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Abstract of the Dissertation

Measurements of Friction and Wear in Chemical Mechanical Polishing

Using Single Particle Analog Probes

by

Joo Hoon Choi

Doctor of Philosophy

Mechanical Engineering

Stony Brook University

2009

In this work, lateral force microscopy (LFM) was performed with analogs

(silica-coated AFM probe and diamond-coated AFM probe) of a nanoscale

individual CMP abrasive particle to mimic a chemical mechanical polishing (CMP)

process. The silica-coated AFM probes were used to investigate the 2-body

friction contribution of an individual silica CMP polishing particle in contact with



the polishing pad (JK111) and silica substrates (bulk silica and thermal grown

oxide wafer) for load and pH ranging from 10 nN to 50 nN and 7 to 11,

respectively. Actual surface deformations of the three samples were obtained to

determine the predominant friction involved during LFM. It was shown that the

predominant friction mode for the pad surface was plowing friction while the

friction of the silica substrates was governed by adhesive friction. This lead to the

understanding why the friction results for the pad was higher than other samples.

A proper friction model for the bulk silica was determined by fitting the friction

results with Carpick’s generalized transition equation. It was shown that the

friction results at pH 7 and 9 were determined to follow the JKR model while the

friction responses at pH 10 and 11 should not be analyzed with adhesive-based

friction models because no adhesion force was observed. The diamond-coated

AFM probes were used to simulate the surface damage occurring during a CMP

process. AFM force lithography was performed on structures composed of

various copper-dielectric pattern densities and two dielectric materials under a



KOH environment. The damaged surfaces due to lateral force were analyzed to

obtain the scratch depth of copper interconnects and line bending of patterned

structures. It was observed that the structure with higher pattern densities were

susceptible to deformation because they were composed more copper

interconnect than the dielectric film. The critical load to initiate the plastic

deformation of copper interconnects for the surface deformation was measured.

In addition, the structure composed a weaker dielectric film was more susceptible

to plastic deformation. For bending of pattern structures, the structure with a

similar pattern density but larger dielectric film width or with stiffer dielectric

material showed more resistance to bending.
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Chapter One
Introduction

1.1 Chemical Mechanical Polishing (CMP)

1.1.1 Overview of CMP

Since the revolutionary invention of a transistor by Bell Labs in 1947 and

an Integrated Circuit (IC) in 1958, electronic devices have developed extensively.

As technology advanced, there has been a need in the semiconductor industry to

increase the device density while improving its performance. The goal was

achieved by producing multi-level structures through metallization process, which

reduces lateral circuit dimensions to minimize RC interconnect delay [1.1]. As

each level is constructed with vertically-connected metal interconnects and silica

dielectric insulator, formation of nonplanarized surface topography of each level

during fabrication process is inevitable [1.2]. Conventional planarization

techniques removed the excessive surface material by indentation and abrasion

leaving defects such as scratch marks, fine cracks and pits on the surface [1.3].



An improved planarization technology was in demand to achieve global and local

planarization with minimized defects and high removal rate [1.1, 1.4 — 1.6]. The

technique was also needed during fabrication of Micro-Electro-Mechanical-

Systems (MEMS) and Nano-Electro-Mechanical-Systems (NEMS).

A polishing technique known as Chemical Mechanic Polishing (CMP) was

first invented by IBM in 1984 and it has been developed intensively since. It has

shown a dynamic growth playing a key role in the semiconductor industry due to

the planarization ability and effectiveness in removing defects on a wafer surface

[1.1]. It can produce a smooth and planarized surface with minimal surface or

sub-surface damage by combining synergetic effects of chemical and mechanical

actions to polish the surface of a substrate [1.7 — 1.8]. After the chemical

interaction among polishing abrasives, a substrate material and a chemical

environment weakens the substrate surface, then the mechanical abrasion

removes the weakened surface [1.3]. CMP polishes a substrate material such as

a wafer composed of silicon, oxide or metal (W, Cu or Al) by rubbing the surface

of the substrate with nanometer-scale polishing particles suspended in the form

of an aqueous slurry between the surfaces of the substrate and a polishing pad.

The schematic of CMP is presented in Figure 1.1. There are three main
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components: a substrate to be polished, slurry composed of corrosive chemicals

and abrasive particles, and a porous polyurethane polishing pad to keep the

particles in place and remove polish materials. A substrate is mounted on the

head and pressed against a polishing pad which is mounted on a platen. While

the head and platen spin in the same direction, but about different axes, CMP

slurry is fed onto the surface of the pad. The porous pad is typically made of

polyurethane with modulus of 500 MPa and the pore size is approximately 50 um

in diameter. A slurry is composed of a chemical solution and polishing particles.

The chemical solution is generally an acidic slurry (nitric or citric acid) or alkaline

slurry such as ammonium hydroxide (NH4OH) or potassium hydroxide (KOH)

with pH 10 or greater. The slurry chemicals soften the substrate to improve the

material removal rate and prevent particles from agglomerating. The most

commonly used abrasive particle in CMP is silica or alumina with size ranges

from 50 to 200 nm in diameter. The interaction among these three main

components polishes the wafer involving friction.



1.2 Issues in CMP

1.2.1 Optimization efforts in CMP

Researchers have tried to optimize the CMP process 1) through

development of diverse material removal rate (MRR) models, which can fit

experimental results, 2) through controlled polishing, which involves

investigations of operational parameters effects on polishing performance and 3)

through the fundamental study of polishing mechanisms.

1.2.1.1 MRR Modeling

First, prediction of material removal rate of the wafer is possible by

investigating process parameters (down force and rotational velocity) and input

parameters (hardness and elastic modulus of the wafer and the pad, roughness

of pad and size and geometry of polishing abrasives). Many researchers have

strived to develop MRR models which are based on FEM, contact mechanics,

mathematics, plasticity and abrasion mechanism [1.3, 1.9 — 1.12]. For example,

Fu et al. developed a plasticity-based MRR model assuming that the pad-

particle-wafer interface possessed perfectly plastic behavior and considering the

deformation of the soft pad as bending of a thin elastic beam. Their model
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predicted the material removal rate as a function of process parameters such as

down force and relative velocity during polishing and design parameters such as

pad and slurry properties [1.3].

1.2.1.2 Process parameters effects

Instead of investigating all CMP parameters that affect MMR at the same

time, many researchers focused on an individual polishing parameter and

investigated their effects on polishing [1.13 — 1.21]. CMP performance on silica

dielectric depends on the material properties of pad, particle and wafer at the

surface and near-surface regions and the interactions among them. In addition,

processing parameters affect the results as well. Choi et al. [1.22] investigated

effects of pH and down forces on polishing rates, friction forces and surface

topography during polishing of silicon dioxide dielectric considering solubility of

silica and interaction forces between the silica abrasives and silica wafer for

various pH environments.

1.2.1.3 Fundamental study of CMP with AFM

Lastly, there have been efforts to investigate the fundamental responses
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such as friction, adhesion or surface force during polishing process by utilizing an

atomic force microscope (AFM) to have a better understating of CMP process.

Ducker et al. [1.23] measured surface forces between a colloidal particle and

oxidized flat silicon wafer by attaching a colloidal sphere at the end of a blank

AFM cantilever. Lin et al. [1.24] utilized AFM to measure surface forces between

a silicon nitride (SisN4) AFM tip and an oxidized silicon wafer in KNO3 electrolyte

under various pH environments ranging of pH from 3 to 11. Sokolov et al. [1.25]

investigated the surface interaction forces between silica or silicon nitride AFM

probes and surfaces of polyurethane CMP polishing pads in KNO3 solution with

pH values ranging from 4 to 10 to measure surfaces potentials of silica, silicon

nitride and polyurethane pad, which were derived by applying DLVO theory to the

measured force-distance results. Taran et al. [1.26] employed lateral force

microscopy of AFM to simulate friction during CMP polishing. A silica particle was

attached to a blank AFM cantilever as an analog of the CMP polishing particle.

The friction between the silica particle and a silica wafer were measured for pH

values between 3.6 and 10.6 and different normal loads. The friction responses

were examined to observe dependence of friction on pH environment and load

conditions during CMP.



1.3 Outline of this work

One way to achieve increased MRR with reduced damages/defects

during CMP is to control the polishing process by varying CMP parameters. As

shown in the work by Choi [1.22], the overall effect of process parameters on the

material removal rate can be found by varying the parameters. However, that

does not lead to a fundamental understanding of interaction occurring during

CMP. Investigation of the interaction between a single abrasive particle and a

substrate wafer or a polishing pad can assess the effects of CMP parameters at

the interface and can correlate a single abrasive particle response with overall

process measurements. This will also help to minimize a number of controllable

CMP parameters because it can describe how any variation of a single CMP

parameter affects interactions near the interface and how one interaction can be

affected by various CMP parameters.

In this work, an analog of the single abrasive particle, which is similar in

size or same in material, is created to study its interaction with CMP process

materials utilizing AFM to examine effects of slurry chemistry, particle size and

correlate a single abrasive particle friction with process friction measurements.

There are two parts in this work. The first part is to assess the frictional response



of an individual particle analog on CMP process materials to obtain fundamental

relationships of the frictional contributions, which will lead to an improved

understanding of the effects of particle properties and CMP process parameters

on polishing. The second part is to investigate surface feature damage due to

friction and provide insight that can be used for optimizing the oxide polishing

process.

1.3.1 Part 1 — Application of Abrasive Particle Analogs to Oxide CMP

CMP removes the surface of a wafer by the synergetic interactions of

chemical and mechanical contributions to polish the surface. Researchers have

studied the contribution of each aspect. The chemical contribution in CMP is the

chemical reaction at the pad-particle-wafer interface, which alters the physical

and mechanical properties of the interface [1.27 - 1.29]. The mechanical

contribution of material removal is due to mechanical abrasion, which removes

material and planarizes the surface through the direct contact of between the

wafer surface and abrasive particles embedded in the pad [1.30 — 1.31]. The

abrasion mechanism develops due to friction from different contact modes, which

contribute to overall or global friction in CMP. When the polishing pad is pressed



against the wafer, friction between the asperities of the pad and the wafer is

introduced because the pad is in direct contact with the wafer surface. This

contribution is not significant because the polishing pad is made of polyurethane,

which has a lower elastic modulus than CMP polishing particles and wafers being

polished. Alternatively, there can be 2-body or 3-body contact at the pad-particle-

wafer interface depending on conditions. Since the pad is porous and rough in

nature, some parts of the particles will be trapped between the asperities of the

pad and wafer during polishing. The contact among the pad, particle and wafer is

a 3-body contact. When the load at the interface is low, the 3-body contact

induces rolling of the abrasive particles during polishing. When there exists a

slight load, the particle trapped between the pad and wafer can damage the pad

surface. This is a 2-body contact between the pad and the particle. In some

cases, the load applied at the interface is large enough for the pad to deform into

the surface of the pad and end up being embedded in the pad. This direct

contact between the particle and wafer is a 2-body contact for the silica particle

and the substrate. The contributions from the pad-substrate and 3-body contacts

are minor while those from the 2-body contacts (particle-pad and particle-silica

contacts) play an important role in removing the substrate material. Investigation
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of the friction contribution from a single polishing particle can be used for material

removal models for CMP and lead to fundamental understanding of the

contribution of the 2-body contact to global friction such as relationship between

chemistry and contract area, types of friction and particle size optimization.

In this work, AFM is used to study frictional response during CMP

polishing. Lateral force microscopy (LFM) is performed with SiO> coated AFM

probes to investigate the 2-body friction contribution of an individual silica CMP

polishing particle in contact with a compliant non-porous polyurethane polishing

pad (JK111), a stiff bulk silica substrate and a thermally grown oxide wafer under

various applied normal loads and diverse pH environmental factors. Based on

the friction responses by the particle analog, a friction model is developed to

integrate the effect of pH into existing nano-scale friction models. Additionally,

surface and adhesion forces were determined with the environments to observe

their contributions to the friction results. The work is presented in Chapter 3.

