and the
copper sample was expressed as mrh,.. Then the hardness of the copper samples that had
been exposed to different chemicals H,, was estimated by:

f.
H, =—m% (6.5)

ﬂrtip hw

where f;;, is the applied load by the AFM tip. Note that the hardness evaluated by this
equation differs from the hardness measured by nanoindentation originally given by Liao et
al.>® because of the discrepancy in the length scales at which the hardness was measured.
Assuming indentation by the AFM tip and the Tresca yield criterion the maximum shear
stress induced in the copper by this scratching was evaluated using

Toex = 0.30P, (6.6)
where py 1s the maximum Hertz pressure, given by66:
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respectively and subscript 1 and 2 denote the contacting materials; in this case copper and a

silicon AFM tip, respectively. The evaluated hardness of copper and the maximum shear

stress in copper are summarized in Table 6.1. These values show that the maximum shear

stress in the copper sample that had not been treated with chemicals is of the same order as

the ideal shear strength of copper and slightly smaller than the maximum shear stress values
obtained from nanoindentation simulations, which provides some validation for the analysis.

2 -1
where E” =( 2 J , E and v are the elastic modulus and Poisson’s ratio,
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The evaluated maximum shear stress values for copper samples that had previously been
exposed to solutions containing various chemicals were considerably smaller than the ideal
shear strength of copper, suggesting heterogeneous nucleation of dislocations. The reduction
of the hardness and the maximum shear stress were more pronounced when the surface
roughness was larger, e.g. when the copper sample was pre-exposed to aqueous solution at
pH 4 or 10 containing 5 wt% H,0, and 1wt% glycine.

Table 6.1 Surface roughness of the copper samples exposed to aqueous solutions
containing different chemicals.”® Hardness and maximum shear stress values were
estimated from the depth of scratches by AFM tip.

5 wt% H,0,, 1
Not 5 wt% H,0, > Wt(%:) H;0, a nd 1 wt% glycine and
treated wt % glycine 0.1 wt% BTA
pH 4 pH 10 pH 4 pH 10 pH 4 pH 10
Depth of
scratches by 6.61 12.89 11.78 37.57 29.05 9.35 15.2
AFM [nm]
Surface 10 17.9 12 85.5 185.3 12.3 20.3
roughness [nm]
Hardness [GPa] 11.9 6.12 6.70 2.10 2.72 8.44 5.19
Maximum shear | 5 5, 2.76 3.02 0.95 1.22 3.80 2.34
stress [GPa]

The MRRs during copper CMP using a slurry at pH 4 containing 5 wt% H,0O, and 3 wt% of
alumina abrasives and the same slurry containing an additional 1 wt% glycine were predicted
from equation (6.3) and the hardness values in Table 6.1, and compared with the
experimental results of Jindal e al."> as shown in Figure 6.5. The MRRs for the same slurry
at pH 10 were also predicted and compared. It was assumed that the number of abrasives
participating in the abrasion is unaffected by the presence of glycine at a given pH whereas it
is influenced by the pH of the slurry. The electrochemical portion of the MRR was also
neglected. Equation 6.3 predicts that the MRRs during copper CMP are inversely
proportional to the 3/2 power of the hardness at the surface of copper for the same size of
abrasives, sliding velocities and down pressures. The prediction was made by least squares
fitting the experimental data of Jindal er al."’ at pH 4 and pH 10, respectively using the
hardness values in Table 6.1 at each pH. The predictions based on the hardness values
obtained from the AFM tip scratching tests agreed well with the experimental observations
while those based on the nanohardness obtained from deep indentation tests were poorly
correlated with the experimental values, even in the trends®'.
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Figure 6.5 Comparison of MRRs due to mechanical action predicted using the hardness
values obtained from AFM tip scratching tests by Liao et al.>® (filled) or using the
nanohardness by Liao et al.”® (unfilled) and MRRs measured experimentally by Jindal
etal.”.

6.4.3.4 Material removal mechanisms at abrasive scale

The probability that a given location on a wafer is contacted by squeezed abrasives under an
asperity during interaction with the asperity and the wafer was defined as the removal
efficiency. In Chapter 5 the removal efficiency during CMP was determined to be smaller
than unity, meaning that a point on a wafer during CMP is contacted fewer than once during
the contact between a pad asperity and a wafer. Then, the period over which a given location
on the surface of copper is exposed to the slurry between successive contacts with abrasive
particles is of the same order as the time interval between consecutive asperity and wafer
interactions, about 1 ms. Note that this time scale is several order smaller than the time for
which the copper sample has been exposed to the chemicals or the aqueous solutions, 8
minutes, before the depth of scratches induced by the AFM tip was measured.. Therefore, the
chemical additives in the slurry will result in less roughness during this short time period
during CMP than observed by Liao ef al.’s experiments™. On the other hand, the surface of
copper during CMP contains numerous nano-scale topography originated from previous
etching and deposition processes. The combined effects will roughen the surface so that the
hardness of copper at the nano-scale is lowered than the ideal value. Then, the copper can be
plastically deformed by the force exerted through the abrasives to result in removal of the
material.

The exact mechanism by which the plastically deformed material is removed from the
surface is unclear. The material dislodged by indentation by the abrasives and the material in
the plastic zone during indentation contain a higher density of crystallographic defects than
the material that has not interacted with the abrasives. The material in these defect-rich
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regions would be expected to undergo preferential oxidation by the oxidizing agent in the
slurry, having a higher thermodynamic activity. As mentioned earlier in this chapter, the
mechanism of the oxidation may also be Fenton-type, producing hydroxyl radicals. MD
simulation of nano-scale machining showed that dislodged materials generated during nano-
machining were removed by chemical dissolution.®” Also, the material on the surface can be
detached directly as debris by sliding abrasives, similar to cutting processes. Yan et al.
argued, based on MD simulation of scratching, that the deformation of copper by a
hemispherical scratching tip can be divided into four categories, depending on a parameter K
that is a function of the radius of the tip and the penetration depth into coppereg. The
parameter K was defined as:

_ h,-007y, 69
0.07(ry, —h,,) ‘

As the penetration depth increases, the state of deformation of copper changes from a no-
wear state, through a ploughing state, and ploughing dominant cutting state, to a cutting
dominant cutting state. The scratching depth data reported by Liao et al. yielded a value of K
ranging from 9.35 to 37.6 and 6.61, when the copper samples were exposed and were not
exposed to the chemicals, respectively. For K values between 2 and 8, the copper is mostly
ploughed with some material being removed by cutting, while for K values larger than 8
cutting is dominant with some ploughing. This implies that the copper can directly be
removed from the surface by cutting, especially when the hardness of the material has been
reduced by roughening. Earlier studies of the influence of the attack angle of an indenter on
the wear process also showed that only a small fraction of the material dislodged during the
wear process become detached debris when the attack angle is sufficiently small®®"*" to be
comparable to the geometry during CMP, where the indentation depth of abrasives is small
compared to the size of the abrasives. The free copper debris may then react with the
oxidizing and complexing agents in the slurry and dissolve’?. Removal of copper by this
mechanism 1s not measured by the electrochemical method used in the work, because
electron transfer does not happen when the copper debris particles are in electrical contact
with the wafer. Also, not all of the copper deformed by a sliding abrasive particle would be
removed, making the coefficient K,, in equation (6.3) lower than one. Note that the local
density of the crystallographic defects on the surface of copper is not uniform throughout the
wafer and that the deformation of the surface by the sliding abrasives occurs only at the
regions of high defect density. Therefore, not every scratching event induced by the sliding
abrasives will induce plastic deformation of copper; the copper will plastically be deformed
to contribute to the material removal only where there are sufficient defects in the copper
crystal. This effect will further lower the value of K, to give a much more realistic prediction
of the MRR during copper CMP using equation (6.3). For example, for the consumables and
processing parameters during copper CMP listed in Table 6.2, the equation (6.1) predicts the
MRR of 500nm/min if only one percent of the surface of the copper contains enough defects
to initiate plasticity by the force applied by squeezed abrasive particles. The hardness of
copper was taken from Table 6.1 for the case where 5 wt% H»0O, and 1 wt % glycine were
added to the slurry at pH4. If no K,. is used, the prediction by equation (6.1) will be 50
pum/min, which is unrealistic.
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Table 6.2 Typical consumables and processing parameters during copper CMP

Veontact

aas

Vab

H,,

nab

Jab

0.1 %

10 pm’

10 nm

2.1 GPa

1000

100 nN

6.5 Conclusion and Future work

Copper can plastically be deformed by mechanical abrasion with the abrasive particles
squeezed between pad asperities and a wafer during CMP even though the shear stress
induced in the copper by this interaction may be smaller than the ideal shear strength of the
material. This is enabled by the activation of dislocation sources or by the heterogeneous
nucleation of dislocations from surface steps generated on the surface of copper by the
chemical additives in a slurry and abrasions by the abrasive particles, and from other
crystallographic defects including voids, vacancies, impurities and grain boundaries. Note
that the local density of those defects and the roughness on the surface is not uniform,
making the deformation by the sliding abrasives only at regions of high defect density and
roughness. Therefore, not every interaction with the abrasives will induce plastic deformation
of copper. Furthermore, only a part of the deformed portion of the material can be detached
from the surface through a process similar to cutting by abrasives or by preferential chemical
oxidation where there are enough defects to enhance the chemical reactivity.

The size effect of indentation can be applied to explain the micro-scratches generated during
copper CMP. While the interactions with the abrasives generate very shallow scratches of the
order of the roughness on a wafer after CMP, some large particles can generate deep
scratches on the surface. Plastic deformation by the large abrasive is possible because the
plastic zone near the interacted region contains a large number of crystallographic defects
that may allow heterogeneous nucleation of dislocations, greatly reducing the hardness of the
material. The hardness of the material decreases as the contact area increases. Therefore,
scratching by large abrasive particles, which may have been generated by agglomeration of
the small abrasives or poor filtration of the slurry, generates deep scratches.

Another application of the proposed model would be to explain the relationship between the
friction coefticient during CMP and the MRR. These two are believed to be related by some
researchers, but no universal relationship has been found'>"®"*">, The frictional force could
be evaluated, knowing the number of abrasives that are squeezed between pad asperities and
a wafer and the mode of the deformation of a material during the interaction with the
abrasives, i.e. either elastic or plastic, and the coefficient of friction for each mode of
deformation. To evaluate the friction between the pad and the wafer, one needs to know
exactly what fraction of the abrasives cause plastic deformation of a material. As discussed in
this chapter, the local hardness of copper during CMP is greatly affected by the chemical
additives in the slurry. Thus the friction will be closely related to the chemical additives in
the slurry that roughen the surface of a wafer, as well as to the number of the squeezed
abrasives, which is also influenced by the chemical additives as discussed in Chapter 8.
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Chapter 7

Literature Review of the Dependencies of
MRR on the Size and the Concentration of
Abrasives

7.1 Introduction

In Chapter 6, the material removal mechanism during copper CMP was suggested to be
related to the plastic deformation of the copper by sliding abrasives. If such a mechanism
were at play, the MRR during copper CMP would be expected to be proportional to the
number of abrasive particles squeezed between pad asperities and a wafer. This chapter
reviews previous studies that investigated the relationship between the size and the weight
concentration of abrasives in a slurry, and the MRR during CMP. General trends of the MRR
during CMP of various materials with the size and the concentration of abrasives are
evaluated based on an extensive review of the previous experimental observations of various
researchers. Proposed mechanisms for the experimental trends are also reviewed and the
limitations of the proposed models are also discussed. Recognizing the limitations of the
previously proposed mechanisms for explaining MRR trends during CMP, a novel
explanation for the observed MRR behavior during CMP is then proposed in Chapter 8.

7.2 Experimentally observed impact ofthe size and the concentration of
abrasives on MRR

Table 7.1 summarizes experimental observations of the impact of size and concentration of
abrasive particles on MRR reported by various researchers. Note that the number of abrasive
particles decreases with increasing abrasive size for a fixed weight concentration of the
abrasives. Also, although studies typically report the average size of the abrasive particles,
slurries usually containly polydisperse particles.

For the metal CMP results reported in Table 7.1, the experimental details were as follows:
alumina''"'>!'* or silica*'*"° abrasive particles ranging from 12 nm"® to 880 nm'? were used
with weight concentrations from less than 1% to 15% 2. The slurries contained an oxidizing
agentl’15 such as K}FC(CN)612, Fe(NO3)311 and H20213, an inhibitor’ like BTA”, a
complexing agent'’, a surfactant'”, or a combination of these chemicals. A slurry with no
chemical additives'* or a proprietary slurry* was also used in some studies. Acidic slurries
were used *'>'*!* or no data is given for the pH of the slurry. A compressible felt pad,
SUBA500" or a less compressible porous polyurethane pad, stacked I1C1000''*' or
IC1400"°, was used for the experiments.
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Table 7.1 Impact of the size or weight concentration of abrasive particles in the slurry
on experimentally observed material removal rates during CMP of various materials

Experimental | Changes Silicon Oxide or Silicon
change in MRR CMP Metal CMP
Jairath ef al.’, Mahajan et al®, | Jairath et al.'t, Luo et al™*,
Zhou et al®, Cooper et al.’, | Bielmann et al. -2 T, Li et
Increasing | Philipossian e al.>, Choi ef | 4l B Cooper et al.**, Guo et
Increasing al.®’, Park et al®®", Zhang et | 4 W Lee et al ¥
weight al®
concentration | Increasing | Mahajan er al.”, Philipossian | -
then et al.’, Choi et al.’, Yoshida et
decreasing | al.*®
Decreasing | Mahajan et al.” -
Increasing | Choi et al.®, Oh et al'’ Xie et al.'™, Armini ez al.™
Increasing | Zhou et al.’, Zhang et al.”’ Xie et al."™
Increasing then
size decreasing
Decreasing | Choi et al.”’ Bielmann et al.”', Li et
& al. 13@1’ Lu et al.?®

For silicon oxide or silicon CMP, the experimental details were as follows: silica abrasive
was used except by Jairath ef al.'. Most of the slurries used in the literature did not contain
any chemical additives other than deionized water.”>***!° The slurry used by Philipossian et
al. was a commercial one whose chemical constituents were not disclosed.” Note that the
pattern of grooves on a polishing pad also influenced the effect of the weight concentration of
the abrasives on MRR using a commercial.” All slurries whose pH was reported were
alkaline.'>*¢"#1%16 The pads were porous polyurethane pads such as IC1000**>%7 or
IC1400®, or a cerium oxide filled polyurethane pad, LP66'.

7.2.1 Influence of the weight concentration of abrasives
As seen in Table 7.1, the MRR during CMP increased withincreasing weight concentration of
the abrasives. The experimental data of Luo et al.'' demonstrate typical trends in MRR
during metal CMP. This was true for tungsten, copper or tantalum, regardless of the chemical
additives in the polishing slurries, the polishing pads, or the types, the size ranges and the
concentrations of the abrasives. Increasing concentration of abrasives did not have a
universal impact on the MRR for oxide CMP. Unlike metal CMP, the impact of weight
concentration of abrasives on MRR during oxide CMP depended on the size of the abrasives.
This behavior is best represented by the experimental observations by Mahajan et al. as

“Silicon
T Tungsten
* Copper
STantalum
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shown in Figure 7.2. The MRR increased with the weight concentration of the abrasives for
relatively small particles, ranging from 7 nm' to 200 nm*°, but decreased with increasing
concentration for micrometer sized particles. The MRR peaked as the concentration
increased from 0.2 to 2 wt% for intermediate sized abrasives. The MRR was independent of
the abrasive concentration for concentrations between 0.5° to 30 wt%>*'°. CMP of silicon
resulted in rather different behavior; as the abrasive size increased, the MRR reached a
maximum with 46.2 nm silica abrasives in the presence of ammonia and organic compounds
in the slurry'® and the MRR increased as the concentration increased from 0.5 to 7 wt% in
ammoniacal slurries using a felt type pad °.
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Figure 7.1 Effect of abrasive concentration on measured MRR during CMP of copper
using alumina abrasives." 0.005 M BTA and 0.1 M Fe(NOs3); were added to the slurry.
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Figure 7.2 Effect of concentration of abrasives of differing size on measured MRR
during CMP of silicon oxide.” The slurry contained no chemicals other than DI water at
pH 10.5.

7.2.2 Influence of the size of abrasive particles

Unlike the dependence of MRR during CMP on the concentration of the abrasives, that on
the size of the abrasives was significantly varied for both oxide and metal CMP. The MRR
during silicon oxide CMP increased, increased and then decreased, or decreased with
increasing size of abrasive particles. Very complicated trends of the MRR with the size of
abrasives were observed by Armini et al. ?* as shown in Figure 7.3. Similarly, the MRR
behavior for metal CMP is also complicated. Either increasing or decreasing MRR with the
size of abrasives were observed at different pH, as shown in Figure 7.4 and Figure 7.5,
respectively, for fairly comparable abrasive concentrations.
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Figure 7.3 Material removal rate of silicon oxide during CMP for slurries at pH 10 with
different sizes of colloidal silica abrasives at 5 wt%.**
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Figure 7.4 Material removal rate of copper during CMP for slurries with different sizes
of silica abrasives at 5 wt%."” 1 wt% glycine, 0.018 wt% BTA, 0.3 vol% H,O, at pH 6.
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Figure 7.5 MRR during CMP of copper using slurries with varying sizes of silica
abrasives at 3 wt%.?' 5 wt% H,0; and 1 wt% glycine were added to the slurry at pH 4
with or without 0.125 wt% Cu(NO3),.

7.3 Proposed mechanisms

The mechanisms proposed for the various dependencies of MRR on the size and the
concentration of the abrasives largely fall into two categories: one is a combination of contact
area-based and indentation-based mechanisms proposed by Mahajan and Bielmann et
al.>'**® where the relative dominance of each mechanism depends on the size of the abrasive
particles, and the other considers the MRR to depend on the volume of material on the wafer
indented by abrasive particles. For the latter, the force applied on an abrasive is a crucial
factor that determines the depth, and thereby the volume, of the indentation.

7.3.1 Contact area-based and indentation-based mechanisms

Mahajan and Bielmann er al*'>> proposed two removal mechanisms to explain the
dependence of MRR during silicon oxide CMP on the concentration of the abrasive particles,
namely contact area-based and indentation-based mechanisms, which dominate for
submicron sized and larger abrasive particles, respectively. The contact area-based
mechanism was proposed to be due to chemical interaction between abrasives and a wafer,
while the indentation-based mechanism dominates when the indented volume of the wafer by
the abrasives determines the MRR. For the contact area-based mechanism, the MRR is
proportional to the total contact area between abrasives and the wafer, 4,, giving the
following expression:
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MRR~ A, «<c,”°r, " (7.1)

where c,, is the weight concentration of abrasive particles in a slurry and 7, is the average
radius of the abrasive particles. For the indentation-based mechanism, the wafer volume
indented by the contacting abrasives, V,, is proportional to the MRR, and thus:

MRR ~V,, occ,, °r,*"° (7.2)

The derivation of these expressions has not been published, to the best of our knowledge.
Based on equation (7.1) and (7.2), Mahajan et al. suggested that increasing MRR with
increasing concentration of abrasives, as observed for smaller abrasive particles,
demonstrated dominance of the contact area mechanism, while the opposite trend of MRR
for larger abrasives demonstrated dominance of the indentation-based mechanism.”

Although these mechanisms were originally proposed to account for the experimentally
observed dependencies of MRR on the concentration of abrasive particles during silicon
oxide CMP, they have been widely accepted by other researchers to explain the trends of
MRR for other materials, including metals, on the sizes of abrasives for a fixed
concentration, and on the concentration of abrasives.1%?*?22 These mechanisms have also
been employed to interpret the MRR behavior when slurries with mixed sizes of abrasive
particles were used for silicon oxide’* and for copper'”. Choi et al. utilized the contact
area-based model to explain decreasing MRR during silicon oxide CMP as the abrasive
particles increased in size from 48 to 110 nm and their concentration decreased from 30 to 2
wt%.” Armini ef al. invoked both mechanisms to explain the change of MRR of silicon oxide
with the sizes of silica particles in a slurry, ranging from 15 to 1100 nm, but could not
explain the observed MRR trends shown in Figure 7.3.* Armini et al. also invoked
indentation-based mechanisms to explain increasing copper MRR with increasing size of
silica abrasive particles, from 15 to 600nm." Lu et al. observed that the MRR for copper
CMP decreased as the abrasive size increased from 40 nm to 300 nm, which was explained
by the contact area-based mechanism.”' Zhang er al. applied the contact area-based and
indentation-based mechanisms to explain the increasing and then decreasing MRR for silicon
oxide film as the size of the silica abrasive particles increased from 40 to 120 nm at 10
wt%.?" They attributed the initial increase in MRR with increasing particle size for smaller
particles to the indentation-based mechanism, and the subsequent decrease in MRR with
increasing size for larger particles to the contact area-based mechanism. However, this
explanation contradicts the suggestion of Mahajan et al’ that the contact area-based
dominated for smaller abrasives and the indentation-based mechanism dominated for larger
particles.

7.3.1.1 Limitation of the proposed models
The proposed models of Mahajan ez al.” captured the experimentally observed effect of the
concentration of abrasives on the MRR. Unfortunately, when the models are applied to the
effect of abrasive size on the MRR, they predict that the MRR will decrease with the
increasing size of abrasives where the contact area based mechanism is dominant, i.e. smaller
abrasives, and increase with the increasing size of abrasives where the indentation-based
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mechanism is relevant, i.e. larger abrasives. This predicted behavior has never been
observed; the opposite behavior has been observed by several researchers®'®?. In contrary,
if the indentation based mechanism and the contact area based mechanism are dominant for
smaller and larger abrasives, respectively as Zhang et al. *° proposed, those mechanisms
cannot explain the MRR behavior with varying concentration of abrasives: the predicted
MRR decrease and then increase with increasing concentration of abrasives, which has never
been observed. This clearly points to a significant limitation of the mechanisms.

7.3.1.2 Influence of surface area of abrasives

Several studies emphasized the importance of the specific surface area of non-porous
abrasives, which is proportional to the contact area between the abrasives and a wafer,
because of a chemical interaction between the particles and a wafer surface. Note that the
specific surface area of abrasives decreases linearly with increasing size of abrasives for a
given concentration of abrasives. Li ef al. proposed that the increase in MRR of tantalum and
copper with decreasing silica particle sizes in a slurry was due to increasing chemical
interaction between silica and tantalum and to higher concentration of ~SiOH groups formed
between silica particles and copper with decreasing particle sizes, respec‘[ively.13 However,
this observed trend was exactly the opposite of the results by Armini ef al."’, who reported
that increasing the size of the silica particles increased the copper MRR. Oh ef al. argued that
chemical bonding between ceria abrasives and the silicon oxide substrate explained the
increase in MRR with increasing size of abrasives.'’

7.3.2 Mechanism assuming abrasion of a wafer by abrasive particles
Another major group of proposed models originates from the idea that the MRR during CMP
can be predicted if the number of the abrasives and the volume that each abrasive particle
removes are known, along with the velocity with which each abrasive particle
moves,'3:24:22:20.27.28.29.30.31,32.33.34.35.36 Nymerous models have been developed to predict MRR
during CMP, based on the indentation of the wafer by abrasive particles held between the
wafer and asperities on the pad. They followi the generalized form proposed in Chapter 6:

MRR = K oo AV (7.3)
A,

where K. is a factor accounting for partial removal of the dislodged material of a wafer by
the abrasive particles, 74, is the number of the abrasive particles participating in the material
removal, 4; is the cross sectional area of a trench on a wafer generated by the indentation of a
sliding abrasive, v is the sliding velocity of a wafer over the polishing pad and 4,, is the area
of the wafer surface. The equation gives the MRR in units of thickness reduction per unit
time. In the following discussion, only parameters that are relevant to the size and
concentration of abrasives are discussed, to show the dependencies of these parameters on
the MRR.

Table 7.2 summarizes the literature that examines MRR during CMP in terms of the sum of
the removal rates of individual abrasive particles. Models in the literature are categorized in
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terms of the use of the factor K., how the number of abrasives that contribute to material
removal were evaluated, and the deformation mode of a wafer by abrasives during CMP.

7.3.2.1 Portion of the dislodged material contributing to material removal

Most researchers have considered the volume indented by abrasive particles to contribute
directlyto the removal of the material®*?>-2027-29-3031.3233:34 "while some have considered only
a fraction of the material dislodged by the indentation, represented as a factor K., to become
detached debris contributing to material removal'®***>*°. Che et al. argued that the wafer
material ahead of moving abrasives is deformed in “shear segmentation mode”, where
sheared material is displaced along the trench and sticks to the wafer. This piled up material
is then detached only when scratched by another abrasive.™

Table 7.2 Representation of the parameters in equation (7.3) by various researchers

Portion of the
dislodged material
contributing to
material removal

(Kre)

Kre<1

K.=1

Xie et al.'®, Zhao et al.*®, Che et
al>, TJiang et al™®, Bozkaya et
al

Ahmadi et al.**, Fu et al.”, Luo
et al.26’29, Bastawros et al.27, Jeng
et al.’®, Qin et al’, Bastaninejad
et al.?, Zeng et al.**

Number of abrasive
particles involved in
the abrasion (7, )

All abrasives near the wafer

Abrasives with certain sizes

Ahmadi et al®*, Fu et al”,
Bastawros et al.27, Zhao et al.zg,
Jeng et al.30, Qin et al.31,
Bastaninejad ez al.”, Che et al.”