1.3.2 Part I| - CMP Generated Defects in Cu/low-k Patterned Wafers

Another issue in CMP is to avoid damage of a substrate surface during

polishing. Undesired surface damages can be caused by excessive pressure and

10



friction forces applied by polishing particles on a substrate. For example,

agglomeration of polishing particles causes gouging of the surface or

deformation of patterns on the surface. Investigation of such pressure and lateral

force can set a limit for polishing pressure and can be used as reference values

for polishing optimization. One of the efforts to minimize the interconnection

delay was achieved by the integration from aluminum to copper for metal

interconnect and from SiO:z to low-k (LK) or ultra low-k (ULK) dielectric materials

for insulators. However, the adoption of porous low-k materials brought a

problem such as delamination of dielectric material during CMP due to poor

adhesion between layers, high stress in low-k dielectric layer and poor

mechanical strength of porous low-k interlayer dielectrics [1.32]. Even though an

extensive amount of work was devoted to develop efficient low-k dielectric

materials, problems such as relatively poor mechanical strength, low thermal

conductivity and incompatibility problems with existing IC manufacturing

processes have not been resolved [1.33].

Many researchers have tried to investigate the delamination of low-k

dielectric materials [1.34 — 41]. Busch and etc. [1.42] observed structural and

chemical modifications of low-k material by exposing sets of low-4 blanket wafers
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to pre- and post-polishing CMP slurry chemistry and performing CMP on another

set to see effects of each CMP step and they observed structural and chemical

variations were significantly affected only by the polishing case. Balakumar and

colleagues [1.43] performed CMP on Cu/SiLK™ single- and dual-stack non-

patterned wafers to study fundamentals of delamination during CMP. Leduc and

colleagues [1.44] studied the dependence of CMP-induced delamination on

number of low-k dielectric films stacked and established the relationship between

delamination and the number of ULK dielectric layers during CMP.

The insight into the surface damage can be obtained by investigating the

2-body contacts between the particle-pad and particle-wafer. The contributions of

pad-substrate contact and particle-substrate 3-body contact on the damage of a

substrate surface during polishing is insignificant but the damage is mainly

created from the friction generated by 2-body contact between the substrate and

polishing particles where the particles are embedded in the substrate. The

amount of embedment depends on the locations of the particle on the surface of

the pad whose surface is rough in nature. A shallow embedment will lead to

rolling of the particles during polishing while a deep embedment will result in

scribing of the substrate surface. When the normal load applied during CMP is

12



high, plowing can occur and can damage the substrate surface by scratch defect

damage and surface cracking which lead to reliability and performance

degradation of the IC. An understanding of the contribution from a single particle

on the damage of the substrate surface can lead to optimization of CMP for

advanced materials. The effects of a single CMP particle on a patterned wafer

with a low-k dielectric and copper interconnects presents a formidable challenge.

In this work, the concept of a CMP particle analog was adopted by

selecting a triangular AFM cantilever with diamond-coated probe. Force

lithography of AFM was utilized under high KOH environment to damage the

surface of a patterned wafer and the deformation of the surface is investigated to

determine the relationship between variations in pattern densities with the loads

necessary to initiate deformation, which can be used as a reference for designing

specific structures or determining preferred structures. This work is presented in

Chapter 4.
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Platen

Figure 1.1: Schematic of CMP with main components: wafer, pad and slurry.
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Chapter Two
Abrasive Particle Analog

2.1 Analogs of CMP abrasive particles

The AFM has been utilized to study the fundamentals involved in CMP at

the single particle scale. Taran and et al. [1.26] attached a silica colloidal probe

to a bare AFM cantilever as shown in Figure 2.1 and performed lateral force

measurements on a silica substrate in various pH environments to measure

friction. In their work, the applied normal load was on the order of a uN, which is

typical for CMP. However, the colloidal probe radius was on the order of um,

which led to a contact pressure that was lower than the pressure applied by a

single particle in CMP. Sokolov and coworkers [1.25] used thermal oxidization to

grow a silica layer on an AFM probe to simulate a silica abrasive particle. The

silica probe, as an analog of a silica particle in CMP, was used to measure the

surface interaction forces between the AFM probe and the surface of an IC1000

polishing pad in KNO3 solution with pH values ranging from 4 to 10. Chen and
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Singh [2.1] studied a dilute HF cleaning procedure by measuring surface forces

between a silicon wafer and a silicon nitride AFM probe to investigate the particle

deposition mechanism of contamination particles on the surface of the silicon

wafer. Devecchio et al. [2.2] used an AFM tip to study the removal rate of

aluminum during CMP by applying high lateral force between the AFM tip and the

aluminum sample for various normal loads and pH environments. Stevens et al.

[2.3] discussed the wear of sodium trisilicate glass with a silicon nitride AFM tip

by investigating the substrate removal rate.

One of the goals in this work is to investigate the friction contribution of an

individual silica CMP polishing particle in contact with the CMP process materials.

This is achieved by producing an AFM particle analog with dimensions similar to

a nano-scale CMP abrasive particle using thermal oxidization. Lateral force

microscopy (LFM) is performed on an oxide and polishing pad with similar

contact pressure applied to a single abrasive particle in actual CMP with varying

environments. Another goal is to apply the particle analog to replicate damage

generated during CMP. When applied to patterned wafers, relationships between

line pattern densities and the loads necessary to initiate deformation can be

developed.
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Figure 2.2 is a schematic that illustrates contacts of an abrasive particle

with the surfaces of a substrate and a polishing pad during CMP process. The

yellow circles represent abrasive particles in different sizes. As the substrate

travels with a relative velocity (V), Some of the abrasive particles are in contact

with the substrate (particle-wafer contact) and with the pad (particle-pad contact)

while others are suspended in the slurry. The frictions of the two contact

locations (shown in dotted circles) are mimicked in this work utilizing the particle

analog. Figure 2.3 shows the replicated interactions of the silica particle analog

with a substrate or pad. The yellow circle represents the silica particle with radius

R and the oxidized AFM probe tip with similar radius. The rectangle in contact

with the particle represents a sample (either wafer or pad). The oxidized AFM

probe is an excellent analog of a nano-scale polishing particle in CMP because

silica is one of the most used CMP polishing particles and the tip radius of the

oxidized probe is at the similar order of magnitude as a typical silica CMP

polishing particle.
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2.2 Silica AFM probe
2.2.1 Fabrication of a silica AFM probe

To replicate the nano-scale Individual CMP particle, polysilicon AFM
probes [Bare NSG01 (NT-MDT) and NSC19/NoAl (umasch)] with a tip radius of
10 and 40 nm were oxidized by following the methodology developed by Hulttl
[2.4]. The polysilicon probe was placed in a high temperature muffle furnace
(Barnstead International, Model #: F46248CM) for 2 hours at 1000 °C under
standard atmosphere and pressure. An elapsed time of 5 minutes was necessary
for the furnace temperature to be raised to 1000 °C. After 2 hours of oxidization,
the furnace was allowed to cool down to room temperature before the sample
was removed. During the oxidization process, oxygen reacts with the outer layer
of the polysilicon. Following is the dry oxidation process:

S + 0, ¢ , 5o,
The chemical reaction produces a silica layer on top of the existing polysilicon

and the generation of the silica layer results in increase of the tip radius.

2.2.2 Tip characterization of a silica AFM probe

After probe tip oxidation, the probes were characterized with a Scanning
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Electron Microscope (SEM) (Zeiss/Leo 1550). The thicknesses of the oxide

layers were estimated by analyzing the SEM micrographs obtained with the in-

lens detector. With an applied voltage of 20 kV and working distance of 4 mm, it

was possible for the detector to see through the probe tips. The difference of

contrast between the two layers was distinct enough to estimate the thickness of

the oxide layer (see Figure 2.4). The oxide thickness of the probes ranged from

50 to 100 nm. The existence of the silica layer was verified by utilizing SEM

EDAX analysis as shown in Figures 2.5 (a) and (b). The probe tip which was

oxidized clearly shows a strong Oxygen peak, where the silicon probe does not.

SEM micrographs obtained with the secondary electron detector were used to

determine the tip radii of curvature of the oxidized AFM probes. The same

applied voltage and working distance were selected for the secondary detector.

Since the micrographs obtained with the in-lens detector had translucent regions

to the SEM detectors, there was a chance for the images to lose detail of the tip

edges. Since the secondary detector was more sensitive for thinner objects, the

micrographs obtained with the secondary detector were used to characterize the

tip radius of curvature. Figures 2.6 (a) and (b) show SEM micrographs of the tip

of an AFM probe before and after oxidization, respectively. The radii of curvature
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of tip before and after oxidization were 40.74 nm and 51.85 nm, respectively. The

tip radius is shown to increase with oxidation exposure.
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2.3 Diamond-coated AFM probe

The second part of this work requires an AFM probe that can apply normal

and lateral loads large enough to damage a patterned wafer and resist wear

during LFM. To satisfy these two conditions, triangular AFM cantilever with a

diamond-coated AFM probes were utilized [DCP20, NT-MDT]. The tip radius and

thickness of the diamond coating of each probe were measured with SEM as in

the case of the oxidized tips.

2.3.1 Tip characterization of diamond coated AFM probes

The diamond coating was observed with SEM to measure the thickness of

the coating and the radius of curvature of the coated probes. The degree of wear

of the diamond coating due to LFM experiments was also assessed by SEM. The

back scattering detector with 20 kV and 8 mm working distance was utilized to

see through the probe. The measured thickness and the radius of curvature were

approximately 99.89 nm and 82.03 nm, respectively (see Figure 2.7 (a)). After

performing LFM tests, the used tip was observed with SEM to measure the wear

of the tip (see Figure 2.7 (b)).
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Figure 2.1: Schematic of a silica colloidal probe attached to an AFM

cantilever, used for lateral force measurements on silica.
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Figure 2.2: Schematic of contacts of an abrasive particle with the surfaces of a

substrate and a polishing pad during CMP process. The yellow circles represent

abrasive particles in different sizes. Some of the abrasive particles are in contact

with the substrate (particle-wafer contact) and with the pad (particle-pad contact)

while others are suspended in the slurry. The frictions of the two contact

locations (shown in dotted circles) are mimicked in this work utilizing the particle

analog.
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Figure 2.3: Analog of a CMP abrasive particle by an AFM probe tip in contact

with a counterface material. The yellow circle represents the silica particle with

radius R and the oxidized AFM probe tip with similar radius. Thus, the tip is the

analog of the silica particle in CMP. The rectangle in contact with the particle

represents a sample (either wafer or pad).
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Figure 2.4: SEM micrograph obtained by the in-lens detector, which can see

through the oxidized probe. The contrast difference between the silicon and silica

was used to estimate the thickness of the oxide layer, which ranged from 50 to

100 nm.
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Figure 2.5: SEM EDAX of a silica and silicon AFM probes. A strong Oxygen peak

is clearly shown (a), which will not exist in a silicon AFM probe (b).
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Figure 2.6: SEM micrographs of the tip of an oxidized AFM probe (a) before and

(b) after oxidization. These images obtained with the secondary electron detector

were used to determine the tip radii of curvature of the oxidized AFM probes. The

radii of curvature of tip before and after oxidization were 40.74 nm and 51.85 nm,

respectively. The tip radius is shown to increase with oxidation exposure.

33



WD= 8mm 200nm  File Name = D72507-023.kif Signal A =RESD Date :25 Jul 2007
Mag=100.00KX | | EHT =20.00kV  Time 12:28:12

(@)

WD= 89mm  p0nm  File Name = 042007-009.tif Signal A=RBSD Date :20 Apr 2007
Mag = 100.00 K X}—] EHT =20.00kv Time :11:36:54

(b)

Figure 2.7: SEM micrographs of the diamond coated probe (a) to measure the

radius of curvature and the thickness of the diamond coating and (b) to observe

the tip wear after performing nanoscratch experiments.
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Chapter Three
Application of Abrasive Particle
Analogs to Oxide CMP

3.1 Application of nanoscale single particle analogs

In this work, AFM (SolverPro M, NT-MDT) is used to investigate the

friction contribution of an individual nanoscale silica CMP polishing particle in

contact with a compliant non-porous polyurethane polishing pad (JK111, Rohm

and Haas), bulk silica and thermally grown oxide wafer (Wafernet) substrates

during CMP polishing. Lateral force microscopy (LFM) is utilized with SiO2

coated AFM probes, which act as an analog of the silica particle. To determine

loads involved with experiments, normal spring constants of the cantilevers with

oxidized AFM probes (discussed in Chapter 2) were evaluated by employing a

thermal tuning technique developed by Hutter and Bechhoefer [3.1]. After the

spring constant of an oxidized cantilever was determined, LFM experiments were

performed with the AFM force lithography mode or AFM scanning mode on the
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samples for various normal loads and pH solutions to measure friction responses.