Xie et al.'®, Luo et al.”®, Zeng

et al.**, Jiang et al>, Bozkaya et
36
al.

Deformation mode
of a wafer by the

Plastic deformation

FElastic deformation

Xie et al.lg, Fu et al.zs, Luo et
al.26’29, Bastawros et al.27, Zhao et

Ahmadi ez al.”* (JKR theory)

al.zg, Jeng et al.30, Qin et al.31,
Bastaninejad et al.32, Che et al.33,
Zeng et al’*, Jiang et al’,
Bozkaya et al.*®

indention of
squeezed abrasives

7.3.2.2 Number of trapped abrasives
The number of abrasive particles near the interface of a pad asperity and the wafer, or a
fraction of them (discussed below) has been estimated to be the number of abrasive particles
that are trapped between the asperity and the wafer, n,. Its representation by different
researchers is tabulated in Table 7.3. Only the dependences on the bulk weight concentration
of abrasive particles in a slurry, ¢, and on the average radius of abrasive particles assuming
spherical abrasives, 7,5, are considered in this work. Other parameters, such as the density of
a slurry and abrasives, and the average area of contacts between a pad asperity and a wafer,
can be regarded as fixed parameters for a given experimental condition. All of the previous
models reviewed in this work assumed that the local concentration of abrasives near the
surface of a wafer is equal to that in the bulk. The number concentration of the abrasives in
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the bulk slurry with units of particles/cm’ can be written as:

_ 3CWt pslu rry

Cab - 3
47zrab pab

(7.4)

where pyu- and pyp 1s the density of slurry and abrasives, respectively.

Table 7.3 Expressions for the number of abrasive particles trapped between a pad
asperity and a wafer by various researchers

. Number of trapped
Description . bp References
abrasives, 74
Conversion of volumetric 2/3 . )
. (o Zhao et al.28’37, Jiang et al?® 3 Choi
concentration to areal > of al.®
concentration Fab :
Ahmadi et al”*", Fu et al.”,
Abrasives within a slurry film Cut Bastawros et al.27, Qin et al.31,
thickness of 74, rab2 Bastaninejad et al.3m, Che et al.>® ,
sk
Zeng et al.34ﬁ, Brown et al.®
Abrasives within a certain C,, Luo et al. 2% Jene ef al. >
thickness of the slurry film —3 B . d ’ lg32 T
independent of 1. r astaninejad et al.
. . . th . 18
Modification of Stokes equation ;L Xie et al.
ab

One group of researchers estimated the number of trapped abrasive particles by directly
converting the volumetric concentration of abrasives to an areal concentration by taking the
power of 2/3.253373% Then, n,, is proportional to the 2/3 power of the weight concentration
of abrasives and inversely proportional to the square of the diameter of the abrasive particles.
The resulting number of abrasive particles can be understood as the number of particles lying
on a plane through the slurry.

Other researchers used the number of abrasive particles adjacent to the surface of a wafer and
within a specified thickness of a slurry film as an estimate of the number of particles trapped
between pad asperities and a wafer, as shown in Figure 7.6. n,, is determined by assessing
the number of abrasives in the slurry film as:

Ngp = Cap Vfilm (7.5)

where Vi, 1s the volume of the slurry film. The thickness of the slurry film was assumed to
be the average diameter of abrasives®’>'" (Figure 7.6a) or the maximum size of the
abrasive particles, which is taken as d,,+30,, where d,;, 1s the average diameter of abrasives
and o, is the standard deviation of the abrasive sizes (Figure 7.6b).**** Some researchers

“ Fill factor,
* Slurry film thickness of dap+30ap
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used a fill factor, y, which is the areal coverage of the surface of a wafer by abrasives, instead
of the weight or volumetric concentration.**” The areal coverage of the surface by particles
can be interpreted as the volumetric concentration of abrasives in a slurry film with a
thickness of d,, at the wafer surface. In this case, n,, is proportional to ¢,, and roughly
inversely proportional to the square of 7.

It has also been argued that trapped abrasives originate from a slurry film on a wafer with a
thickness that is independent of the size of the abrasive particles. Luo and Dornfeld argued
that the number of trapped particles is equivalent to the number of abrasives in a slurry film
with a thickness of the average height of the pad asperities, A4 (Figure 7.6¢).”* Jeng et al.
used a similar concept but took the thickness of the slurry film to be the change of the heights
of the tallest asperities before and after deformation, 4,,,,-d, as illustrated in Figure 7.64°%.
Here 4,,,, is the maximum height of the asperities and d is the distance between the surface of
a wafer and the mean plane of asperities after the pad asperities have been deformed. Note
that the number of trapped abrasives given by cases ¢ and d in Figure 7.6 is much larger than
that obtained from cases a and b in Figure 7.6 because of the significant difference in the
length scale of the abrasives and the asperities. Thus researchers adopting the cases depicted
in Figure 7.6¢c and Figure 7.6d used a concept of “active abrasives”, which are the abrasives
within a specific range of sizes, in order to scale down the number of trapped abrasives and
thereby the predicted MRR values.**?% This is further discussed later in this chapter.
Bastaninejad et al. determined n,, by assuming that only a fraction of the abrasives in the
recessed regions on a pad are involved in the abrasion.”? For those cases, ng is inversely
proportional to the cube of r,, and proportional to c¢,,, which is consistent with equation (7.4).
Researchers who used the concept of “active abrasives” regarded the number of active
abrasives to be the number of trapped particles that are involved in abrasion of the wafer
material, n,, , whereas other researchers considered all trapped particles to participate in
abrasion. Also, the dependencies of n,, presented in Table 7.3 are equal to those of nab*
because the filtering functions for active abrasives are independent of the size or
concentration of abrasives, as discussed below.

Xie et al. regarded the number of abrasive particles that have settled onto the surface of pad
asperities to be the number actually involved in abrasion.'® To calculate the settling velocity,
they modified Stokes equation through settling experiments using small particles (0.12 — 3
pm diameter) and determined that n,, and nab* are proportional to ¢,, and inversely
proportional to ra;,”.
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Figure 7.6 Thickness of a slurry film near a wafer used to evaluate the number of
abrasive particles that are trapped between a wafer and pad asperities: (a) average
diameter of the abrasives, (b) maximum diameter of the abrasives, (c) average height of
the asperities, and (d) change in the heights of an asperity of the maximum height
before and after deformation.

7.3.2.3 Active abrasives concept
Some researchers argued that only a fraction of the trapped abrasives n,, contribute to the
removal of a material by abrasion. Xie et al. qualitatively explained that a fraction of the
abrasives in the vicinity of the wafer surface become trapped between the pad asperities and
the wafer, contributing to material removal.'® Luo and Dornfeld proposed that only abrasives
within a certain range of sizes become active or contribute to material removal.*** Assuming
a Gaussian distribution of particle sizes, the suggested size limit was between d,,+30,—
(hywthys) and d,p+30,, where h,, and &, are the indentation depth by an abrasive into a wafer
and an asperity, respectively. This limit implies that only large enough particles can be
squeezed between asperities and a wafer such that they contribute to material removal.
Similarly, the criteria adopted by Jiang er al.”> and Bozkaya et al.*® were that the abrasives
must be larger than d,;+30,, and larger than d,;-h,,, respectively. Zeng et al. 3% considered the
roughness of the wafer surface, r, giving a size limit between d,—(h,th,) +r, and
dt3o.tr,. Note that those filtering functions decreased the resultant MRR by reducing the
number of abrasives involved in the abrasion. When a Gaussian distribution of the sizes of
the abrasives was assumed Jiang, et al.’s > filtering function indicated that only 0.3% of the
trapped abrasives are involved in the material removal. Note that the role of this filtering
function is comparable to the factor K., that is used to account for the partial removal of
material dislodged from a wafer by abrasive particles, in that it scales down the MRR. The
fltering functions are insensitive to the size of the abrasive particles; instead, they are related
to the distribution function of the sizes. Therefore, the dependences of the size and the
concentration of the abrasives on the number of the active abrasives can be regarded as
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equivalent to the dependences on the number of the trapped particles given in Table 7.3.

7.3.2.4 Deformation mode of a wafer by squeezed abrasives
The cross sectional area of a trench on a wafer generated by a squeezed abrasive can be
generally expressed as:

A och,w,, (7.6)

where 4, is the indentation depth into a wafer of a squeezed abrasive and wy, is the width of
such a contact. Indentation by trapped abrasives has usually been analyzed by assuming
plastic deformation of the wafer'®2>26:230323334 41 5f 3 chemically modified surface layer on
the wafer’’*®!" using the hardness or the yield strength of the material. The adhesion
between abrasive particles and the wafer has been considered by some researchers™ to add a
force component to the indentation force. In contrast, Ahmadi et al. evaluated the indentation
depth using the JKR model (after Johnson, Kendall and Roberts), which is an elastic contact
model that considers adhesive forces between the abrasives and the wafer.* They also
considered the adhesive wear of the wafer material by abrasives during rolling of the
abrasives. When a material is deformed elastically, it recovers its shape once the indenting
load has been removed, hence this deformation mode cannot induce removal of the material.
Therefore, elastic deformation of a wafer is not discussed in this work. The width and the
depth of the indentation by a squeezed abrasive has been generalized in the literature as
follows. Assuming spherical abrasives and a small penetration depth into a wafer, the width
of the indented area can be approximated as:

W, =2,/2r,.h, (7.7)

When a wafer is plastically deformed, the depth of the indentation 4,, can be expressed as:

h, = Fa (7.8)
ar, H

w

where f,, 1s the force exerted by a trapped abrasive particle on the wafer and H,, is the
hardness of a wafer. For the case where a chemically modified surface layer is indented, the
hardness of this layer replaces H,. The cross sectional area, A4;, of a trench created by a
sliding spherical abrasive particle can be expressed as:

3/2
A oc hw,, oc —2& (7.9)

rab
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Then, us/ing equations (7.3) and (7.9), the MRR during CMP can be seen to be proportional
to nabfabj 2y ape

7.3.2.5 Applied force on an abrasive

The force applied by a squeezed abrasive particle was estimated for different configurations
of local contacts between a pad asperity and the wafer between which abrasive particles are
embedded, as illustrated in Table 7.4.2%*>%27333% The amount of deflection of a pad asperity
by the abrasives was determined using the nominal applied pressure on the wafer”’, the
compliance of the pad®***2%?7**3* and the concentration of abrasives®**2"***_ In general,
smaller sizes and lower concentrations of abrasives, and softer pad materials allow elatively
large local deflection of a pad asperity, leading to full contact between the deflected asperity
and the wafer (Table 7.4c), whereas larger sizes and higher concentrations of abrasives, and
harder pad materials prevent contact between the wafer and pad asperities (Table 7.4a). For
intermediate cases, only a part of the deflected asperity contacts the surface of a wafer (Table
7.4b). Some researchers postulated all three of the configurations shown in the figures in
Table 7.4a-c***"**** while others argued that only one or two of these simulated the real
CMP processes™ . The upper bound of the estimated force applied on a squeezed abrasive is
when the force exerted on a pad asperity is transmitted only to the squeezed abrasives and the
pad asperity is not deflected enough to contact the surface of a wafer (Table 7.4a). This upper
bound of the estimated force on an abrasive, f,-,», 1S estimated as:

fab—ub = fas/nab (710)
where f, is the average force transmitted through a single pad asperity.

The lower bound of the estimated force, fu»-1, 1S given when a pad asperity is deformed
enough to encapsulate the squeezed abrasive particles and to contact the surface of the wafer;
so that the force exerted on the asperity is evenly distributed throughout the abrasives and the
deformed asperity contacting the wafer (Table 7.4c). Then the force on an abrasive is
independent of the number of embedded abrasives as follows:

fab—lb = ﬂrabz(fas/aas) (711)

where a,, is the average area of contact between pad asperities and a wafer.