This represents the friction contributions of 2-body contact between the

nanoscale polishing particle and the CMP process materials such as an oxide

wafer and a porous polyurethane polishing pad (IC1000). The load ranges were

chosen to have a similar contact pressure during CMP and lateral forces were

applied at a low speed to avoid hydrodynamic effects. The friction data was

analyzed to observe the friction responses due to variation of applied normal

loads and pH values.

Additionally, AFM force spectroscopy was performed during experiments

or independently with the same environments to investigate the surface

deformation during LFM experiments, which is used to determine the

contributions of surface and adhesion forces to the friction results. At the

macroscale, surface and adhesion forces are relatively insignificant because of a

small area-to-volume ratio. Hertzian analysis is capable of predicting the

pressure for various geometries in contact but it does not include adhesion forces.

At the nanoscale, the ratio cannot be neglected because the magnitude of

surface forces is at the similar order of magnitude as the external load applied at

the interface. Thus, surface forces should be considered for the analysis of

37



friction results at the nanoscale and has been discussed [1.23 — 1.25, 2.1, 3.2 -

3.3]. In this work, surface forces are estimated by calculating van der Waal and

electric double layer forces between the silica AFM probe and the counterface

materials. Adhesion forces are measured by utilizing the retraction force-distance

curve obtained by force spectroscopy in solutions of varying pH. Effects of

exposure time to solutions and pH environments on surface forces and adhesion

forces are investigated, which are used to explain the effects on friction results

and the contribution of pH variations. The resulting surface deformation

measurements and friction responses can be used to develop accurate material

removal models in oxide CMP.

When a friction model at the nanoscale is considered, the effect of surface

forces on friction results should be considered as well. Short range surface

forces are represented by the Johnson-Kendal-Roberts (JKR) model [3.4] while

long range surface forces are represented by the Derjaguin-Muller-Toporov

(DMT) model [3.5]. The intermediate cases are modeled by Carpick's transition

model [3.6], which is based on Maugis' Dugdale model [3.7]. A nondimensional

parameter in Carpick's model can be determined by observing friction data and

the value of the parameter is designed to select a proper model for the data.
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Thus, the friction data obtained by the single CMP particle analog can be used to

determine the proper model for the friction data and estimate the friction

response.
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3.2 Background

3.2.1 Atomic Force Microscope (AFM)

Since invented by Binning in 1986, AFM has been utilized as an efficient

method to obtain surface topographies down to atomic resolution and measure

surface interaction forces. AFM is a high resolution scanning probe microscopes

(SPM) which utilizes forces measured between a scanning probe and the surface

of a sample. Figure 3.1 is a schematic of an AFM system which is composed of a

laser, cantilever with a probe, photodiode, SPM controller and piezo scanner.

The scanning probe is typically made of polysilicon or silicon nitride and has a tip

radius of 10 nanometers. This probe is fabricated at the end of a micro-scale

cantilever which is made out of the same material as the probe. The back side of

the cantilever is generally coated with gold to increase the reflectivity and provide

a greater intensity input to the photodiode. A photodiode is composed of four

sections and its role is to sense the intensity of the reflected laser and convert it

into an electrical signal. A piezo scanner controls the movement of a cantilever or

a sample.

As an AFM probe tip rasters over the surface of a sample, the cantilever

can either deflect or twist or experience both. Any change of the cantilever
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configuration causes the laser spot to be registered on a different location other

than the original reference spot. The new location can be anywhere on the four

quadrants of the photodiode. Cantilever deflection causes the vertical movement

of the laser spot and the magnitude of deflection is determined by summing the

laser intensities of the top and bottom quadrants. For the twist of a cantilever, the

movement of the laser spot is horizontal and the laser intensities of left and the

right quadrants are compared to generate a twist signal. The registered signals

from the photodiodes are sent to a SPM controller to be used as feedback for the

piezo-controlled scanner and as data for the control software to generate the

topography of the surface and measure interaction forces between the probe and

a substrate.

3.2.1.1 Normal spring constant calibration of an AFM cantilever

The normal spring constant of the fabricated probes was measured by a

thermal tuning technique developed by Hutter and Bechhoefer [3.1] before each

experiment. The AFM probe tip attached to the end of cantilever is modeled as a

harmonica oscillator. The probe tip is considered as a sphere with radius R and

with mass m. The cantilever is considered as a spring with a linear spring
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constant, A Thermal fluctuation of the environment generates motions of the

cantilever. The Hamiltonian of the system is expressed as

2

1
H :§—m+§nwv02q2 (3.1)

where p is the momentum of the tip, wp is the resonant angular frequency of the
system, and ¢ is the displacement of the tip. By the equipartition theorem, the

average value Hamiltonian can be described as

1 1
<§ rnvv02q2> = EkBT (3.2)

where kg is a Boltzmann’s constant and 7 is the temperature.

Since W02 =k/m, the equation above can be written again as
kT
(o)

However, thermal fluctuation is not the only source of the tip displacement.

k= (3.3)

To filter out the contribution only due to the thermal fluctuation, the displacement

data is plotted in the frequency domain. The power spectral density of the

displacements has the shape of a Lorentzian line and the integral of it is equal to

the mean square of the fluctuation in the time-series data. Then, the area under

the curve with the background noise subtracted is the measure of the power

spectral density of the displacements. The spring constant can be expressed as
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(3.4)

where Pis the area under the Lorentzian curve for the thermal fluctuations.

The thermal tuning model is employed by running a software script in the

AFM analysis software (Nova version 972). The script requires two inputs:

sensitivity of the cantilever and temperature of the surroundings in Kelvin. The

sensitivity of the cantilever is measured by force spectroscopy. The force

spectroscopy is performed on a rigid sapphire substrate which is cleaned with

isopropyl alcohol and dried in laboratory air. It is assumed that there is no

penetration of the cantilever into the surface of the sapphire substrate. After

mounting the sapphire on the sample stage, an AFM cantilever is installed on the

cantilever holder. Once the holder is mounted on the tip scanner, the laser and

the photodiode are adjusted to achieve a proper signal response required for

AFM operation. The head and the sample stage are isolated from an ambient

laboratory environment by placing a specially designed metal hood to stabilize

the experimental setup thermally and to minimize any possible noise from air flow

or sound. The vibration from ground is minimized by an active vibration isolation

system (Halcyonics Micro 40) where the AFM unit is housed. When the

temperature inside the hood is stabilized, the temperature is measured by a
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digital thermometer. After reaching a thermal equilibrium inside the metal hood,

the sample stage with a stepper motor is moved upward to bring the AFM probe

in contact with the surface of the sapphire substrate in a contact mode. After

scanning the surface briefly to verify that the probe is in good contact with the

sapphire surface, force spectroscopy is performed to measure the cantilever

sensitivity. The relationship between the cantilever displacement and the laser

photodiode output is commonly referred to as the cantilever sensitivity and is

necessary to determine the cantilever displacement during operation. The

sensitivity is calculated by directly relating the z-piezo movement to the cantilever

deflection, and is achieved by landing and lifting the probe onto and off of hard,

stiff substrate (in this work sapphire is utilized). The force spectroscopy is

composed of two steps: landing of the AFM probe onto a sample surface, and

lifting the probe off the surface. Figure 3.2 shows typical force spectroscopy

curves for approaching/landing (red line) and retracting/lifting (blue line). The

vertical axis represents applied force and the horizontal axis represents tip-

sample separation distance, thus the curve is known as the force-distance curve.

Interaction forces between a probe tip and the surface of a sample can be

extracted from this curve in terms of a separation distance. The sensitivity of a
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cantilever is determined by measuring the slope of either curve. In this work, the
sensitivity is determined by averaging slopes of five Height-DFL data sets.

After obtaining the hood temperature and cantilever sensitivity, the
scanner is switched to a semi-contact mode and the spring constant of the

cantilever is obtained. A geometry correction factor (k,, =0.764k. ) determined

tri.
by Stark et al. [3.8] using FEM was used for triangular cantilevers (used for the
work in Chapter 4) because the thermal tuning method was developed for a
rectangular cantilever. Once the spring constant is known, the lifting curve is
utilized to determine the applied normal force and adhesion force. The load
applied by an AFM probe to a substrate is generated through the bending
moment of the polysilicon cantilever. When the AFM cantilever bends a pre-
determined displacement, the load to achieve equilibrium can be calculated from
elementary beam theory. Applied normal loads between the probe tip and the

substrate are calculated by multiplying the spring constant by a distance that is

measured from the force-displacement curve for a given DFL signal change.
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3.2.1.2 Lateral Force Calibration Factor of an AFM cantilever
Lateral force calibration factor («) is required to convert a lateral signal to
a lateral force. One method to obtain it is to use geometry. The relationship

between the lateral force (F;) and twist angle (B) is given as [3.9]

(BwY 12 Y h
L _( 4° J(ZhZJ(LBjﬂ (3:5)

h is the height of the probe and £, w, f, and / is the elastic modulus, width,

3

thickness and length of the cantilever, respectively. is the normal spring

4°

constant measured from geometry. Since the value E and t are difficult to

determine, it can be obtained numerically after determining the normal spring

2

constant with the thermal tuning method describe in section 3.2.1.1. is the

2h?

ratio of the lateral spring constant and the normal spring constant. L_hB is the
lateral sensitivity of the cantilever. L is the distance between the cantilever and
photodiode and B is the response of the lateral signal for a given displacement of
the photodiode. It can be obtained by moving the photodiode for a given distance

and measuring corresponding change in lateral signal.
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3.2.2 Surface forces at the nanoscale

In addition to the direct contact force between two surfaces in contact,

there exist indirect surface forces for abrasive-wafer and abrasive-pad interfaces.

Sokolov et al. [1.25] investigated the interaction between the surface of 1C1000

polyurethane polishing pads (Rohm and Haas Electronic Materials CMP

Technologies) and AFM tips composed of silica and silicon nitride in various pH

environments. The silica tip was oxidized and the radius of the curvature of the

tip was measured to be 250 nm. After performing force spectroscopy on the

surface of the polishing pad, the approach force-distance curves were analyzed

to obtain the surface potential of the polishing pad and the retracting force-

distance curves to obtain the adhesion forces. The surface potential of the

polishing pad was derived by applying the DLVO theory. The interaction force (F)

between the tip and the surface of the pad is divided into two forces: the London-

van der Waals force (F.aw) and the electrical double layer force (Fep.) [1.25, 3.2].

F= dew + FEDL (3-6)

The London-van der Waals force [3.10] is an attractive force and it can be

expressed as the following assuming the tip geometry as parabolic or spherical

asperity
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Foaw = ﬁ (3.7)

where Aysp is the Hamaker constant between the abrasive and the wafer, 7, is
the radius of the abrasive particle (51.85 nm) and Zzp is the equilibrium interatomic
distance (0.5 nm) [1.25]. The Hamaker constant can be determined by combining
laws, which relate the unknown Hamaker's constant to known ones. The
Hamaker constant of the wafer-slurry-particle system (Auwsz) can be calculated
from Hamaker constants of the wafer (Aw), slurry (As) and abrasive (Aa) as
follows [3.11]:

A :(A}V/z_&/zxp\ilz_p‘ilz). (3.8)

The values of Ay and A, are the same as 6.5x107%°J[3.12] for this case and the
Hamaker constant for the water ( A, = 4.35x10°J) [3.2] is used for slurry. The
Hamaker constant of the pad-slurry-abrasive system (Apsa) cannot be found with

(3.8) because the Hamaker constant of the pad is unknown. Instead it was

estimated by [3.13]

A _3k_|_[51—52](52—53] 3hv, (n? —n2)nZ -n2)

= +
/12 12 /2 /2
eite \&+es) 82 (n2+n2)*(n2+n2) {(nf+n§)1 #(n2+n2)%

psa Z
(3.9)

where kis Boltzmann’s constant, /A is Planck’s constant, 7is the temperature, ¢is
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the dielectric constant of a medium, n is refractive index of the medium in the
visible, ve is the main electronic absorption frequency in the UV (typically 3 x 1015
s1). In this work, the dielectric constant (¢ = 3) and the refractive index (n = 1.5)
of the pad was approximated by that of the polymer.