If the pad asperities are deflected to partly contact the surface of the wafer but do not
completely encapsulate the squeezed abrasive (Table 7.4b), the force applied on an abrasive
particle will be intermediate between the upper and lower bounds and will inversely be
proportional to the area of the contact between the deflected asperity and the wafer. Fu et
al.® modeled the deflection of a pad asperity supported by embedded abrasives using beam
theory and evaluated the force applied on an abrasive as:

1/4

r
fab or = (7.12)
nab
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Table 7.4 Local contact between a pad asperity and the wafer during CMP: (a) an
asperity is not deflected enough to contact the wafer, (b) an asperity is deflected to
partly contact the surface of the wafer, (¢) an asperity is deformed enough to
encapsulate the abrasives and to contact the wafer and (d) a geometric relation between
the size of the abrasives and the indentation depth on the wafer and on an asperity.

Local contact
mode between an

Dependencies of MRR on r,;, and ¢,, when n,;, has the

following proportionalities

2/3

3 Expressions for C
asperity and a p Jav N, o — N o lut N o Cwt . oo _Cwt
wafer .y ab 2 ab 3 ab 17
ab ab rab
(a) fas 1 25,27,34
. 172 1/2
@braswe ¢ _tn 1 Co I, 1
wafer ab = Tas’ "lab 1/3 r 1/2 015 1/2
Cut a;/Z 3311 Cut fao Cut
Curt
1/4
e Cot 2534
r 1/6 9/8 1/4 1/4
(b) fas fab o« 2 > th rab th th
il N,y 9/8 1 p 1 p 105
ab 7/8 . 1/4 ab ab
wafer (beam theory) fav Cwt
e -
233 27
f, o, c 23 Cun - Cut Cols”
(FEM) " FanCut Fab e
©) - 27,3134
2 31,
. fo=rmy (flag) | o | G | s
wt rabcwt It rab wt " ab
C
2132835 Zwt 30 0318
hw € Iy Cot Cun Mo Cunlab
a

Che et al. modeled the contacts between embedded abrasives and a pad asperity using the
finite element method (FEM) and argued that the pressure over the deflected region of the
asperity around a squeezed abrasive, which is called a hut (see the figure in Table 7.4d) , was
concentrated on the abrasive.” Since the radius of the hut is proportional to the radius of the
abrasive, the force applied on an abrasive is proportional to the square of the radius of the

abrasive:

¥ A term f.p/ra (=hy,) was multiplied
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fab oc rab2 (713)

The concentration of abrasives increases as the configuration of the interface of a wafer and
the pad asperity changes from the figure in Table 7.4c to that in Table 7.4a.

Instead of invoking the force applied on an abrasive, some researchers determined the depth
of indentation from the geometric relation between the amount of deflection of the wafer and
an asperity and the size of the abrasive. The sum of the indented depth into the pad asperity
and into the wafer was assumed to be equal to the diameter of the abrasive assuming
encapsulation of the abrasive by the deflected asperity”**** or to be the diameter of the
abrasive less a distance between the tip of the deformed pad asperity and the wafer where
deformation was not large enough'® (Table 7.4d). For those cases the depth of indentation
was proportional to the radius of the abrasive:

h, T, (7.14)

w

This led to the indented cross-sectional area being proportional to r4°. Thus, the MRR in this
case was proportional to nabrab2 .

7.3.2.6 Evaluated dependence of MRR

The dependencies of material removal rate on the size and the concentration of abrasives are
summarized in Table 7.4 for the different configurations of the local pad and a wafer contacts
and for various representations of the number of trapped abrasive particles. References for
each expression are also given in the table; expressions with no reference indicate those were
not found in the literature. Note that Che et al. argued the removal of a material only where
two scratches by abrasives were intersected.” Since the volume of the pile-up material that is
removed is proportional to 44,0, where w is the angular velocity of the wafer, the final
expression for the MRR differs from that of other models by the term #4,, which is equal to
Jfan/Tap. Also note that Fu et al. neglected the influence of the size of abrasives on the number
of active particles®; thus the corrected relationships that consider this influence are shown in
Table 7.4.

7.3.2.7 Limitation of the proposed models
Since the case (d) in Table 7.4 cannot explain the varying dependencies of MRR on r,; and
cyr, only cases (a), (b) and (c) are discussed to compare the predictions with the experimental
observations. As the concentration and the size of the abrasives increase, the configuration of
the local contacts between asperities and the wafer changes from that of figure (c) to figure
(a) in Table 7.4. Figure 7.7 shows the predicted MRR as a function of the concentration of
abrasives. Regardless of the precise expression chosen for the number of trapped abrasives,
the predicted MRR qualitatively agrees with experimental observations for silicon oxide
CMP. For small abrasive particles the local contact mode is represented as shown in figure
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(c) in Table 7.4, where the predicted MRR increases with increasing concentration of
abrasives, agreeing well with the experimental results shown in Figure 7.2. For intermediate
sizes and larger sizes of abrasives, the prediction given in Figure 7.7 also agreed well with
the results in Figure 7.2. This implies that the various relationships between MRR and the
concentration of abrasives are related to the change of the local contact mode between
asperities and the wafer, as illustrated in Table 7.4. However, any of the references cited in
this work fully explained all three of the MRR behaviors exhibited using the different contact
modes; the researchers examined conditions where only some of the contact modes were at
play. Only a part of the MRR behaviors was explained by Fu ef al.”, Bastawros ef al.*’ and
Che et al*®. The ascending portion of the curves in Figure 7.7 also well described the
behavior of MRR during metal CMP, provided that the contact mode between the asperities
and the wafer follows figure (b) or (c) in Table 7.4. However, there is no experimental
finding that the contact mode during metal CMP is as depicted in figure (b) or (c) in Table
7.4.

(a) (b)
n. ~c 2By 2 n,~c./r, ?
ab wt ab ab wt’ “ab
[ @ IPlab - vat/ rab 7
@ I ~ -
£ £ Ny~ C! Tap
g g
3 3
S IS
g o
< <
5 5
© ©
= =
Beam theory
FEM

Concentration of abrasives, Coy Concentration of abrasives, Coy

t t
Figure 7.7 Predicted MRR during CMP as a function of the concentration of abrasives
when the number of trapped abrasives is proportional to (a) cwtz/ 3/rab2 and (b) cw/rabz,
Cut/tay and ¢,/ra” . Intermediate size of abrasives are assumed giving the configuration
in the figure (b) in Table 7.4.

Figure 7.8 shows the predicted MRR as a function of the size of the abrasive particles. The
local contact mode between a wafer and a pad asperity changes from the figure (c) to (b) and
(a) in Table 7.4 as the size of abrasives increases. Since the predicted effect of abrasive
particle size on MRR is indenpendent of the concentration of abrasives or inconsistent with
the experimental observations presented in Figure 7.3, Figure 7.4 and Figure 7.5, the models
assuming abrasion of a wafer by abrasive particles are unsuccessful explaining the influence
of the size of abrasives on the MRR. It is evident from the contrasting experimental
observations in Figure 7.4 and Figure 7.5 which used similar concentrations of abrasives with
similar sizes that the dependence of MRR on the size of abrasives is not solely determined by
the local contact mode between asperities and the wafer. Considering that different slurries
containing different chemical additives at different pHs were used to generate the data shown
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in Figure 7.4 and Figure 7.5, the chemical additives and/or the pH of the slurry are most
likely responsible for the contrasting observations. This is discussed further in Chapter 8.
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Figure 7.8 Predicted MRR during CMP as a function of the size of the abrasive
particles when the number of trapped abrasives is proportional to (a) cw,2/3/rab2, (b)
Cudtas’s (€) Curas’ and (d) coirap””

It is interesting to note that the dependencies of MRR on 7, and c¢,,, in the equations in Table
7.4 are qualitatively similar to those predicted by the contact area- and indentation-based
mechanisms proposed by Bielmann er al'? in which the concentration of the trapped

wt
3
ab
abrasion of a wafer by abrasive particlesand the model proposed by Bielmann et al.'* were
unsuccessful in explaining the various trends of MRR with the size of abrasives although

both models well explained the MRR behavior with the concentration of abrasives.

abrasives is expressed as being proportional to Both the proposed models assuming
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7.3.3 Other pro3posed mechanisms

A model by Che er al.”® described increasing MRR with increasing sizes of abrasives for all
the local contact modes in Table 7.4. This model cannot explain the decrease in MRR with
increasing size of abrasives unless the force relationship in equation (7.12) is used for the
force applied on an abrasive. However, equation (7.12) was derived assuming beam theory
for the deflection of the pad; the validity of this assumption is questionable because of the
different dimensions of the two dimensional beam and the three dimensional polishing pad.
In addition, the argument that material was only removed during CMP at the piled up region
formed by a sliding abrasive particle, and the corresponding expression for the volume
removed by an abrasive, was based on a scratching experiment using a micro-scale
indenter®’. However, the detachment of piled up material at the nano-scale where abrasive
particles and the wafer contact* may be very different from that at the macro- or micro-
scales, which calls for further verification at the nano-scale.

There have also been efforts to account for the presence of the optimal size of the abrasive
particle where the MRR is maximized, as illustrated in Figure 7.2b. Zhou ef al. observed a
maximal MRR during SiO, CMP at a certain size of abrasives for silica abrasive particles 10
to 140 nm in size, under various down pressures and sliding velocities. They suggested that
only particles of a certain size range can be entrained between pad asperities and the wafer
because the thickness of the slurry film between the asperities and the wafer changes with the
down pressure and the sliding velocity.” It was implicitly assumed by Zhou et al. that the
number of abrasives trapped between asperities and the wafer is proportional to the material
removal rate during the process, regardless of the particle size. Zeng et al. considered the
evolution of the surface roughness of a wafer with time to estimate the thickness of the gap
between the wafer and pad asperities.”® The material removal rate was obtained by
considering the total volume on a wafer that is indented by squeezed or active abrasives.
Note that the MRR they obtained was actually the material removal rate at the contact
regions between pad asperities and a wafer, not for the entire wafer. Cooper et al. argued that
the material removal rate for silicon oxide with silica abrasives is determined by the
collisions of the abrasive particles to the surface. The increasing MRR with incresasing
concentration was due to the decreased mean particle separation, which was a power of 1/3
of the weight concentration of abrasives.* Apparently, those models described only a part of
the experimentally observed MRR behaviors.

7.4 Summary

In summary, the models proposed to account for the dependencies of MRR during CMP on
the size and the concentration of abrasives can largely be divided into two categories: one
was the model of Bielmann ez al. where the relevance of a specific mechanism, either contact
area-based or indentation-based mechanism, was determined by the size of abrasive particles,
and the other is the models that predicted the material removal rate during CMP as a sum of
the amount of material abraded by particles trapped between the wafer and pad asperities.
The latter models postulated three different modes of local contact between pad asperities
and the wafer between which abrasive particles are trapped. The deflection of the pad
asperity was varied by the size and the concentration of the abrasives so that the deflected
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asperity may or may not contact the surface of a wafer. Both of those models successfully
analyzed the MRR behavior for varying concentration of the abrasives, especially for oxide
CMP. However, none of those models could capture the various MRR behaviors observed for
different sizes of abrasives. Therefore, the current models are inadequate at explaining
various MRR trends with the size of the abrasive particles. A novel approach to addressing
this will be discussed in Chapter 8.
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Chapter 8