The electrical double layer force is divided into two parts. For the surface
potential less than 30 mV, the linear approximation is used and the form is given

as [1.25]

d+d
Feow ia = 2891RVMy,y, exp[—\/ﬁ foogj (3.10)

where M is the molarity of the background solution and ¥+ and Y2 are the
surface potentials of the material 1 and 2. For the surface potential greater than
30 mV, the weak overlap approximation (WOA) is used and it is expressed as the

following [1.25]

d+d
F — 0.303RVM tanh| =22 [tanh| 22— |x exp| =M ——— 0| 3.11
EDL oA {0.103} {0.103}X p( 0.302x10°° (3. 11)

For this work, the weak overlap approximate was used to estimate the electrical
double layer force because the magnitude of the zeta-potential of the pad and
silica was over 30 mV. It is worthwhile to establish relationship between the

surface potential and friction in CMP for various pH environments.
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3.2.3 Modeling of friction between a single particle/asperity and surface

It has been well know that understanding of the contact area between two

surfaces is a way to establish a relationship between normal loads and the

corresponding friction loads [3.6]. In a continuum model, Hertzian analysis

predicts contact areas of various geometries without considering surface forces

at the interface. For a nanoscale contact area, the surface force cannot be

neglected because of a high area-to-volume ratio, which means the magnitude of

surface forces is comparable to the external load applied at the interface. Thus,

the Hertzian analysis alone is not enough to describe the nanoscale contact area

for AFM, so the analysis should include the surface forces.

When the probe tip is assumed to have a parabolic or spherical geometry

with radius of R and the sample surface is assumed to be an infinite half-surface,

the surface forces in nanoscale can be analyzed by three models: Johnson-

Kendal-Roberts (JKR) model [3.4] for short range forces, Derjaguin-Muller-

Toporov (DMT) model [3.5] for long range forces and Maugis model [3.7] for

intermediate case. The JKR model is for the contact between a tip with large

radius and a compliant substrate involving strong adhesion forces while DMT
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model is for tip with small radius and a stiff substrate involving weak adhesion
forces. The Maugis model is derived from the Dugdale potential. Maugis defined
a non-dimensional transition parameter (1), which is a function of constant
adhesive stress, tip radius, work of adhesion, the tip and sample elastic moduli
and the tip and the sample Poisson ratios. The JKR model is appropriate for
analysis for A greater than 5 and the DMT model for 4 smaller than 0.1.
Otherwise, the transition model should be applied.

The contact areas estimated by Hertzian, JKR, DMT and intermediate
models as a function of load depends on the surface forces. The Hertzian model
has zero contact area when no external load (L) is applied. However, the other
three models have non-zero contact areas even without any applied external
load because of the negative loads presented in the plot. The negative load is an
adhesion force, which is a critical load (Lc) required to separate the two surfaces.
The ratios between the contact radius at non-zero load (a) and contact radius at

zero load (ap) for JKR and DMT are defined to be

2
a _ 1+ 1- L/ Ly |° 3.12)
A5 5kR) 2

a

Qo(pm)

1
and = (- L/ Logym 2 (3.13)
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, respectively. Carpick [3.6] introduced another non-dimensional parameter (o) to

combine the two equations into a generalized transition equation as follows

2

Qo) - 1+«

The equation becomes identical to JKR or DMT descriptions for ¢ = 1 or 0,
respectively. In the Maugis model, the relation between the contact area and the
load is obtained by solving complex equations simultaneously, which are
expressed in terms of parameterized non-dimensional variables for contact area
(a) and load (I:). Carpick et al. solved the complex equations for different values
of 4 and fitted the solutions with the results obtained from the generalized
transition equation by choosing optimized « values for all values of A’'s. By
tabulating the values of A's and corresponding «’s, the empirically fitted relation
between and iand « is found to be 1=-0.924-In(1-1.02¢). In addition, the
associated values of I:C and &, to each value of 1 is tabulated as well and the
critical load (I:C ) and the contact radius at zero load (4, ) is expressed with 1 as

below

7.,1(404-24-1
44

— = 3.15
4.04- 2+ +1j (3.15)
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(3.16)

13
and a, =154+ 0.279-[2'28 A 1j

2.28- A% +1

The generalized transition model can be used to explain friction load as a
function of normal load. It is assumed that friction is a linear function of contact
area, so the friction force ( F; ) can be expressed as the following

F,=r-7A* (3.17)
where 7is the constant shear strength for the interface and Aris the real area of
contact. In the case of contacts that occur with multiple asperities or produce
wear due to friction, this assumption may be not valid. Once the data of friction
load or contact area as a function of applied normal load is obtained, the data
can be fitted with the generalized transition equation to find the contact radius at
zero load (ap), the critical load (L) and a. Then, the value of « can be used to
find the corresponding A. This can lead to the determination of the interfacial

energy (), which is necessary to calculate the contact area.
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3.3 Experiments

3.3.1 Materials

AFM scans were performed on three materials: compliant non-porous

polyurethane polishing pad material (JK111), bulk silica, and thermally grown

oxide wafer substrates. JK111 is a non-porous bulk polyurethane pad and has an

RMS roughness of 60 to 100 nm as measured by AFM. Figure 3.3 shows

topographies of the pad, which possesses abrasion ridge obtained by (a)

interferometer and (b) AFM. JK111 provides an analog of the flat region of

porous polyurethane CMP polishing pads (IC1000), which is widely used in CMP

processing. The IC1000 pad polishes during CMP by interacting at the pad

asperity and the substrate, where abrasive particles are interacting with the

surfaces. Pad asperities are the regions found between the surface pores in the

IC1000. The roughness of these asperities is ~ 0.25 to 1 um as measured by

optical interferometer. The pore size of IC1000 is approximately 50 um in radius

and typically 5 um in depth and the overall RMS roughness of IC1000 is 6 — 8 um.

Three dimensional topography of IC1000 and the surface profile were obtained

with an optical interferometer and presented in Figure 3.4 (a) and (b),

respectively. The bulk silica substrate is an analog of an oxide layer and has an
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RMS roughness of 0.35 nm. Figure 3.5 is a three dimensional topography of the

bulk silica substrate obtained with AFM. The image of the thermally grown oxide

wafer is shown in Figure 3.6 and it has an RMS roughness less than 0.1 nm.

3.3.2 Procedure

All samples were cleaned with either isopropyl alcohol or by a portion of

SC1 cleaning to remove organic contaminants. Alcohol cleaning process was

implemented by submerging the samples in isopropyl alcohol for 2 hours and

then drying in air. The SC1 cleaning a multi-step procedure. The cleaning

solution was prepared by mixing 1 part of fully concentrated NH4OH (28%), 1

part of fully concentrated H2-02 (30%) and 5 parts of deionized (DI) water [3.14].

The samples were dipped in the solution for 60 minutes and they were agitated

for 15 seconds every 5 minutes. The samples were then rinsed in DI water for 4

minutes agitating for 15 seconds every 2 minutes. DI water rinse was repeated,

and air-dried.

Once the normal spring constants of the cantilevers were measured in

laboratory air, they were placed on the glass cantilever holder for LFM in liquid.

Force spectroscopy was performed before friction measurements to obtain force-
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distance curves for surface and adhesion forces. Friction measurements were

performed with either AFM force lithography mode or AFM scanning mode. The

scanning distance was 1 um with a speed of 0.1 um/s. Normal loads ranging

from 10 nN to 60 nN were applied to observe the cantilever twist response by

measuring the lateral photodiode signal output. The testing solutions were made

from 0.1 M NH4OH with pH values of 7, 9, 10 and 11. NH4OH is one of the most

widely used slurry solutions in CMP. The pH variation was chosen to investigate

the effect of pH on lateral responses.
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3.4 Results and discussions

3.4.1 Surface deformation

3.4.1.1 Determination of Surface Deformation

To determine the deformation of sample surfaces during LFM, AFM force

spectroscopy was performed before each LFM experiment or force spectroscopy

experiments for all three samples were performed independently. The surface

deformation is typically determined by subtracting the cantilever deflection

measured on a stiff sapphire substrate for a given load from the cantilever

deflection measured on the samples for the same load as demonstrated by

Murakoshi et al [3.15]. Figure 3.7 describes how to analyze the force-distance

curve for different situations. For the case of the stiff sapphire substrate (see

Figure 3.7 (a)), the cantilever deflection (DFLcan) is identical to the cantilever

movement (MOV ant):

MOVcant_ = DFLcant. (318)

For the case of the compliant sample surface (See Figure 3.7 (a)), larger

cantilever movement is required to obtain the same amount of the cantilever

deflection as in the sapphire case due to the penetration of the probe tip into the

sample surface (surface deformation due to direct contact, SDgirec):
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MOV cant. = DFLcant. + SDdirect (319)

The difference between the two equations above gives the surface deformation

due to direct contact. The difference can be visualized by the slopes of the two

curves. The slope obtained from the stiff substrate is larger than that from the

compliant substrate. Thus, slope of the force-distance curve is a good indicator of

change in the surface stiffness.

It has to be noted that the surface deformation obtained by the Murakoshi

method does not include the effect of surface forces. At the vicinity of the contact

point, cantilever deflection due to surface forces (DFLsF) should be included as

following:

MOV cant. = DFLcant. + SDdirect + DFLsF (320)

Attractive surface forces cause snap-in of the cantilever onto the surface of a

sample. Larger cantilever movement is required to reach a required cantilever

deflection (See Figure 3.7 (b)). Repulsive surface forces bend the cantilever

before making a contact between the two surfaces. If the surface deformation is

measured with the Murakoshi method, this is added to the measurement (See

Figure 3.7 (b)). Thus, the surface deformation includes the effect of surfaces

forces on the cantilever at the vicinity of the contact point.
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3.4.1.2 Surface Deformations of Three Samples by the Silica AFM Analog

The surface deformation of the polyurethane pad (JK111), bulk silica and

thermal grown oxide wafer samples for various pH environments (pH 7, 9, 10 and

11) and a normal load (50 nN) were shown in Figure 3.8, which was measured

without considering the surface forces. In the case of the pad, the deformation at

pH 7 (5.160 nm) was measured to be larger than the Hertzian estimation (3.961

nm), so the difference was 1.199 nm. The deformation increased from 5.160 nm

to 13.969 nm gradually with increasing pH showing the increase of 8.809 nm due

to pH. For the bulk silica and thermally grown oxide wafer substrates, the

deformations at pH 7 were 0.945 nm and 0.017 nm, respectively. The

deformation estimated from the Hertzian contact was 0.275 nm. The deformation

differences between pH 7 and pH 11 for the bulk silica and thermal grown oxide

wafer were 5.849 nm and 3.543 nm, respectively. In the case of the bulk silica

substrate, the deformation at pH 9 showed a significant increase. The

deformation at pH 10 was similar to the deformation at pH 7 but the deformation

jumped to 6.794 nm at pH 11. A similar trend was observed with the thermally

grown oxide. For this case, noticeable deformations were observed at pH 10

(2.433 nm) and 11 (3.560 nm) showing increase of the deformation with pH. The
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negative surface deformation at pH 9 is introduced because the error in the

cantilever deflection obtained from the sapphire substrate was larger than the

surface deformation of the thermally grown oxide wafer at pH 9. Thus, the actual

deformation is close to zero. The deformations of the bulk silica substrate were

smaller than the deformation of the pad in the same environment because silica

has higher elastic modulus (70 GPa) than polyurethane (500 MPa).

3.4.1.3 Effects of pH on Surface Deformation Measurement

For all three samples, the same 50 nN normal load was applied, which

means the increase of the surface deformation in each sample was caused by

the pH variation of the solution. There are three possible effects of pH on the

deformation results: (1) softening of the pad, (2) softening of the silica material

(the probe, bulk silica and thermally grown oxide wafer substrates) and (3)

variation on the interaction forces between the probe and counterface materials.

The first and second factors affect the actual deformation of the three samples.

The third factor contributes to the final surface deformation measurement.

However, the deformation measured by this factor is not an actual deformation of
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the samples. Thus, deformation caused by this has to be taken out from the final

deformation.

3.4.1.3.1 Effect of pH on the Pad

Softening of the pad applies only to the deformation of the polishing pad.

The surface deformation of the pad will increase if the pad is softened with

increase of pH. Figure 3.9 compares force-distance curves for the pad near the

contact point at two different pH values (pH 7 and pH 10). When the two slopes

were compared, the slope of the pad at pH 11 was shallower. This indicates that

the pad was softened at higher pH. According to Obeng et al. [3.16], the

hardness of IC1000 pad decreased with increasing pH. Thus, softening of the

pad contributes to the surface deformation increase. However, when the force

spectroscopy was performed on the pad with silicon tip, an opposite results was

observed. Figure 3.10 shows the deformation of the pad obtained by performing

force spectroscopy with an unoxidized silicon AFM probe (35.185 nm curvature

radius) under 50 nN normal load for various exposure times and pH

environments. When the error bars were considered, it seemed that there was no

noticeable effect of exposure time on the surface deformation for each pH
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environment. Differences might have caused due to the rough surface of the
sample. To observe the effect of pH, deformations of all exposure times are
averaged for each pH and plotted in Figure 3.11. The surface deformation was
the largest at pH 9 and decreased with increasing pH. This means the surface is
stiffened with pH for the case of silicon probe. This will be explained in section

3.4.1.4.

3.4.1.3.2 Effect of pH on Silica Materials
Second, softening of the silica materials applies to the deformation of all
three samples because it affects the silica substrates (bulk silica and thermally
grown oxide wafer) as well as the silica-coated AFM probe. Chemical reaction
between a silica surface and NH4OH of the slurry breaks Si-O bonds and
transforms a hard silica layer to a soft gel-like hydroxylated layer through the
diffusion of water into the oxide layer [1.3]. This breaking of Si-O bonds is caused
by a reversible depolymerzation reaction [1.22]. Siloxane bonds (Si-O-Si) of the
silica surface reacts with water producing silanol, Si(OH)4 as shown below:
(Si0,), +2H,0>(S0,) , +Si(OH),. (3.21)
When the pH of a solution is higher than the isoelectric point (IEP) of silica (less
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than 2), the Si-OH bonds are separated following the reaction below:
Si—(OH)+OH™ - Si—0" +H,O for pH > isoelectric point of silica.

This is how a hydroxylated layer is generated on the silica surface. It should be
noted that the solubility of silanol increases significantly for pH greater than 10,
which means softening is enhanced greatly at pH 10 and above. Evidence of
silica softening is reported in the literature. The microhardness of silica glass
decreased due to water diffusion [3.17] and the fracture strength of silica
decreased when water content amount increased [3.18]. Nevot and Croce [3.19]
observed that the silica density near the surface was lower than the bulk with
grazing X-ray reflection. In addition, the evidence of physical modification of a
silica surface at pH 10.5 was observed with transmission electron microscopy
(TEM) by Trogolo and Rajan [1.28]. Thus, the formation of this gel layer exists at
high pH and it can be a factor to increase surface deformations of all samples. In
addition, larger surface deformation is expected when both probe and
counterface are silica. Third, the interaction forces between the two surfaces can
be a factor that affects the surface deformation for all three samples because the
surface forces affects the cantilever deflection at the vicinity of the contact point

and their magnitudes vary with pH.
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3.4.1.3.3 Effect of pH on Surface Forces

3.4.1.3.3.1 Observation of Force-Distance Curve near the Contact Point

The effect of the surface forces on the surface deformation can be explained by

observing the cantilever behavior near the contact point. One way to achieve this

is to analyze the force-distance curve at the vicinity of the contact point. Figure

3.9 is an example of the cantilever deflections on the pad near the contact point

at pH 7 and pH 10. At the vicinity of the contact point, the deflection is not linear

because its deflection was not only affected by the applied normal load but also

by the surface forces between the two surfaces. To investigate the effect of the

surface forces at the contact point, the distance of the non-linear section was

estimated by measuring the distance between the contact point and the point

where linear section initiates as shown in Figure 3.9. The distance at pH 10 was

longer than that at pH 7, which showed the effect of pH on the distance of the

non-linear section. Figure 3.12 is a plot of the distances measured from the

force-distance curves obtained by force spectroscopy with the oxidized silica

AFM probe on the three samples for various pH environments. The general trend

for all three cases was that the distance of non-linear section increased with pH.

The bulk silica showed an opposite trend at pH 9 and pH 10. For the case of the
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bulk silica sample, the distance at pH 9 seemed to be overestimated while the

value at pH 10 underestimated. This is why the corresponding deformations in

Figure 3.8 are deviated from trend of others. The results showed that the

distance for the pad increased by 6.844 nm while the distance for the bulk silica

and thermally grown oxide wafer substrates increased by 4.623 nm and 3.384

nm when pH varied from 7 to 11. For the case of silicon probe, a similar trend

was observed. The non-linear section distance obtained with the silicon probe on

the pad for various exposure times and pH environments are presented in Figure

3.13. It was observed that the exposure time did not affect the distance of non-

linear section. Since the exposure time was not a significant factor of the

distance measurement of the non-linear section, the average of all exposure

times for each pH is obtained (see Figure 3.14). The results showed that the

distance for the pad increased by 2.049 nm while the distance for the bulk silica

substrate increased by 1.904 nm when pH varied from 7 to 11.

3.4.1.3.3.2 Effect of pH on Force-Distance Curve

The increase of the non-linear section shown in Figure 3.12 and Figure

3.14 was caused by the increase of surface forces with pH. The most dominant
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interaction forces between the two surfaces are van der Waals and electric

double layer (EDL) forces [1.25, 3.2], which is affected by the zeta potential of

each material. The zeta potential represents the potential difference between the

medium and surface of a particle, so the magnitude is used to determine the

stability of colloids suspended in a medium. Sokolov et al. [1.25] derived zeta-

potential of the pad from the force-distance curve between the silica AFM probe

and polyurethane pad with AFM. For the calculation of the surface force that

affects the force-distance curve, they considered two dominated surface forces:

van der Waals and EDL forces. Sine the EDL force is a function of the zeta

potential, fitting of the force-distance curve provides the values of the zeta

potential for the pad surface. The results showed that the magnitude of the pad

surface potential increased from 40 mV to 60 mV as pH varies from 7 to 10. This

suggests that the surface becomes more repulsive with pH, which results in the

increase of the non-linear section with pH. They also derived the surface

potential of the silica, which had an isoelectric point at pH less than 2 and the

magnitude of the zeta potential increased from 50 mV to 60 mV as pH increased

from 7 to 9. This will lead to the increase of the cantilever deflection with pH as

well.

66



It has to be noted that the distance of the non-linear section was mostly

affected by the repulsive surface force. The force-distance curve did not show

snap-in during approaching, which is an evidence of strong attractive surface

force near the contact point. The van der Waals force between the silica probe

and silica substrate was estimated to be 0.074 nN using (3.7). The attractive van

der Waals force between the silica probe and the pad was estimated to be 0.900

nN. The Hamaker constant for the silica-NH4OH-silica system was found using

(3.8) while that for the silica-NH4OH-silica system was found using (3.9). The

repulsive electrical double layer force was calculated using (3.11). Both silica and

pad have a similar zeta-potential as a function of pH. The force was estimated to

be 9.395 x 104 nN at pH 7 and 0.114 nN at pH 11 showing significant increase

with pH. This explains the dominance of repulsive surface at high pH. Another

way to verify the dominance of the repulsive surface force is to investigate the

behavior of pull-off forces with pH. When two bodies are in contact, it is

necessary to apply a load to separate the two surfaces. An attraction force

enhances the adhesion force while a repulsive force does opposite. Figure 3.15

shows pull-off forces required for the silica probe to be separated from (a) the

pad and (b) thermally grown oxide wafer. For both cases, the pull-off forces
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decreased with pH, which means the repulsive force becomes a dominant

surface force as pH increases. The same trend of pull-off force with pH for the

pad was observed in the work of Sokolov et al. [1.25].

How a zeta potential can affect the surface force can be observed by

comparing the non-linear section distances obtained by the silica and silicon

probes. The non-linear section distances for the pad are compared in Figure 3.16

(a) while those for the bulk silica in Figure 3.16 (b). For both cases, the distance

obtained with the silica probe was larger. Even though the zeta potential of the

silicon showed the similar trend with pH, the magnitude increased only up to 40

mV as pH 12. The interface between the silicon probe and its counterfaces

experiences smaller repulsive force. This result shows how the non-linear section

distance is affected by the surface forces acting at the interface.

3.4.1.4 Estimation of Actual Surface Deformation

It has been shown that the surface deformation measured with the silica

probe under 50 nN (see Figure 3.8) was overestimated because it did not include

the effect of surface force. At pH 7, the effect is not significant. However, the

surface deformation of the pad at pH 11 is overestimated by the increase of the
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surface force with pH, which contributes to the deformation by 6.844 nm. Thus,

the cantilever deflection increased by the surface force was subtracted from the

measured surface deformation and the actual pad deformation at pH 11 was

estimated to be 7.125 nm, which was caused by the softening of the pad and the

silica probe at high pH. In the same manner, the actual surface deformation of

the bulk silica substrate was estimated to be 2.171 nm, which was produced by

the simultaneous softening of the probe and the substrate. Since both probe and

the substrate deform simultaneously for this case, only half was taken as the

actual surface deformation for the silica substrate and it was estimated to be

1.086 nm at pH 11. For the case of thermally grown oxide wafer, the actual

deformation was estimated to be 0.088 nm. Actual surface deformation for other

conditions can be seen in Table 3.1. Determination of the actual deformation is

important because it is directly related to the real area of contact. In addition, it

can be used to determine the mode of friction (see section 3.4.2)

For the surface deformation of the pad measured with the silicon probe,

the decrease of the surface deformation was caused by the increase of tip radius

due to removal of the silicon at high pH. Even though the zeta potential of the

silicon probe is lower than that of the silica probe, it is still repulsive. The surface
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deformation should increase due to this repulsive force. The increase of the

surface deformation from pH 7 to pH 9 is caused by this or pad softening.

However, the decrease of the deformation from pH 9 to pH 11 is caused by the

increase of the tip radius. Figure 17 (a) and (b) compares the tip end before and

after experiments. The radius increased from 35.185 nm to 48.15 nm after use.

Based on Hertzian contact, the increase of the deformation due to tip radius of

estimated to be 0.504 nm.

3.4.2 Plowing determination

The surface deformation is important because it is used to calculate the

contact radius of two surfaces in contact. When considering friction, the

knowledge about the contact radius is utilized to determine whether plowing

friction contributes to global friction or not. Figure 3.18 is a schematic of a

plowing friction. A stiff abrasive particle of radius R produces a groove of width w

and depth d as it plows a soft substrate. When the ratio of the scratch width and

the particle diameter (W/2R) is greater 0.2, the plowing can affect friction results

significantly [3.20]. In this work, R is represented by the tip radius of the AFM

particle analog. The depth of scratch (@) is estimated from the surface
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deformation results. The width of scratch (w) is twice of the contact radius

estimated by the Hertzian contact between the particle analog and its

counterface material. The contact radius (&) is determined by

1
. 1
:(§ R ’PT (3.22).
8 E*
R* is the effective tip radius, which is defined to be R* =; where Ry
1/R +1/R,

and R: is the radii of the body 1 and body 2, respectively. P is the applied

normal load. E* is the contact modulus, which is defined to be

1
E* = 5 >~ where v; and vz are the Poisson’s ratio of the body 1 and
1-vy 1-v,
7_1’_7
El EZ

body 2, respectively and £7 and E2 are the elastic modulus of the body 1 and

body 2, respectively. The scratch depth (d) is determined

a2

=0 (3.23).