Explanation of the Dependencies of MRR
during CMP on the Size and the
Concentration of Abrasives by Considering

the Deposition of Abrasives on the Surface
of a Wafer

8.1 Introduction

Chemical Mechanical Planarization (CMP) is an enabling technology for multilevel
metallization during semiconductor manufacturing processes. The uneven topography
resulting from the deposition processes is planarized during CMP, enabling subsequent
deposition or lithography processes. It is believed that the chemical and mechanical actions
interact synergistically during CMP to remove material from protruding areas of the wafer
surface while protecting the recessed areas, allowing planarization of the surface. The
chemical composition of the slurry varies according to the application, but slurries usually
contain abrasive particles with a diameter on the order of 10 to 100 nm, as well as chemical
additives such as oxidizing agents (for metal CMP), complexing agents, inhibitors and
surfactants. The effect of each chemical additive and the abrasive particles on material
removal has been extensively studied. Among others, the influence of the abrasive particles
on the performance of the CMP process has attracted significant interest, as reviewed in
Chapter 7. The effect of increasing weight concentration of abrasives in a slurry on the
material removal rate (MRR) during CMP of various materials has been investigated by a
number of researchers, as summarized in Table 8.1. For CMP of silicon oxide, the measured
MRR increased?3#>6:7:8:9, peakedz’s’6 or decreased” with increasing weight concentration of
the abrasives. For silicon CMP an increasinglO or increasing and then decreasing11 MRR was
observed. However for CMP of metals such as tungstenl’lz, coppe1r4’13’14’15’16 and tantalum'
the observed MRR only increased with increasing weight concentration of the abrasives and
no decreasing trend was observed. The influence of the size of the abrasives in the slurry on
the MRR during CMP has also been studied. The MRR during CMP of silicon oxide the
MRR increased™’, increased and then decreased>'® or decreased®’ with the increase in the
size of the abrasives. Similar trends were observed for metal CMP in that the MRR
increased %, increased and then decreased'® or decreased'”'* ?'. Those experimental
observations were theoretically explained by a model that predicts MRR using the volume of
a wafer indented by the abrasives particles.?2?>242>20212829 A1so  Bielmann et al. proposed
two competing mechanisms, namely a contact area-based or an indentation-based
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mechanism, where the dominant mechanism is determined by the size of the abrasive
particles.”'* %0 They argued that the contact area-based mechanism dominates material
removal for small abrasive particles, whereas the indentation-based mechanism prevails for
larger abrasives. The proposed models, especially that of Mahajan et al.?, described the effect
of the weight concentration of the abrasive on the MRR well. However, none of these models
could capture the various effects of abrasive particle size on the MRR. The model of
Bielmann ez al.'? predicted that the MRR will decrease and then rise with increasing size of
the abrasives - but this prediction is the exact opposite of the experimental observation of
Zhang et al.'®. The models based on the volume of the wafer indented by the abrasives
predicted that the MRR will be independent of the size of the abrasives, or will decrease and
then increase with increasing abrasive size if the number of abrasive particles participating in
the abrasion is inversely proportional to the square or cube of the size of the abrasives,
respectively. Therefore, the current models are inadequate at explaining various MRR trends
with the size of the abrasive particles. Considering that the proposed models described the
effect of abrasive concentration on MRR well, the proposed mechanism of material removal,
in which three different local contact modes between an asperity and a wafer are envisaged
and the removal of the plastically deformed material by abrasives is assumed, seemed to be
valid, although some modification of the removal of the plastically deformed material is
needed as described in Chapter 6. The reason for the inadequacy of the models for describing
the MRR behavior for the different sizes of abrasives is largely attributed to the poor
estimation of the number of abrasive particles that are involved in the material removal. This
has usually been estimated based on the bulk concentration of abrasives. However, the
transportation of colloidal particles in a suspension is size dependent, so it would not be
surprising if transportation affects the number of attached particles. Also, it is well known
that the attachment of colloidal particles onto a substrate like a wafer is strongly influenced
by the surface potentials of the particles and substrate. Therefore, the transportation
mechanisms and the zeta potential of the particles and the wafer must be taken into account
to accurately describe the number of abrasives participating in abrasion of a material.

The zeta potentials of the abrasive particles and the wafer have been considered to affect the
MRR during CMP 3132333433637 The zeta potential of the abrasive particles determines the
size of the agglomerates38’39’4o, and it has also been shown that attractive interactions between
the abrasive particles and the wafer surface increase the MRR while repulsive interactions
reduce the MRR.>'***** Lu er al.** and Abiade et al.*® argued that this change of the MRR is
due to a change in the number of abrasive particles deposited on the surface of the wafer, but
they did not explore this quantitatively. The ionic strength of the slurry has also been
suggested to influence the MRR by affecting the magnitude and range of the electrostatic
interactions between the wafer and the abrasives.’*® Again, however, no quantitative
analysis was conducted in these studies.
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Table 8.1 Effect of the size or weight concentration of abrasive particles in a slurry on
the experimentally observed material removal rates during CMP of various materials.

Effect of increasing Silicon Oxide or Silicon CMP
concentration or size on
MRR
Weight Increasing Jairath et al', Mahajan et al”, Zhou et al’,
concentration Cooper et al.4, Philipossian et al.®, Choi et al. 67 ,
Park et al.*'°S® Zhang et al.’
Increasing then Mahajan et al’, Philipossian et al.’, Choi et al.®,
decreasing Yoshida ez al.''™
Decreasing Mahajan ef al.”
Size Increasing Choi et al.’, Oh et al."”
Increasing then Zhou et al.”, Zhang et al."®
decreasing
Decreasing Choi et al.®’

The work reported in this chapter relates these two areas of interest, namely the mechanical
removal of the material by abrasive particles and the influence of slurry chemistry on the
deposition of the abrasives on the surface of a wafer, to quantitatively explain the
dependencies of the MRR on the size or the weight concentration of abrasives in a slurry
during CMP. In addition, theories of colloid science were adopted to delve into the poorly
understood interactions between the abrasive particles in a slurry and the surface of a wafer.

8.2 Interaction of the abrasive particles with the surface of a wafer

The flux of abrasive particles that contact the surface of a wafer during planarization was
estimated by considering the rate of such contacts in the laminar flow developed by the
relative motion of the wafer with regard to the pad while slurry is present between them. The
flow of the slurry between the pad and the wafer during CMP remains laminar because of the
low Reynold’s number, 0.1 to 50, calculated from the slurry film thickness at the troughs of
the pad asperities*™****. A contact is highly dependent on the surface forces between the
abrasive particles and the wafer, such as the London van der Waals force and the electrical
double layer interaction force. The overall electrostatic interaction between the abrasive
particle and the wafer surface is described by the DLVO (Derjaguin-Landell-Verway-
Overbeek) theory. For opposite signs of the charges of the particle and the wafer surface or
no surface charges (favorable condition), the interaction between them is attractive so that the
contact of particles with the surface is controlled by the transport of the abrasive particles
toward the surface. The electrostatic interaction between the surface and the particle attracts
the particle toward the surface and the particle adheres to the surface at the primary minimum
of the interaction potential because of the dispersion interaction between them.

In contrast, when the particles and the surface have the same charge (with a repulsive
electrostatic force), the DLVO theory predicts the presence of an energy barrier that the
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particles must overcome to collide with the surface (Figure 8.1a). The extent of the energy
barrier depends upon the ionic strength; for typical CMP slurries it is of the order of a few
nanometers from the surface. The magnitude of the barrier increases with the surface
potential and the size of the particle by DLVO theory. * The rate of deposition with
electrostatic repulsion, j, is related to that with electrostatic attraction, j), by the particle

collision efficiency,  as follows:***
J =ajo 8.1)
energy
(a) :

<—>‘ repulsive if like sign charges
wafer diffusion
4 __________
(b) interception
Q@

repulsive abrasive

Figure 8.1 Deposition of abrasive particles on the surface of a wafer. (a) An energy
barrier is present when the charges on the wafer and the particle have the same signs.
(b) Transport of the abrasives toward the surface is dominated by diffusion or
interception, depending on the size of the abrasives. (¢) Repulsive interaction exists
between deposited abrasives and the incoming ones.

While current theories predict well the rate of the deposition of particles under favorable
conditions (with electrostatic attraction), they do not predict well the rate of deposition‘w’48
under unfavorable conditions (with electrostatic regulsion), predicting much lower particle
attachment rates than experimental observations*****1*2 The discrepancy has been attributed
to the heterogeneous charge distribution on the surface***** 53,54 hydrodynamic
particleparticle and particle-surface interactions (although these contributions are small)*,
the dynamics of interaction™, deposition in a secondary minimum (which is not likely to
occur) 48.56,57.58.59.60.61 " g;rface roughness44’49’56’62’63’64’65’66’67, and the presence of other
deposited particles®.

The DLVO theory predicts an energy barrier that is higher for larger particles*, but
experimentally, the particle collision efficiency (defined as the ratio of the number of
particles deposited on the surface in the presence of the barrier to that in absence of the
barrier) is independent of the size of the particles.***® It was shown that the range of the
electrostatic interaction, characterized as the Debye length «, is much more important than
the strength of the interaction in favorable condition.®"°

Although fewer particles are deposited on the surface under unfavorable conditions than
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under favorable conditions, the efficiency, a, is independent of the size and concentration of
the abrasives. Thus the following discussion focuses on the number of abrasive particles
deposited on the surface of a wafer under favorable conditions, and estimates the number
under unfavorable conditions using the particle collision efficiency. The influence of the
gravity on the transportation of the abrasive particles was not considered because the size of
the abrasives lies within the colloidal size range, which is usually considered in between 1
nm and 1 um.n

Figure 8.2 shows schematically the interface between a wafer and a CMP pad during copper
CMP. The pad asperities contact the surface of the wafer as they are deformed by the applied
down pressure and slide across the surface of the wafer. Between the asperities and the wafer
are abrasive particles that have been deposited on the surface from the bulk slurry. The
trapped abrasives are involved in the abrasion of the surface of the wafer that removes
protective surface layer or the wafer material. Such an interaction between an asperity and a
wafer at a point on the wafer occurs every #,.45, Which is determined from the characteristics
of the contact area between the pad and the wafer and the sliding velocity of the wafer over
the pad as follows:

7d
t =_"73 8.2
as—as 4V[' ( )

contact

where v is the sliding velocity of the wafer over the CMP pad, 7o the fraction of real area

of contact between a CMP pad and a wafer and d,, is the average diameter of the circular

contact areas between asperities and wafer. During CMP abrasive particles can only be

deposited on the surface of a wafer during 75,5, Which is of the order of 1 -10 ms.’? The

deposited abrasives are periodically contacted by the pad asperities with this time interval.
Pressure

il Sliding (~1m/s)

t....s DEtWeen interactions

Figure 8.2 Interface of a wafer and a CMP pad during copper CMP. Asperities contact a
point on the wafer every ;4.

The number of abrasive particles that participate in the removal of the material can be
estimated using the number of abrasive particles deposited during 7., It was assumed that
only a fraction f,, of the deposited abrasives adhere to the pad asperity while trapped between
the wafer and the asperity and move away from the original deposition site, leaving some
fraction f,,,, smaller than 1-f,, of the deposited abrasives remaining on the surface of the wafer
after such an interaction. Some other fractin of the abrasives is detached from the surface of
the wafer during the interaction with the pad asperities. Then the number of abrasive
particles, 71,5 , participating in abrasion when the next asperity slides across the same point on
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the surface can be determined by adding the number of abrasive particles remaining on the
surface of the wafer and on the tip of the asperity and the newly deposited abrasives during
tas-as» Ndep- The number of the abrasives participating in abrasion by the next asperity can be
determined as:
nab* = frwnab* + franab* + ndep (83)

It is assumed that the number of the abrasive particles involved in the abrasion is at a steady
state, constant value for each interaction by the asperities. Also, any abrasive particles
depositing on the surface of the asperity tip from the bulk slurry during ¢,.,; were considered
to leave again, and not become trapped between the asperity and the wafer when they next
approached each other. These assumptions allow equation (8.3) to be simplified as:

* ndep
Mo T f

rw ra
Assuming that the sum of the fractions f,,, and f,, are independent of the size and the weight
concentration of the abrasives, the dependencies of the number of abrasives involved in the
abrasion ny, on the size and the weight concentration of the abrasives are equal to those of
the number of the deposited abrasives ny., following equation (8.4). Therefore, the number of
abrasive particles deposited on the surface of a wafer was investigated to evaluate the
dependencies of the number of abrasives participating in the abrasion and thereby the MRR
on the size and the weight concentration of the abrasives.