The contact radius is estimated by using the parameters given in Table 3.2. It is
assumed that the testing materials have a flat surface. The contact radii between
the silica probe and the pad for 50 nN normal load and various pH environments
were calculated using the actual surface deformations and are presented in
Table 3.3. In addition, the ratio of w/2R for each pH environment is tabulated as

well. The values of the ratio were greater than 0.3 for all pH environments, which
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means the plowing friction would contribute to the global friction results for pad

and the contribution increases with pH. The same analysis is performed for the

bulk silica substrate and the ratios are presented in Table 3.4. The silica surface

does not experience significant plowing friction.

3.4.3 LFM results

3.4.3.1 Determination of Lateral Response

The friction response of the AFM cantilever during LFM is recorded for

the pad, bulk silica and thermally grown oxide wafer samples under various

normal loads and pH environments. As the particle analog scans the surface of

the samples back and force, the lateral force signals in both directions were

obtained. Figure 3.19 is an example of lateral responses of the cantilever for one

complete scan cycle during LFM. The responses are in nA and measured as a

function of a scanning distance. The negative (blue diamonds) and the positive

(red squares) lateral response signals are obtained during forward and backward

cantilever movements, respectively. The sign difference resulted from that fact

the scanning direction of the two signals were opposite. The lateral responses

shown in Figure 3.20 were obtained by scanning the pad at pH 10 for various
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normal loads (10, 20, 30, 40 and 50 nN). Each data point is the average of each

scan line in one direction and a set of five data points represents each load. The

friction signal increased with the load as expected. The actual lateral response

was determined by calculating half of the signal difference as shown in Figure

3.20. The lateral signal is converted to the lateral friction using the lateral force

calibration factor. It was obtained by the method described in section 3.2.1.2 and

estimated to be 2.161 x 10-7 N/nA.

3.4.3.2 Effect of pH on Lateral Response

To see the effect of pH on the friction results, lateral responses of all three

samples for varying solutions of pH under 50 nN were plotted in Figure 3.21. For

the pad, the lateral response decreased with increasing pH from pH 7 to pH 10

and then increased from pH 10 to pH 11. As the hardness of the pad surface

decreases with pH, the stress required to shear the pad surface decreases as

well. The pad might have reached a critical condition environment at pH 11 as in

the silica surface. Increase of contact area due to larger surface deformation will

result in a significant increase of friction at pH 11. For the bulk silica and thermal

grown oxide wafer substrates, the lateral response did not vary from pH 7 to pH 9
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but started decreasing at higher pH values. The response was the smallest at pH

11 for both materials. This is caused by the formation of the gel layer at high

alkaline environments. The decrease of friction with pH was also observed in

actual CMP [1.22]. The results also showed that the lateral response

experienced by the pad was larger than the other two samples because the

plowing friction was added to the adhesive friction for the pad. The friction

coefficients for the pad at 50 nN for pH varying from 7 to 11 ranged 0.131 to

0.181 while those for the bulk silica and thermally grown oxide wafer for the

same conditions ranged 0.02 to 0.056. A Summary of friction coefficients of the

three samples for pH environments under 50 nN are given in Table 3.5. A similar

value of friction coefficient (~ 0.04) was observed by Taran [1.26] for the friction

response between the colloidal probe and the silica wafer at pH 10.6.

3.4.3.3 Effect of pH on the Determination of Adhesive Friction Models

Since the friction at the silica-silica interface does not involve a plowing

friction, the origin of friction is due to an adhesive friction. Considering the scale

of friction, the surface forces are a possible source that can increase the global

friction. Figure 3.22 shows the lateral responses of the cantilever with the bulk
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silica substrate for various loads and pH environments. The lateral responses at

pH 7 and pH 9 were close to each other while the lateral responses at pH 10 and

pH 11 were close to each other. The lateral responses at pH 10 and pH 11 were

lower than those at pH 7 and pH9 due to formation of gel layer at high pH

environments. Determination of a proper friction model for the silica lateral

response results can be achieved by applying Carpick’s generalized transition

model. The first step is to determine the value of the parameters such as the

transition parameter («), lateral response at zero load (Frp) and pull-off force at

zero load (L) based on the lateral responses. Since the lateral responses at pH

7 and pH 9 were similar, fitting was performed on the results at pH 7. The lateral

response at zero load (Frp) was estimated from Figure 3.22 and the value was

0.279 nN. The pull-off force at zero load (L;) was measured from the force-

distance curve and the value was -0.449 nN. Based on these two parameters,

the best fit was obtained with « = 1. Figure 3.23 compares the measured lateral

responses at pH 7 with the estimated lateral responses with « = 1 and a = 0.

When « = 0 was used, the estimated deviated more from the measured value.

This means the proper friction model for the lateral responses at pH 7 and 9 is

the JKR model. The same procedure was applied for the lateral responses at pH
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10 and pH 11. For this case, the estimated lateral responses at zero load (Fro) at
pH 10 and pH 11 from Figure 3.22 were 0.188 nN and 0.102 nN, respectively.
This is expected because the pull-off force at zero load (L¢) is close to zero due
to increased repulsive force at high pH values. When these two parameters were
used for the estimation, it was shown in Figure 3.24 that the two extreme values
of the transition parameters (o« = 0 and a = 1) are not proper for fitting. There is
no significant surface force effect on the lateral responses at pH 10 and pH 11,
so the lateral responses cannot be analyzed the friction model that integrates
adhesion at the interface such as JKR or DMT model. The data will be analyzed

without the effect of surface forces.

3.4.3.4 Contact Area and Interfacial Shear Strength

For the lateral response results for the silica substrate at pH 7 and pH 9,
the friction model was determined to be the JKR model. Due to existence of pull-
off force, the contact area at zero load for the JKR model, aguxr), still exists,

which is expressed as [3.6]

61/R? 13
a()(JKR) = (?j (324)
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where y is the interfacial energy per unit area (work of adhesion). Following the

procedure given by Carpick, the contact area can be written as

4RL )
Ao(3KR) :(_ E* j (3.25)

where L. is the pull-off force measured from the force-distance curve at pH 7.
The contact area was estimated to be 1.373 nm. It has to be noted that the
contact area estimated by Hertzian at 50 nN was 7.502 nm only. Thus, the
increase of contact area due to surface force will increase the friction force at pH
7 because the friction force is related to square of the contact area.

It was explained that the lower friction experienced by the silica surface at
higher pH environment was due to formation of the silica gel layer on the surface
at high pH. The softening can be explained by observing the difference of the
interfacial strengths between the two surfaces at different pH values. For the
case of the silica at high pH, the adhesive friction (F7) is given as [3.21]

F, =7,A +fP (3.26)
where 7o is the interfacial shear strength, A, is the real area of contact, g
describes the normal load dependency of the shear strength and Pis the applied

normal load. By fitting the friction-load data with (3.26), the interfacial shear
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strength was estimated to be 29 MPa for the silica surface at pH 7. The real

contact area was calculated using (3.12). For the case of the silica at pH 10 and

pH 11, the interfacial shear strength was measured by dividing the friction force

by the contact area calculated from the Hertzian contact radius based on the

measured actual deformation. The values were estimated to be 22 MPa for pH

10 and 7.9 MPa for pH 11. The decrease of the interfacial shear strength with pH

means the decrease of the surface stiffness, which will result in lower friction.

The increase of contact area and the highest value of the interfacial shear

strength at pH 7 is why the lateral responses at pH 7 and pH 9 in Figure 3.21 are

larger than those at pH 10 and pH 11.
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3.5 Conclusion

In this chapter, AFM is used to study fundamental frictional response

during CMP polishing. Silica coated AFM probes were used as the analog of a

nanoscale individual silica CMP abrasive particle. Lateral force microscopy (LFM)

is performed with the particle analogs to investigate the 2-body friction

contribution of an individual silica CMP polishing particle in contact with the

polishing pad and silica substrates for various normal loads and pH solutions.

The deformations of all three samples were measured considering effect of pH

on the pad, silica materials and surface forces. It was shown that the softening of

the pad and silica materials due to increase in pH increased the surface

deformation. In addition, the effect of surface forces on the measured

deformation results was investigated to determine the actual surface deformation.

To determine the friction mode involved in LFM experiments, the actual

deformation of the pad, the bulk silica and thermally grown oxide wafer were

measured for 50 nN at pH 11 and estimated to be 7.125 nm, 1.086 nm and 0.088

nm, respectively. The ratio between the contact radius and the tip radius showed

that the plowing friction was dominant for the pad and the adhesive friction was

dominant for the silica substrates, which should consider the increase of the
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contact area due to adhesion forces. The frictions of the pad, bulk silica and

thermally grown oxide wafer at pH 11 under 50 nN were estimated to be 0.165,

0.028 and 0.016 nN, respectively. Largest friction coefficient was observed for

the pad at the same pH due to plowing. The frictional response of the silica

substrates decreased with pH due to formation of the silica gel layer. It was found

that the proper friction model for the bulk silica substrate at pH 7 and pH 9 was

the JKR model and the contact area estimated by the JKR model explained why

the friction response was higher for these two cases. Since adhesion was

observed for the case at high pH environments, it was determined that the

frictional response for these cases could not be analyzed with the friction models

based on pull-off forces.

Understanding of material removal mechanism in oxide CMP can be

achieved by investigating the interaction between a single abrasive particle

analog and substrates. This will lead to the development of proper models for

material removal rate (MRR). MRR models based on a single particle should not

use material responses obtained in global scale because the interaction between

the particle and the substrate is not the same. The simulation of the contact in

nanoscale can provide the information such as surface forces and the material
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responses (surface deformation and softened surface layer) directly, which
cannot be obtained with a microindenter or mm scale balls. The surface
deformations and surface forces measured with the particle analog can lead to a
better understanding of friction in nanoscale. The measured friction coefficient

and the effect of chemistry can be integrated into MRR models as inputs.
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Figure 3.1: Schematic of an AFM.
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Figure 3.2: Typical force spectroscopy curve.
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Figure 3.3: Topographies of the pad, which possesses unidirectional stripes,

obtained by (a) interferometer and (b) AFM.
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Figure 3.4: (a) Three dimensional topography and (b) surface profile of the

IC1000 obtained by light interferometer.
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Figure 3.5: Three dimensional topography of the bulk silica substrate obtained

with AFM. The bulk silica substrate is an analog of an oxide layer and this

sample has the RMS roughness of about 0.35 nm (Scan size: 5 um by 5 pm).
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Figure 3.6: Image of the thermally grown oxide wafer obtained with AFM. It has

the RMS roughness of about 0.0740 nm (Scan size: 1 um by 1 um).
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(a) Surface deformation determination without surface force
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A: Surface deformation due to
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C: Cantilever movement
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Figure 3.7: Determination of surface deformation (a) without and (b) with surface

forces.
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Surface deformations of JK111, bulk silica and thermal oxide wafer
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Figure 3.8: deformation of the pad, bulk silica and thermally grown oxide wafer

surfaces with various pH environments under 50 nN normal load.
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Distance of non-linear section at different pH environments
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Figure 3.9: An example of the cantilever deflections on the pad near the contact

point at pH 7 and pH 10.
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Surface deformation of JK111 for varisou exposure times and pH
environments
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Figure 3.10: Surface deformations of JK111 for various exposure times and pH

environments.
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Surface Deformation [nm]

Change in surface deformation of JK111 as a function of pH after averaging
all exposure times
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Figure 3.11: Surface deformations of JK111 as a function of pH after

averaging all exposure times.
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Distance of non-linear section of JK111, bulk silica and thermal oxide wafer
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Figure 3.12: Distance of non-linear section near the contact point at various pH

environments.
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Distnace of non-linear section of JK111 for various exposure times and pH
environments
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Figure 3.13: Distance of non-linear section of JK111 for various exposure times

and pH environments.