(8.4)

8.2.1 Deposition of abrasives dominated by transportation

The influence of electrostatic interaction is negligible until the distance between the abrasive
particles and the surface of the wafer becomes comparable to the distance of the secondary
minima of the interaction potentials. Transport of the abrasive particles up to this distance
can be described as the convective diffusion in a laminar flow. However, analytically solving
the convective diffusion equation is challenging and requires numerical calculation.” The
rotating wafer during CMP can be modeled as a rotating disk. The Peclet number Pe that
describes the ratio of the hydrodynamic and diffusion effects for particles moving near a
rotating disk can be written as’

3/2 3
Pe — 102(0 rab (85)

Vkl/ 2 D
where @ is the rate of rotation of the wafer, r,; is the average radius of the abrasives, 14 is the
kinematic viscosity of the slurry and D, is the Brownian diffusion coefficient of the particles,
which can be expressed as:

o0

D, =kT/6xzn,r,, (8.6)
where £ is the Boltzman constant, 7 is the temperature and 7, is the viscosity of the slurry for
spherical particles given by the Stokes-Einstein equation. The Peclet number during CMP
where the wafer is rotating at 60 rpm and the viscosity of water is used instead of the slurry
viscosity ranges from 7.3x10"° to 7.3x10°® for average abrasive radius of 10 -100 nm. These
small values imply that the transport of abrasive particles during CMP is dominated by the
diffusion of the particles rather than the hydrodynamic flow of the slurry. Thus, instead of
solving the complex convective diffusion equation, a simple diffusion equation was used to
evaluate the concentration of the abrasive particles during CMP.
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Since the surface of the wafer is equally accessible everywhere by the abrasive particles, the
diffusion of abrasive particles can be described by one dimensional diffusion equation:

2
Lo _ D O Ca (8.7)
ot ” oh?

where C,; is the number concentration of the abrasives per unit volume and /4 is the distance
from the surface of a wafer. When an abrasive particle diffuses closely enough, i.e. the
distance of the primary minimum of the interaction energy, to the surface of the wafer the
particle is deposited on the surface and does not move from the location where it is
deposited. Using this “perfect sink”’> assumption the boundary condition of the diffusion
equation can be simplified to C,4(0, £)=0. Also the initial condition can be described as C,u(4,
0)=C. assuming that the abrasive particles are uniformly dispersed throughout the slurry. The
number concentration of the abrasives in the bulk C, can be expressed using the weight
concentration and the average radius of the abrasives as:

3c
Coo wtpslurry (88)
Anty, pab

where Py and pgp is the density of slurry and abrasives, respectively. The solution of the
diffusion equation, then, is:
h
C,(ht)=C_erf (8.9

The flux of the abrasives per unit area toward the surface of the wafer by diffusion (j,;),; can
be obtained as:

D
—= 8.10
” (8.10)

oC,,

. -D _
(Jab)d 0 ah o

o0

Assuming that all the abrasive particles that diffuse toward the wafer are deposited on the
surface, the number of particles deposited per unit area during consecutive asperity and wafer
interactions #,.4 1S obtained using equation (8.6), (8.8) and (8 10) as:

tas-as . Dootas—as Sps urr as as
N,y = _[0 Japdt = ZCM} T 24 Ipy 1} 7/2 (8.11)
ab

Further assuming that the abrasive particles are irreversibly dep051ted only on the surface of a
wafer, not onto particles already deposited on the surface (for which there would be
electrostatic repulsion unless the particles were uncharged), the fraction of the wafer surface,
@.», covered by particles can be calculated as:

3 slurr kTt
Psi y as-as Cuwt (812)

27z-pab 677v rab3/2

It shows that the fraction covered by the abrasives linearly increases with the weight
concentration of the abrasives and inversely proportional to the 3/2 power of the radius of the
abrasives. This means that for a given #,., the fraction of the surface covered by abrasives
deposited by diffusion decreases as the abrasive size increases.

7

a

2
b = Map Nab =
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Unlike the transport of abrasive particles by diffusion (equation (8.10)), the transport of
abrasive particles by interception increases with increasing particle size for a given number
concentration of the abrasives, which is pronounced for particles larger than 500 nm, which
have alarge Peclet number, *>46:6%70.76 Interception dominates for larger particles because of
the increased contribution of the convective flowof the slurry relative to diffusion for larger
particles. The rotation of a wafer during CMP causes the slurry to flow perpendicular to the
surface of the wafer as well as tangentially. Due to this perpendicular component of the
slurry flow abrasives particles with significant size move toward the surface and are
deposited on the surface. For a rotating disk substrate such as a wafer during CMP, the

interception flux (j,»); i1s expressed using the slurry flow in the perpendicular direction
69,77,78
as’ "

3/2
[0

Vi
where f* is the ratio of the effective interaction radius of a particle to the radius of the particle
2T,
defined as f =1+-° —_2 In(1+ 5 ) and & =In—22 2202w [Sas
Krab Krab Krab PekT

potentials of the abrasives and the wafer, respectively. Equation (8.13) can be rewritten using
equation (8.8) as

(8.13)

0

, ¢ and &, are the zeta
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Assuming steady state flux and irreversible deposition of all the transported particles on the
surface, the number of abrasive particles deposited per unit area between consecutive
asperity and wafer interactions #,s.,s 1S

(8.14)

3/2 ¢ 2
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Then the fraction of the surface covered becomes proportional to the size of the abrasive
particles as follows:

(8.15)

N,, =0.12
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t

pslurrya) as-as
e CorVap (8.16)
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Unlike the deposition of abrasives by diffusion, the fractional coverage due to interception

increases with the size of the abrasives along with the weight concentration.

0., =0.38

8.2.2 Jamming of the surface of a wafer with the deposited abrasives
As the fraction of the surface covered by abrasive particles increases, the deposition of
additional particles becomes harder because the surface is increasingly occupied by other
particles. Although some of the surface may be unoccupied by other abrasive particles, an
approaching particle can be deposited only when it approaches a vacant site, which becomes
increasingly improbable as the surface saturates. A particle approaching an occupied site will
be repelled and move in the slury in a Brownian manner. This type of behavior is well
described by a random sequential adsorption (RSA) model.®* %81 [y the RSA model,
particles are irreversibly deposited on a surface within the first monolayer and block and
reject the deposition of additional particles onto that monolayer. Lateral diffusion of
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deposited particles is not considered. The rejected particles behave like other particles in the
slurry. The maximum attainable fractional surface coverage, the jamming limit 6, using the
RSA model is 0.547 for monodispersed hard spheres where the interaction between particles
is not considered.®®-% Note that this limit is lower than the maximum coverage by
monodispersed particles, 0.91, which can only be achieved if the particles are able to diffuse
along the surface. When repulsive interparticle interactions are considered, the RSA model
with hard spheres is inappropriate; instead an effective hard particle approximation can be
used.® In this approach colloid particles are treated as hard spheres whose radius is extended
by the effective interaction range of the electrostatic interactions, h (Figure 8.3). Then the
equivalent hard sphere radius 74, is given by:

rab* = rab + h* (817)
The area in which the center of other particles cannot be deposited is indicated in Figure 8.3
as the geometrically excluded area S..

—

——

Figure 8.3 Interaction of two deposited abrasive particles. The effective hard sphere is
shown as the circle with a dashed line and the geometrically excluded area S, for RSA is
indicated as the shaded area. The solid circle is an abrasive particle.

Adamezyk et al. showed that the dimensionless effective interaction range (H =h /rp) is
linearly proportional to 1/xr,, i.e. the effective interaction range k" is linearly proportional to
the Debye length ', for a broad range of &y and obtained the proportionality constant by
comparing the interaction energy of a pair of spherical particles with a characteristic energy
to determine the equivalent hard sphere radius®. Russel et al. analytically obtained the
equivalent hard sphere radius by comparing the interaction energy with the thermal energy86

as
rab* _ In(A/ln A) (8.18)
2K
AZ° K, exp (2t
where A= 1B KXE( 20) for monodispersed spherical particles, A is an appropriate
+ ab

constant, Z is the effective charge of a particle and Lz is the Bjerrum length, which is about
0.72 nm in water. Semmler ef al. showed that the equivalent hard sphere radius given by
equation (8.18) agreed well with the results of Adamczyk e al.®” when 1=2.8. They used a
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saturated effective charge, which is determined by®>*°

7= rab (4Krab + 6)
I‘B

The maximum fractional surface coverage by abrasive particles at the jamming state is
expressed using the equivalent hard sphere radius as:

Hrnax = gjam(rab / I’ab*)z (820)

and is shown as a function of xr, in Figure 8.4 for various x and r,, values. The Debye
parameter x is proportional to the square root of the ionic strength of the slurry. Figure 8.4
shows that the maximum surface coverage increases with increasing particle size for a given
Debye parameter. This is due to the relative magnitude of the effective interaction range and
the size of the abrasives, i.e. H , decreases as the size of the abrasive increases (Figure 8.5).
This clearly shows that the area occupied by smaller abrasive particles (Figure 8.5 a) is much
smaller than that by larger particles (Figure 8.5 b). Figure 8.4 also shows that the trends of
the maximum surface coverage with xr,;, for various x or r,, are nearl_?/ invariant. It was also
shown that this trend is fairly insensitive to the deposition methods®’, validating the use of
these analytic equations to describe the behavior of abrasives during CMP.

(8.19)

0.6

0.4

gm ax

0.2

10" 10° 10" 10°

Krab

Figure 8.4 Maximum fractional surface coverage by deposited abrasives on the surface
of a wafer with varying Debye parameter x and abrasive particle radius, r,;. Jamming
limit for a hard sphere 8, is indicated as a horizontal line.
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Figure 8.5 Equivalent hard spheres for (a) small and (b) large abrasive particles for the
same effective interaction range 4 . The circles with dashed and solid line shows the
equivalent hard sphere radius and the abrasive radius, respectively.

This approximation of the maximum surface coverage ratio agreed well with experimental
measurements for xr,, larger than 5 when the substrate and the particle were oppositely
charged.89 Even for smaller xr, values, the trend of the fractional coverage with xr,, was
maintained. The number of abrasive particles per unit area on the surface at the jamming
state for a given slurry is evaluated from equation (8.20) as:

N,, = O (8.21)

2
. ab
Note that N, and 6. are independent of the weight concentration of the abrasives in the
slurry, as particles cannot be deposited further on the surface once the surface is saturated
with the abrasive particles, regardless of the c¢,, For both diffusion and interception
mechanisms the surface coverage ratio is proportional to the weight concentration of the
abrasives as shown in equation (8.12) and (8.16). The number of abrasive particles that are
trapped between a wafer and a pad asperity can be determined by multiplying N,, and the
average area of the contact between a wafer and an asperity a,:
N = Ny, (8.22)

The number of particles deposited per unit area and the fractional surface coverage for the
two different transport mechanisms, namely diffusion and interception, and at the jamming
state are summarized in Table 8.2. The variables are rearranged to show the dependencies of
the parameters on the weight concentration and the size of the abrasives. It is seen that the
fractional surface coverage differs for the two transport mechanisms with increasing size of
the abrasives: increasing coverage ratio for interception and decreasing trend for diffusion.
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Table 8.2 Number of deposited abrasives per area and the fractional surface coverage
for two transportation mechanisms, namely diffusion and interception, and at the
jamming state.

Jamming State | Diffusion Interception ( 7,5 > 500 nm)
3/2 ¢2
Numb.er of gjam 3loslurl’y thas—as th pSlU”ya) f tas—as CWt
deposited 2 272 6 7z | 012 12 PR
abrasives per unit | ap 7 Pap N Tap PavVk ab
area N, [cm'z]
1 * 3/2 ¢2
Coverage ratlo gjam(rab / rab )2 3ps|urry thasfas th 0 38 pslurrya) f tas—as
eab 2 6 3/2 ) 1/2 CW'E rab
7P ab N Ty PanVk

8.3 Surface coverage ratio by abrasives during CMP

Considering abrasive particles transported by diffusion the fractional coverage as a function
of time is shown in Figure 8.6 a. Zero time is the moment when a pad asperity disturbs a
given location on the surface of a wafer to completely remove all the deposited abrasives.
Again, it was assumed that the all the transported abrasives attach to the surface. The
interception mechanism was not considered in the figure because the radii of the abrasives
were smaller than 500 nm. The figure shows that the surface coverage ratios increase
following equation (8.12) until they saturate at values given by equation (8.20). A slurry
containing silica abrasives was postulated in the calculation. These fractional coverage values
allow modeling of the surface coverages that would be present for different periods between
successive asperity interactions with a given point on the surface. Figure 8.6 b shows these
for three different times, indicated by vertical dotted lines on Figure 8.6 a, and the resulting
MRR values. Note that the three different hypothetical values with large differences of #;s.4s
were chosen to clearly show their influence on the resulting MRR. This shows various trends
of the surface coverage, depending on the time interval between consecutive asperity-wafer
interactions, #,,..5. The coverage reaches a maximum for #,.452) and #4453 at abrasive sizes of
20 nm and 50 nm respectively and decreases with increasing abrasive size for f4.451). For
slurries with abrasives below a certain size, the coverage is its maximum, saturation value.
This is because the flux of abrasive particles to the surface is high because of the number of
particles in the slurry is inversely proportional to the cube of the size of the abrasives for a
fixed weight concentration. As the size of the particles increases, the flux of the abrasives to
the surface decreases, leading to the number of particles deposited during #,.,s being too few
to saturate the surface. In this case, diffusion determines the number of deposited abrasives.
Thus the surface coverage decreases with increasing size of the abrasives. Note that 7.4,
which is the time during which abrasives in the slurry can be deposited on the surface,
determines what limits the number of abrasive particles. As indicated in equation (8.2) this
parameter is dependent on the sliding velocity of the wafer over the pad and the contact area
between the pad and the wafer. Thus the choice of the pad and the conditioning specification,
and the sliding velocity influence the limiting step of the deposition of the abrasives and
thereby the dependence of MRR on the size of the abrasives during CMP.
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Figure 8.6 (a) Fractional surface coverage by abrasive particles from 10 to 90 nm in
radius, as a function of time since complete removal of previously deposited abrasives
by a pad asperity. ¢,=0.1 (10 wt%), p,;=2.65 g/cm’, 77=0.001002 Pa-s, x=0.3 nm'. Theree
hypothetical values of the duration between consecutive asperity and wafer interactions
is indicated as dotted vertical lines.. (b) The fractional surface coverage and MRR for
various particle radii at #,5.451), fus-as2) AN Log.0503)-

Also note that the surface coverage by abrasives can be higher than that estimated from the
number of particles deposited between successive interactions of a given point on the wafer
surface with asperities because these interactions would not necessarily remove all particles,
as allowed for in equation (8.4). If the actual surface coverage is higher than the estimation,
the surface would saturate at a lower flux of abrasive particles than shown in Figure 8.6 a,
which would shift the size of the abrasive particles that maximize the surface coverage to a
larger value, e.g. from the curve for #4.45) to that for #4.43) in Figure 8.6b.