94




10.0

9.0

8.0

7.0

6.0

5.0

4.0

Distance [nm]

3.0

2.0

1.0

0.0

Distance of Non-linear section of JK111 as a function of pH after averaging
all exposure times

pH?7 pH9 pH10 pH11

Figure 3.14: Distance of non-linear section of JK111 as a function of pH.
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[JK111] Adhesion at various pH

3.5

3.0

25

2.0

1.5

Adhesion [nN]

1.0

I

|
ol
0.0

pH7 pH9 pH10 pH11
(a)
Adhesion on Thermal Oxide
2.5
2.0
Zz
£ 1.5
c
K=
w
£
5 1.0
<
0.5 I| '|
0.0
pH 6.94 pH 9.04 pH9.93 pH 11.02

(b)
Figure 3.15: pull-off forces required for the silica probe to be separated from (a)

the pad and (b) thermally grown oxide wafer.
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Comparison of Non-linear section distances for silica probe and silicon probe
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Figure 3.16: Comparison of the non-linear section distances for (a) the pad and

(b) the bulk silica substrate
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Figure 3.17: SEM images of the silicon tip (b) before and (b) after indentation

experiments.
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Figure 3.18: Schematic of plowing friction.
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Figure 3.19: Forward and backward lateral responses recorded during scanning.
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[JK111 pH10] All LF signals
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Figure 3.20: Average of each scan line during LFM for 10, 20, 30, 40 and 50 nN.
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Friction of all materials for various pH's (Normalload = 50 nN)
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Figure 3.21: Lateral responses of all three samples for various pH environments

under 50 nN.
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[BS] Average Friction Force for various loads and pH's
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Figure 3.22: Lateral responses of the cantilever with the bulk silica substrate for

various loads and pH environments.
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Figure 3.23: Comparison of the measured lateral responses at pH 7 with the

estimated lateral responses with o. =1 and o = 0.
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Figure 3.24: Comparison of the measured lateral responses at pH 11 with the

estimated lateral responses with o. =1 and o = 0.
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pH JK111 BS TGO
7 5.160 0.473 0.009
9 5.908 2.434 0.000
10 5.450 0.550 0.030
11 7.125 1.086 0.088

Table 3.1: Actual surface deformation in nm caused by the silica AFM probe

under 50 nN for various pH environments.
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Materials Radius [nm] Elastic Modulus [GPa] Poisson's ratio
Silica Probe 51.85 70.0 0.17
Bulk Silica, Thermal Oxide Wafer Infinity 70.0 0.17
JK111 Infinity 0.50 0.50

Table 3.2: Parameters used to calculate the contact radius.
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pH | Actual deformation [nm] | Hertzian Contact Radius [nm] W/2R
5.160 16.357 0.315
5.908 17.502 0.338
10 5.450 16.811 0.324
11 7.125 19.220 0.371

Table 3.3: Estimation of 1) contact radii between the silica probe and the pad and
2) w/2R ratios by Hertzian contact based on the actual deformations for 50 nN

normal load and different pH environments.
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pH | Actual deformation [nm] | Hertzian Contact Radius [nm] W/2R
0.473 4.950 0.095
2.434 11.233 0.217
10 0.550 5.340 0.103
11 1.086 7.502 0.145

Table 3.4: Estimation of 1) contact radii between the silica probe and the bulk
silica substrate and 2) w/2R ratios by Hertzian contact based on the actual

deformations for 50 nN normal load and different pH environments.
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pH JK111 BS TGO
7 0.181 0.056 0.036
9 0.141 0.054 0.029
10 0.131 0.039 0.018
11 0.165 0.028 0.016

Table 3.5: Friction coefficients of the three samples for pH environments under

50 nN
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Chapter Four
CMP Generated Defects in Cu/low-k
Patterned Wafers

4.1 Application of nanoscale single particle analogs

In this section, the goal is to measure the surface and lateral deformation

of copper/low-k dielectric patterned wafers by the analog of a single CMP particle

and determine the loads that will initiate damage to sample surfaces. This was

achieved by the use of Atomic Force Microscopy (AFM) nanoscratching in KOH

to mimic the surface damage introduced during CMP, which are generated by

agglomeration of CMP abrasive particles, non-uniformities of polishing pad and

integration of weak, low-k dielectrics. The damaged surfaces were investigated

with AFM and SEM to observe the scratch depth and line bending of patterns,

respectively. Critical loads that initiate deformation or line-bending were

estimated for each structure and the results can be used as a guide for

determining preferred pattern ratios. A contact analysis is applied to understand
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the generation of stresses which drive the surface damage.

The concept of the CMP particle analog was adopted again to simulate

the damage caused by friction on the patterned wafer during CMP. A triangular

cantilever with a diamond-coated AFM probe was the analog of a nanoscale

individual polishing particle in CMP. The normal spring constants were obtained

before their use. The radius of curvature and thickness of the diamond coating of

each probe was measured with SEM (See Section 2.3.1). The wafer was

composed of a copper interconnect and two silica dielectrics and it had structures

with different pattern widths for the copper and dielectric.
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4.2 Experimental

4.2.1 AFM Cantilevers

Since friction measurements on a patterned silicon wafer are subject to a

high load, it is necessary to have a probe that is highly resistant to wear and a

cantilever that is stiff enough to apply large normal and lateral loads for scribing.

Au-coated reflective triangular Si cantilevers with a diamond-coated probe tip

(DCP20, NT-MDT) were used. Typical dimensions and spring constant range of

cantilevers from the manufacturer is presented in Table 4.1. Since the range of

the spring constant provided by the manufacturer had a large variation, to know

with precision the applied load during experiments, the cantilever spring

constants were calibrated prior to performing experiments. In addition, lateral

calibration factor was obtained to convert the lateral signals to lateral forces.

4.2.2 Normal Spring Constant Calibration of a Triangular AFM cantilever and

Determination of Lateral Calibration Factor

Spring constants of triangular cantilevers are determined by using the

thermal tuning methods [3.1]. The method is developed for a rectangular

cantilever, thus a correction for triangular cantilever geometry is used
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(k,; =0.764k .. ) determined by Stark et al. [3.8] using FEM. Thus, the normal

spring constant (kw, ) of the triangular can be determined by,

kg T

Ky 1. =0.764

(4.1)
where kg, T and A represent the Boltzmann constant, measured temperature in
Kelvin and the area under the power spectrum-frequency curve, respectively.
Applied normal loads are calculated by multiplying the spring constant (k) by a
distance that is measured from the force-displacement curve for a given
photodiode signal change.

The procedure to determine the lateral force calibration factor for a
triangular cantilever is similar to the rectangular cantilever case (see section
3.2.1.2). The lateral spring constant (k.) estimated by geometry [4.1] is sensitive
to E*t3 where E is the elastic modulus and fis the thickness of the cantilever.
Since it is difficult to measure the exact value of the elastic modulus and
thickness of the cantilever, the lateral spring constant measured from geometry
may deviate from its real value significantly. This can be avoided by determining
the value of E*t3 numerically after measuring the normal spring constant

experimentally and comparing that to the normal spring constant of the triangular

cantilever found from geometry [4.2]. The ratio of the lateral and normal spring
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constant can be obtained by comparing the two calculated values. Since the

lateral sensitivity does not depend on geometry, it can be found in the same

ways as in the rectangular cantilever case.

4.2.3 Materials — Patterned Wafer

Patterned silicon wafers acquired from an industrial supplier contained a

copper serpentine line pattern within a silica dielectric (See Figure 4.1). Samples

were diamond-scribed from 300 mm wafers into specimens of 10 mm x 5 mm in

size. Copper interconnect and dielectric film patterns had variations in line width

and in spacing, ranging from 80 nm to 235 nm and 80 nm to 245 nm, respectively.

To assist in normalizing the patterns, a pattern density is defined by the ratio of

the dividing a copper interconnect width to the sum of the copper interconnect

and dielectric film widths. SEM was used to measure widths of the copper

interconnect and dielectric film and the widths and pattern densities are

presented in Table 4.2.

In addition, two different dielectric (ka = 3.05; ks = 2.50) materials were

compared, and taken from separate wafers. Properties of the two dielectrics

varied by a factor of 1.08 for the elastic modulus (Ea/Es) and 0.92 for

118



nanohardness (Ha/Hg). The properties of the two dielectric materials provided in

Table 4.3. Porosity differed by a factor of 0.27 a clear indicator of the change in

dielectric constant of the film.

4.2.4 AFM Force Lithography

AFM force lithography is a technique used to scan a prescribed region of a

sample with a controlled load and geometry. The method can be considered as a

“write”-technique and when integrated with fluid reservoirs and heated probes

can be used for a variety of applications. By recording the cantilever deflection

and torsion signals while scanning, lateral forces and coefficients of friction can

be calculated. Friction force (FFM) or lateral force measurements (LFM) are

similar techniques which apply normal loads orders of magnitude smaller. Here,

samples are mounted in an open wet cell where force lithography is performed

on specific line patterns found on the surface with a diamond coated probe tip

connected with a high stiffness cantilever. After completing the spring constant

measurements and the sample preparation, the sample was mounted in a wet

cell and the calibrated cantilever was installed on a glass prism holder. KOH (pH

= 9.21) filled the wet cell, completely submerging sample and cantilever. Patterns
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of interest were identified using an optical microscope attached to the AFM, and

series of scans were performed to locate the pattern. After exposure to KOH for

one hour, force lithography was used to produce scratches perpendicular to the

serpentine line patterns. A wide span of applied normal loads was applied to

determine the minimum load to plastically deform the surface and to obtain

deformations such as the scratch depth and line bending of patterns as a

function of an applied normal load. For all lithography scans, the scratch length

was 2 um and the scribing speed of the AFM probe was 0.3 um/s. Separation

between scratches was 1 um. Due to potential wear of the diamond coated

probes, single cantilever was used for force lithography of two patterns. After

completion of the lithography, the sample surfaces were scanned in an

intermittent contact mode to observe surface deformations made on the copper

interconnects and the dielectric films after scratching. This allows for

observations and analysis of the 3-D topography and profiles of the scratches to

measure the depth and corresponding pile-up to investigate relationships

between the applied loads and scratch depths. In addition, SEM was used to

image deformation of copper interconnects and dielectric flms due to lateral

forces applied during scratching. AFM, though effective in observing changes of
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topography, was unable to determine deformation of line patterns.
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4.3 Results

4.3.1 Measurement of scratch deformation

After performing scratch tests, the used tip was observed again with SEM

to observe tip wear. The SEM micrographs of the probe tip presented in Figure

4.2 (a) and (b) show a significant change in the probe tip after scratch testing.

Debris from surface machining and wear is formed on the tip ends. Surface

topography after scratching was measured with an AFM in intermittent contact

mode directly after testing to avoid contamination such as dust. Intermittent

contact mode is used so that damage does not occur due to topography

scanning with high spring constant cantilever. Figure 4.3 shows (a) an AFM

image of the surface topography with deformed structures and (b) the SEM

micrograph for the same structure. The dark regions of the serpentine line

structure represent dielectric material. The copper lines had an ~ 12 nm height

change from the dielectric film. Lines were verified with SEM (Figure 4.3 (b)) and

energy dispersive X-ray spectroscopy (EDX) to determine the chemical

composition as a function of spectral location. Material removed can be seen in

the middle and on the right side. In Figure 4.3 (b), the white and black lines are

the copper interconnect and the dielectric film, respectively.
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The topography data was analyzed along the scratching direction and

perpendicular to the scratches. For the profiles along the scratch directions,

deformations of copper interconnects and dielectric films were analyzed

simultaneously to measure average scratch depth for a given applied normal

load. Surface profiles perpendicular to the scratches on the copper interconnects

and dielectric flms were measured separately to observe the effect of applied

normal loads on the two materials. The same analysis was repeated for

structures with different line densities to observe the effect on the deformations.