In contrast, the repulsive interactions between the surface of a wafer and the abrasives under
unfavorable conditions would greatly reduce the number of abrasives deposited by a factor of
the particle collision efficiency a. However, any roughness on the surface of the wafer during
CMP could enhance the deposition of the abrasives in the unfavorable condition even when
the scale of the surface roughness is two orders of magnitude lower than the scale of the
particlesgo. This is especially true for CMP processes where surface roughness is of the order
of 0.1 to 1 nm and the particle size is of the order of 10 to 100 nm. Valleys formed by the
roughness can be a preferential region for particle deposition.® It has been shown that under
unfavorable conditions colloidal particles only adsorb at preferential sites where the energy
barrier is low due to heterogeneity of the substrate surface.”® Since a roughened surface at the
abrasive scale is continuously formed across the wafer by the sliding of the abrasives and the
chemical additives in the slurry during CMP, continuous deposition of the abrasives would be
expected. Thus the constant material removal rate during CMP is attained while the surface
of the wafer is continuously abraded.

8.4 Estimation of the MRR
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Assuming that all the deposited abrasives that are trapped between a wafer and pad asperities
and plastically deform a wafer as they slide on the surface and the plastically deformed
amount is regarded as the removed material, the material removal rate during the process is
determined as the volume of the removed amount by an abrasive multiplied by the number of
the trapped abrasives as discussed in Chapter 6:

MRR oc Mao AV (8.23)
A,

where 4; is the cross sectional area of the trench on the wafer formed by the indentation of
the sliding abrasive and A4,, is the area of the wafer surface. The equation gives the MRR in
units of thickness reduction per unit processing time. Assuming the wafer is plastically
deformed by trapped abrasive particles that are hard spheres, the cross sectional area of a

trench on the wafer generated by a trapped abrasive can be expressed as
3/2

A och,w,, oc arbb (8.24)
where f,, is the force exerted by a trapped abrasi:/e particle on the wafer, the depth of the
indentation h, = ﬂrf—j: and the width of the trenchw,, = ZM . Then the MRR during
CMP can be expres:bed using equation (8.23) and (8.24) as
n, f me

a

w

MRR oc (8.25)

rab
The dependencies of the material removal rate during CMP on the size and the weight
concentration of abrasives are expressed using equation (8.25) in Table 8.3. This shows the
dependencies for various configurations of the local contact between a wafer and an asperity
when the deposition of the abrasives is dominated by diffusion or interception, or limited by
jamming state of the abrasives. Note that the number of the deposited abrasives n,, is shown
in the table because it is proportional to the number of the abrasive particles that participate
in the abrasion of the wafer ng, by equation (8.4). As the weight concentration of the
abrasives decreases the deflection of the asperity by the trapped abrasive particles increases
as shown in the figures in the table from (a) to (c). The resultant force applied to a single
abrasive particle is summarized for each configuration. This shows that the MRR decreases
with ncreasing size of the abrasives when the number of trapped particles is small (Table
8.3c), while it increases when the number is large (Table 8.3a) when the number of the
trapped abrasives is limited by the diffusion of the particles. For large particles (> 500 nm)
where the interception mechanism determines the number of the trapped abrasives, the MRR
increases with increasingparticle size when the number of the trapped abrasives is small
(Table 8.3c). At larger number of trapped abrasives (Table 8.3a) the MRR decreases with the
increasing size of the abrasives where the interception mechanism is dominant. The
dependencies of the MRR on the weight concentration of the abrasives are identical for both
transportation mechanisms: the MRR increases with increasing weight concentration of the
abrasives for low numbers of trapped particles, but decreases with increasing weight
concentration when the number of the trapped abrasives is large. Also shown are the
dependencies when the surface of the wafer is jammed with the deposited abrasives. The
dependencies of MRR on the size of the abrasives are included in Table 8.3 and the effect of
particle size on MRR for jammed surfaces is illustrated in Figure 8.7. Note that the relative
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magnitude of the MRRs for each configuration in Figure 8.7 is not represented in the figure;
only the trends were shown. The MRR increases with increasing size of the abrasives when
the number of the trapped abrasives is small but decreases when the number is large.

Table 8.3 Dependencies of the material removal rate during CMP on the size and the
weight concentration of the abrasives for various configurations of the interface
between a wafer and a pad asperity: (a) an asperity is not deformed enough to contact
the wafer, (b) an asperity is deflected to partly contact the surface of a wafer, and (c) an
asperity is deformed enough to encapsulate the abrasives and to contact the wafer.

Local contact Dependencies of MRR on r,, and ¢, when n, is
mode between an determined by one of the three following
asperity and the ‘ mechanisms
wafer Expressions for fu» | Diffusion Interception i
Co c At the jamming
Wi t
Nap € 7/2 N,, € — state
ab rab
(a) fa
ilabrasive r 3 1 r”
f.=f_./n ab — -ab_
wafer ab as ab 1/2 1/2 1/2
Cot Fab  Cuwt lab
c 2
2 wt r
fab o rab (FEM) 3/2 th r-ab ab*
ab I’ab
c 2
2 wt r
fab = Map (fas /aas) 3/2 CutFap ab*
rab rab

Note that all of the above analysis was based on the assumption that the local contact mode
of an asperity with the wafer during CMP changes dramatically, as illustrated in the figures
in Table 8.3. For very small abrasive particles the maximum surface coverage at the jamming
state can be very low, especially when the ionic strength of the slurry is low, giving
significant repulsive interparticle interaction. In this case, the contact mode shown in Table
8.3a is implausible, due to the large spacing between the particles, resulting in the
configurations of Table 8.3b or c. Comparison of cases b and c in Table 8.3 reveals the same
effect of abrasive size and the weight concentration on MRR as on the surface coverage ratio
(Table 8.2). Therefore, the trends for the fractional surface coverage in Figure 8.6b would be
expected to represent the trends of the MRR during CMP. This predicts that the MRR
increases with increasing size of the abrasives when the number of the trapped particles is
limited by the jamming of the surface, whereas the MRR would be expected to decrease with
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increasing size when the number of deposited abrasives is under transport control. The
finding that the MRR predicted from the volume of the wafer indented by the abrasives has
the same dependence on the size or the weight concentration of the abrasives as the surface
coverage ratio, which is proportional to the number and the squre of the size of the abrasives,
suggests that material removal mechanisms such as “chemical tooth” model®® where the
MRR is related to the surface area of the abrasives, which is also proportional to the number
and the square of the size of abrasives, will also result in the same dependencies on those
parameters. Thus the dependences of MRR on the size and the weight concentration of
abrasives were discussed in this work without the consideration of the exact removal
mechanism.

Table 8.3a
---------- Table 8.3b (beam)
_____ Table 8.3b (FEM), cand d |

MRR [a.u.]

Figure 8.7 Material removal rate during CMP as a function of size of the abrasive
particles when the number of abrasive particles that are involved in the material
removal is determined for a wafer surface jammed with abrasive particles. Constant
weight concentration of the abrasives. The relative magnitude of the curves is not
represented

8.5 Comparison with experimental results

The effect of abrasive size and weight concentration on the MRR was predicted assuming
different limiting processes for the surface concentration of abrasive particles on the wafer,
namely transport of the abrasive particles by diffusion or interception, and the saturation limit
of particles on the surface. , The experimental observations from the literature tabulated in
Table 8.1 were analyzed to test the validity of these predictions. Since the surface charge of
the wafer surface is highly dependent on the chemical additives in the slurry and the precise
species present (for example, dielectric, or passivating species present on copper), which are
not readily available in the literature, only experimental results for oxide CMP are examined
here. Also, the focus is on the effect of the size of the abrasive particles on MRR, because on
the effect of the weight concentration was discussed by Mahajan et al.”. Figure 8.8 to Figure
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8.11 compare fitted trend lines with experimental data. Diffusion was considered for small
particles, interception for large ones. The lines follow the relevant trends outlined in Table
8.3.

Choi et al.® measured the MRR during silicon oxide CMP using slurries containing 0.5-30
wt% of silicon oxide abrasives 0.2, 0.5, 1.0 and 1.5 pm in diameter and deionized water. pH
was adjusted to 10.5. At lower abrasive concentrations, 0.5-2 wt%, the MRR increased with
increasing size of the abrasives, while at higher concentrations, 15-30 wt%, the MRR
decreased with increasing size of the abrasives as illustrated in Figure 8.8. This can be
explained considering the transportation of the abrasives by interception as the limiting step
for deposition of the abrasives. Diffusion and the jamming state were not considered because
of the large sizes of the abrasives and the sensitiveness of the observed MRR on
concentration of abrasives. At lower abrasive concentrations, the mode of local contact
between the pad asperities and the wafer can be depicted as the figure in Table 8.3b or c,
where the deflected asperities only partly or completely contact the surface of the wafer. This
is because the distance between the deposited particles is large, making the deflection of the
asperity large. Then the interception mechanism predicts that the MRR will be proportional
to the size and the weight concentration of the abrasives, which is observed in the
experimental results for 0.5-2 wt% of abrasives in Figure 8.8a and for 0.2 um in Figure 8.8b.
As the concentration of the abrasives increases to 5 wt% the MRR increases with the size of
the abrasives up to 0.5 um and then begin to decrease. The trends of the increasing MRR can
again be explained by postulating the local contact mode as shown in the figure in Table 8.3b
or ¢ and the interception mechanism. The decreasing MRR with increasing size of the
abrasives can be understood if the local contact mode between the asperity and the wafer is
as in Table 8.3a. The change in the local contact mode is plausible because the distance
between the asperity and the wafer separated by the larger abrasives is larger than when
smaller abrasives are trapped, making it difficult for the deflected asperity to contact the
wafer. Then the interception mechanism predicts that the MRR decreases with increasing size
of the abrasives (inverse square root of the size). This is indicated by the solid lines in Figure
8.8a for 5, 15 and 30 wt% of abrasives, agreeing well with the experimental observations.
The interception mechanism predicts that the MRR decreases with the square root of the
weight concentration of the abrasives, as shown in Figure 8.8b for 0.5, 1 and 1.5 pum cases.
The fitted trend lines describe reasonably well the experimental observations. Note that both
the abrasives and the wafer surface have negative charges, which will exert a repulsive force
between them. Thus the energy barrier on the surface of the wafer makes saturation of the
wafer surface implausible, especially for low number concentration of the abrasives.
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Figure 8.8 (a) Effect of silica abrasive particle size on material removal rates for silicon
oxide CMP using a pH 10.5 slurry containing different concentration of the silicon oxide
abrasives, as reported by Choi et al.® (b) Effect of abrasive concentration on material
removal rates for the same experiment. Diameters of the abrasives are indicated.
Measured MRRs are shown as data points. The solid lines are the MRRs predicted
assuming control by interception. Dotted lines connect measured values and the

prediction.

Choi et al.” also performed CMP on silicon oxide wafers using commercial slurry at pH 10.5
containing smaller silicon oxide abrasives, 48-110 nm in diameter, and observed that the
MRR decreased with increasing size of the abrasives, as shown in Figure 8.9a. The MRR
increased with increasing weight concentration of the abrasives, from 2-30 wt% as shown in
Figure 8.9b. The results suggest that the deposition of the abrasives may be limited by the
diffusion of the abrasives toward the surface of the wafer while the local contact mode
between the asperities and the wafer is either as in the figure in Table 8.3b or ¢ (low
concentrations of abrasives). The prediction by the diffusion mechanism approximates the
measurements at lower abrasive concentrations reasonably well, butdeviates significantly
from the measurements at high concentration (Figure 8.9a). This suggests that the material
removal at high abrasive concentration was largely affected by the undisclosed chemical
constituents of the commercial slurry, enhancing the MRRs at the condition.
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Figure 8.9 (a) Material removal rates of silicon oxide during CMP using slurry at pH
10.5 containing different weight concentration of the silicon oxide abrasives with
different sizes by Choi et al.” (b) Material removal rates at the same experiment with
the weight concentration of the abrasives. Diameters of the abrasives were indicated.
Measured MRRs are shown as markers. The lines are the prediction of the MRRs using
the diffusion mechanism.

Zhou et al. observed that the MRR of silicon oxide increases and then decreases with
increasing diameter of silica abrasives from 10 nm to 140 nm at 30 wt% at various down
pressures and sliding velocities, as shown in Figure 8.10a.> The pH of the slurry was adjusted
tol1 and the abrasives were dispersed in deionized water containing no other chemicals. The
increasing MRR with increasing diameter up to 80 nm is attributed to the maximum surface
coverage ratio being limited by repulsive interactions between the deposited abrasives. The
surface of the wafer can saturate with abrasives because the number concentration of
abrasives is very high for such a high weight concentration of the small size. The prediction
by this mechanism is indicated in Figure 8.10a as a dashed line, showing excellent agreement
with the experimental observations. The maximum surface coverage for each size of the
abrasives was scaled to approximate the experimental values, by a factor determined by
averaging the ratios of the measurement to the evaluated maximum surface coverage for all
conditions. Note that the predictions at each down pressure and sliding velocity were well
scaled with each other using Preston’s equation, e.g. measured MRR at 32 kPa and 0.6 m/s is
(32/18)*(0.6/0.4) times larger than that at 18 kPa and 0.4 m/s. As the size of the abrasives
increases, the number concentration of the abrasives decreases, leading to insufficient
abrasive particles to saturate the surface of the wafer. Then the number of deposited abrasives
becomes controlled by the transport of the abrasives, i.e. diffusion. The MRRs predicted by
the diffusion mechanism are also shown in Figure 8.10a as solid lines. Similar trends were
also observed by Zhang et al., as shown in Figure 8.10b where glass was polished using
commercial slurry at pH 10 containing 10 wt% of silica abrasives.'® In this case the same
argument is applicable because of the high number concentration of the abrasives.
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Figure 8.10 (a) Material removal rates of silicon oxide during CMP for various
diameters of the abrasives, as reported by Zhou et al.® 30 wt% of abrasives were
contained in the slurry at pH 11. Three different down pressures and sliding velocities
were used as indicated. (b) MRR of glass during CMP with various abrasive sizes. 10
wt% of abrasives were contained in the slurry at pH 10, as reported by Zhang et al.'®
The experimental measurements, prediction from saturated surface coverage by
deposited abrasives, and from the diffusion mechanism are indicated by data points,
dashed lines and solid lines, respectively. The dotted lines connect between the
predictions from the two mechanisms.

Oh et al. observed increasing MRR of silicon oxide with increasing abrasive particle size
when polished using slurry at pH 6.5-6.7 containing 2 wt % of ceria abrasives, as shown in
Figure 8.11."7 The diameters of the abrasives ranged from 62 to 232 nm and 0.04 wt% of
polyacrylic acid (PAA) was used as a dispersant. This trend can be explained by the
maximum surface coverage being dependent on the size of the abrasives, as predicted by the
solid line in Figure 8.11. The surface of the wafer could be jammed at such a low weight
concentration of abrasives because the zeta potential of the ceria abrasives at this pH was
positive93 whereas the silicon oxide was negative, giving attractive interactions between
them. Unlike the other experimental data discussed above, there was no energy barrier in the
boundary layer adjace to the surface of the wafer. Thus the deposition of the abrasives was
uninhibited, leading to higher concentrations of the deposited abrasives. The local contact
mode between the asperities and the wafer can be regarded as in Table 8.3b or ¢ because the
low ionic strength of the slurry makes the surface coverage by the deposited abrasives low
even at the jamming state.
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Figure 8.11 Material removal rates of silicon oxide during CMP using slurry containing
2 wt% of ceria abrasives at pH 6.5-6.7 with various abrasive sizes, as reported by Oh et
al.'’ The experimental measurements and prediction from the maximum surface
coverage by deposited abrasives are indicated by data points and solid lines,
respectively.

8.6 Conclusion

The proposed mechanisms successfully explained the various dependencies of the MRR
during CMP on the size and the weight concentration of the abrasives. It was shown that
during CMP the surface of a wafer can be saturated with abrasives when there are attractive
interactions between the surface and the abrasives and the number concentration of the
abrasives in the slurry is very high. If the flux is insufficient the deposition of the abrasives is
limited by the transport of the abrasives: diffusion or interception is dominant when the size
of the abrasives is smaller or larger than 500 nm, respectively.

In addition, the proposed mechanisms recognized the influence of slurry chemistry on the
deposition of the abrasives on the surface of the wafer, which has attracted little attention in
the CMP area except for some qualitative mention in previous work. The ionic strength of the
slurry influences the range of the electrostatic double layer interactions between the abrasives
and the wafer as well as those between the abrasives. Especially when the surface of the
wafer is saturated with deposited abrasives, the repulsive interparticle interactions determine
the maximum attainable surface coverage ratio by the abrasives. Also, the ionic strength
along with the pH of the slurry determine the magnitude of the energy barrier on the surface
of the wafer when the charges on the wafer and the abrasives are of the same sign. The
energy barrier interferes with the deposition of the abrasives on the surface. It was also
shown that the sliding velocity of the wafer, the type of the CMP pad or the conditioning
specification may affect the limiting step of the deposition by influencing the time between
consecutive asperity and wafer interactions, which determines the allowed time for the
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deposition of the abrasives. If the interval between consecutive asperity and wafer interaction
is large, the abrasives will have more time to be deposited on the surface of the wafer,
leading to more deposited abrasives and vice versa. The influence of the type of the pad on
the MRR behavior with the size of the abrasives was shown in Xie ef al."’’s experimental
data.

The proposed mechanism also has some implication in the case where two different types of
abrasives are used in a slurry to enhance the MRR and the planarization efficiency during the
process?***% " The increase in the MRR can either be attributed to the increase in the
surface coverage ratio, because smaller abrasives can sit between the larger abrasives where
the larger abrasives cannot be deposited provided that the pad asperities can reach the smaller
abrasives, or to the coating by the smaller abrasives that might have the opposite charge to

the surface of the wafer, allowing the coated abrasives to be attracted by the wafer.
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Chapter 9
Conclusion

9.1 Material removal mechanisms

A quantitative and physicochemical model of copper CMP that predicts MRR was proposed
focusing on the interplay of consumables and copper and the synergisms between chemical
and mechanical aspects of the process. Two synergistic mechanisms of the material removal
during copper CMP were suggested: chemically dominant and mechanically dominant
mechanisms. The total MRR during copper CMP was determined by summing those two
contributions. Material removal by each mechanism is summarized as follows.

The surface of copper reacts with the chemical additives in the slurry to form a protective
material on the surface. This protective material is essential for copper CMP because it
protects recessed regions on the wafer from active chemical dissolution, contributing to
dissimilar MRRs at protruded and recessed regions and thus to planarization of the wafer.
The protective material is repetitively interrupted by sliding pad asperities and abrasive
particles squeezed between the asperity and the wafer. The interval between consecutive
interruptions by pad asperities is of the order of one millisecond, which is insufficient to
grow a complete monolayer of the protective material. Thus the grown protective material
occupies only a fraction of the surface of a wafer. During this interruption by an asperity the
protective material is removed where the squeezed abrasive particles slide. The ratio of the
reduced surface coverage by the protective material to the total surface coverage before the
abrasion is termed as the removal efficiency. As the number of the squeezed abrasives on an
asperity increases the removal efficiency also increases, but it will saturate at unity if
successive abrasions do not remove any more material. The interval between consecutive
abrasive-wafer interactions is of the order of one microsecond; thus any electrochemical
changes during this short time were neglected. The growth and the removal of the protective
material are balanced during CMP. Then the surface of a wafer during copper CMP can be
regarded as being occupied by the protective material by a certain coverage ratio. It was
assumed that the dissolution occurs both at occupied regions (by the protective material) and
non-occupied regions with different rates. Since the chemical dissolution occurs at the
surface of copper by the oxidizing agents in the slurry, the overall dissolution rates for the
entire copper wafer is maintained constant. Also, the rate of the formation of the protective
material, which is balanced with the removal of this material, is also maintained constant.
Therefore, the chemically dominant MRR can be measured from the summation of the
constant dissolution rate and the rate of the formation of the protective material.

The surface of copper also contains some deposited abrasive particles because of the

electrostatic attraction between the copper and the abrasives. The number of the deposited
abrasives is limited by the time allowed for the deposition. Again, the time interval between
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consecutive asperity and copper interactions determine this time. During this short time, the
deposition can be very rapid resulting in saturation of the surface with the deposited
abrasives or the deposition can still be limited by the transportation of abrasives toward the
substrate. The deposited abrasives participate in the abrasion of the copper as well as the
abrasion of the protective material if squeezed between asperities and the wafer. The force
applied on a squeezed abrasive is determined by considering the relative deflection of an
asperity by the supporting abrasives.

The shear stress induced in copper by the force applied on an abrasive is usually lower than
the ideal shear strength of copper, which is the relevant property for plasticity at this length
scale. However, the crystallographic defects in the copper crystal may reduce the hardness of
the material. Especially the roughness of the surface induced by chemical additives in the
slurry greatly reduces the resistance to plastic deformation of copper. Because of the random
and localized spatial distribution of those crystallographic defects the plastic deformation
occurs only locally. Also, only a part of the plastically deformed material will be detached
from the surface by preferential oxidization at highly defect regions or by a process similar to
cutting, contributing to the MRR. The mechanically dominant MRR is determined by the
removal of the material by this mechanism, which is determined by the number of the
squeezed abrasives that really induces plastic deformation of copper and the fraction of the
plastically deformed copper that is removed from the surface.

9.2 Modeling to Explain Pattern Dependent Variability

Utilizing the proposed physicochemical model of copper CMP, a modeling framework for the
pattern dependent variability is proposed as shown in Figure 9.1. The success of this
approach is dependent on the evaluation of the input parameters of the proposed MRR model
for copper CMP. The consumable, workpiece and processing parameters determine the
adsorption kinetics of a protective material and the number of abrasives deposited on the
surface on the surface of copper. The chemistry of a slurry, the type workpiece materials,
conditioning and type of the CMP pad and the down pressure and sliding velocity determine
adsorption kinetics of the protective material. Along with the parameters of the type and size
of the abrasives those parameters also determine the zeta potential and Debye length of the
abrasives, copper, barrier and dielectric materials. Also the size of the abrasives, the slurry
chemistry and the time interval between consecutive asperity and wafer interactions, which is
determined by the type and the conditioning of the pad, down pressure and the sliding
velocity, determine the limiting mechanism of the deposition of abrasives on the surface of a
wafer and thus the number of the squeezed abrasives that will participate in the abrasion of
the wafer materials. The evaluated number of the deposited abrasives influences the local
removal response of the protective material and the copper.
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Figure 9.1 Modeling framework for pattern dependent variability during copper CMP

The influence of the wafer topography on the input parameters was qualitatively investigated.
Assuming that the length and size of the pad asperities follow a probability distribution
function (such as Gaussian distribution), only asperities smaller and longer than the size of a
trench can reach the bottom of the trench. In addition, large asperities can deform to reach the
bottom of a smaller trench. Both of those mechanisms are illustrated in Figure 9.2. These two
mechanisms affect the number and size of the asperity and copper contact, ultimately
influencing the time between consecutive asperity/copper interactions, the removal efficiency
and the mechanically dominant removal of copper. As the metal line width increases, the
number of asperities that can reach inside of the metal line increases, resulting in decreased
time interval between consecutive copper/asperity interactions. The frequent interactions
remove more protective material on the copper surface, allowing more copper to be
dissolved. Also, more copper will be deformed and subsequently oxidized by the frequent
abrasion by abrasives trapped by the asperities. The expected output is more dishing for
wider metal lines as experimentally confirmed®. Also, the fact that the grain size of copper is
smaller at narrow features on the wafer than at the wider features® as shown in Figure 9.3
suggests that copper at narrow lines will be more susceptible to mechanically dominant
removal, resulting in dishing. Once the input parameters of the proposed MRR model are
evaluated by considering these effects, the local MRR and thus eventually the post CMP
topography can be determined if the MRR of dielectrics and barrier materials are predicted
by a robust CMP model. The various proposed mechanisms in this work can also be adopted
to the modeling of the material removal mechanisms of dielectric and barrier materials.
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