Figure 4.4 shows the scratch depth measured along scratches made on

Structure 1 for applied normal loads from 10 — 19 uN. A reference profile, which

is a profile along the intact copper interconnects or dielectric films, was used to

measure the height variations of the intact copper interconnects and dielectric

films, was 7.59 nm and 5.49 nm, respectively. As expected, the scratch depth

increased as the applied normal load increased. This relationship can be

considered linear because the depth changes in the first two loads are

compatible with the roughness of the intact structure, thus the second data point

can be considered that it is not located far from the regression line. By

extrapolating the regression line down to the x-axis, a critical load, which is the
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normal load that initiates the plastic deformation of the surface, was estimated to

be 9.62 uN. This estimation is a good indicator of the maximum normal load that

should be avoided during a CMP process. The normal pressure for this load is

estimated to be 544.64 MPa using Hertzian contact.

It was observed that the deformation of the dielectric film was negligible

since the deformation of the film was on a similar magnitude as the roughness

measured from the reference profile. However, a noticeable variation of scratch

depth was observed on the copper interconnect and this indicates that the

dielectric film is less susceptible to lateral load compared to the copper

interconnect. The results in Figure 4.5 represent the scratch depth of the copper

interconnects and the height of the corresponding pile-up as a function of normal

loads. An example of where scratch depth and pileup are located is shown in

Figure 4.5. Both scratch depth and pile-up increased with increasing loads. The

magnitude of the pile-up height was generally smaller than that of the scratch

depth. However, it increases drastically with copper deformation. This indicates

that the pile-up may worsen with an increased downforce. Thus, it is crucial to

estimate the load for the onset of the plastic deformation of the copper

interconnect because the pile-up is observed to be generated after the initiation
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of the plastic deformation and increases rapidly.

4.3.2 Analysis of Line Pattern Effect on Scratch Deformation

The effect of the pattern line density was observed by comparing the

scratch deformation results. Structure 2 (I = 0.467) and Structure 3 (I = 0.751)

were chosen so that the effect of a wider copper interconnect line with respect to

the dielectric width could be observed. In Figure 4.6, the scratch depths of both

structures are presented as a function of applied normal load. The critical loads

(i.e. the loads to initiate a permanent deformation) for Structures 2 and 3 were

estimated to be 8.84 uN and 8.69 uN, respectively, implying that both structures

began to incur permanent deformation at a similar normal load. In addition, the

red arrows drawn in Figure 4.6 indicate that the structure 2 requires a higher

normal load to obtain the same deformation as structure 3. Alternatively, this may

be quantified by the slopes, m, of linear regression lines (m = 0.0038, 0.0074;

structure2, 3, respectively. The results indicate a smaller slope for the lower

density structure 2 implying that a lower density will decrease the scratch

deformation. This may be explained by the confinement of the copper line within

the lower-k dielectric film. Since copper has a lower hardness than the dielectric,

125



the stress necessary to deform the copper is achieved at a lower contact

pressure. A wider copper line (as in structure 3) will have a larger span which

unconstrained by the dielectric film, allowing for an increase in surface

deformation.

4.3.3 Analysis of Dielectric Stiffness Effect on Scratch Deformation

Two structures which had a similar line density but were composed of

different dielectric materials were tested with the AFM nanoscratch technique.

The relative elastic modus and nanohardness of the two dielectric materials can

be seen in Table 3. The scratch deformation response to normal loads is

presented in Figure 4.7. The material properties of film B were approximately 70 %

of those of film A due to porosity introduced during processing. Structure 2 and 4

had a similar line density, though the responses to lateral forces were markedly

different. Structure 4 with weaker dielectric film B was far more susceptible to

plastic deformation than Structure 2 with dielectric film A. The critical load to

deform Structure 4 was estimated to be 1.04 uN, compared with 8.834 uN for

Structure 2. A regression analysis of the data shows a larger slope for dielectric

film B than that for dielectric film A, indicating that Structure 4 is more susceptible
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to deformation. The advantage of using the dielectric film B can only be

maintained by controlling the contact pressure more carefully. The results are

expected since the lower stiffness and hardness of film B provides less constraint

to the contact stresses during scratching.

4.3.4 Line bending of Patterned wafers

An illustration of how to measure line bending of a pattern is presented in

Figure 4.8. It was assumed that a copper interconnect and a dielectric film bent

the same amount. The distance between the intact and the bent copper

interconnect is measured to determines the displacement of the copper pattern

due to bending.

4.3.5 Analysis of Line Pattern Effect on Line Bending

Bending of the copper and dielectric line patterns for Structures 1 and 2,

which had different line densities (I = 0.623, | = 0.476; for structure 1, 2,

respectively), were obtained after scratches were performed on both structures.

The dielectric film material was the same for both tested patterns. Measurement

techniques were followed as described in the experiment section and utilized
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scanning electron microscopy and digital imaging software. Structure 1 was

observed to exhibit more resistance to bending due to a lateral applied force (see

Figure 4.9). The critical normal loads where initial was observed for Structures 1

and 2 were estimated to be 5.27 uN and 10.6 uN, respectively. A large slope of

the regression line for Structure 1 indicates that there requires less load to

achieve the same amount of line bending compared to Structure 2. The thinner

dielectric film width between copper lines increased the amount of observed line

bending. The decreased constraint of the dielectric thickness between copper

lines of the same width allowed lateral forces translated into shear stresses to

shift the pattern. This can be considered as a two-dimensional element of

material, where the free surface contains a shear traction and the lower surface

is assumed constrained to the substrate. The extent of the linear deformation

(bending) has not been observed, though it is postulated that the materials

remain adhered to the substrate, as long as applied loads were not high enough

to remove and wear material. Since the surface displacements observed are on

the order of 10 nm, and the vertical film thickness is on the order of microns, the

contact stress field is a local phenomenon. For thinner film thicknesses or

different size indenter tips, results are hypothesized to be affected by these size
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effects, due to the contact stress field in the subsurface being related to the film

thickness through a substrate effect and the indenter size by a contact pressure

similarity.

4.3.6 Analysis of Dielectric Stiffness Effect on Lind Bending

The effect of film materials on line bending was observed in Structures 2

and 4, which had a similar pattern density but different dielectric film materials.

Figure 4.10 shows the observation that a difference in the dielectric film material

properties has a significant effect on the amount of line bending. Dielectric film A

showed over two times more resistance to line bending. This result is partly

expected because the width of the dielectric film was observed to be critical in

the previous analysis. This can be considered an element of material which is

effectively thinner due to the property decrease. An interaction between line

structures surely is an important factor as observed, though the property effect

seems to play a greater role in the mechanism of line bending than the line

density.
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4.4 Discussion

4.4 .1 Scratch Mechanics

The deformation and stresses in contact between the particle analog

(probe tip) and the substrate is described in Figure 4.11. Surface deformation is

governed by the mechanical properties of the materials and the boundary

conditions due to the free surface, substrate, and line interfaces. Considering a

half-space of a homogeneous material the contact stresses on the surface and

within the sub-surface are calculated following Hamilton and Goodman [4.3, 4.4]

for a three-dimensional sliding contact (with circular contact area of radius a),

where the boundary conditions inside the contact circle are based on the

Hertzian pressure relation,

3P

0, =~ 75— at —r? 4.2)
and the shear traction relation,
3F
Tox =~ 53— a’? —r? (4.3)

with the condition that £ = uP, where F is the friction force, u is the friction

coefficient and, and P is the applied normal load. The combined stresses based

on superposition of the normal and shear traction distributions, at the surface (z =

0) and in the contact area (r < a) are given by:

130



3P i{yzr_zxz [1—321/ {(az —r2)3/2 _ as}] — (%2 + 2vy?) (a? — r2)1/2}] +

x 2ma3 Lr?

L6 6o

2mal

_ 3P [l{xzr_zyz [1—321/ {(a? —12)3/? — a3}] — (y% + 2vx?) (a? — r2)1/2}] n

., =
y 2ma3 Lr?
3F 3nvx
— 4.5
2na3[ 8 ] ( )
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(4.6)

T,y =0 4.7)

The maximum stress for friction coefficients greater than 0.3 (for v = 0.3) will
reside at the surface. Since a large deformation (plowing) is present, assumption
of at least 1= 0.3 is assumed between the diamond probe tip and the surface
materials (copper and a low-k dielectric) in the analysis.

Contact stresses normal to the surface are calculated for 8 uN normal load
from equation (1), where the maximum contact stress for the copper and
dielectrics (A and B) are located at the center of contact and estimated to be
4.199, 0.926 and 0.745 GPa. The contact area, a, was calculated by Hertzian
contact using the values given in Table 4.4. For the diamond-coated AFM probe,

the radius of curvature was assumed to be 500 nm because of the tip wear

during experiments. Compared with the hardness of copper, ~1 GPa, the
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material is expected to incur permanent deformation when a yield criteria of the
material is exceeded. To realize the effect of the normal and tangential tractions
together, it is more relevant to represent the stress in a combined state with the
von Mises yield parameter:

J2 = Y(ox-0y)"+(oy~0,)" +(0,0:)%] + TS, + T2 + 75 (4.8)

On the surface centerline (z= 0, y=0), \/]_z/pmax is plotted in Figure 4.12 using
v= 0.3 and p=0.3. It is known that as the COF increases, surface stresses are
more dominant than sub-surface stresses, and that significant yielding will occur
at the surface. The center of the trailing edge of the probe represents the critical
stress location as indicated in Figure 4.12. When the COF is less than 0.3, the
material is predicted to yield predominantly in the sub-surface. When the values
of J- are greater than or equal to a critical stress value, yielding would be

expected. This is given by,

YZ
)
For pﬂ: 0.378 (assuming x = 0.3), then p,, = 2.65\/J, . Taking \/J, =%
where Yis the yield strength in simple tension, for surface yield p,, = %Y.

Considering the mean pressure of the normal contact, where p = %pmx , then

p= %%Y . Assuming the Meyer’s hardness relationship for the materials, Y ~
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g, then the mean pressure is given asp = %%H The critical load (Ps) to
initiate yielding is determined using the Hertzian relationship between load,

geometry, material properties, and the contact area [4.5],

__(3PR\%/3 2265
Pr=n(3z) 35 H (4.10)

The critical load can be re-written as.

P = 9R? (n*2*2.65 H)3 (4.11)

1662\ 9v3
For the copper with £= 110 GPa and H = ~1 PGa, the load was only 14.3 nN.
For low-k dielectrics (A and B), with £=8 — 11 GPa and H=1 - 2 GPa, as
measured from nanoindentation, the range of load is A= 6.587 to 12.214 uN. It is
clear that since the Cu lines have a modulus an order of magnitude greater and a
similar hardness (~1 GPa), then the load necessary to yield the Cu is much lower.
This lead to the change in normal surface deformation observed in the post-
scratch scans (see Figure 4.8). As applied normal load was increased, the
deformation difference became even more significant. It has to be noted that the
critical load for the copper was too low if the copper film is considered only.
According to the surface deformation result, the critical load of the copper film

initiated at 1.1 uN and 8.8 uN when it was combined with the low-k dielectrics A

and B, respectively. If it is assumed that the Cu/low-k film is an effective material
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with £, the values were estimated to be 12.48 GPa and 44.13 GPa. For the

normal load of 1.1 uN, the contact depth was estimated to be 3.463 nm. The

deformation is less than ten percent of the film thickness, so there is no substrate

effect on the deformation. Based on the effective moduli calculated above, values

of normal load to yield the materials as a function of friction coefficient are found

in Table 4.5. The critical load decreased with the increase of friction coefficient

showing smaller load is required with a large friction coefficient. The results can

be compared with those of Saka et al. [4.6], which performed microscratches on

copper and low-k dielectric blanket coatings using a plowing scratch model.

Contact stresses of their work were found to be ~ 700 MPa for the scratches. For

actual CMP single abrasive particles, if 500nN load is assumed on a particle,

then mean pressures are expected to be ~1.5 GPa and larger.

4.4 .2 Surface Deformations

The surface deformation results of the same ILD with a different density

(section 4.3.2) showed that a larger load was required to obtain the same amount

of surface deformation for the structure with lower line density (Structure 2). If the

two structures have a different effective modulus but a similar hardness, the
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deformation depths (4) of the two structures can be expressed with the slopes of
Structure 2 and 3 (m2 and ms), respectively, as following:

h=m,P, = m,P, (4.12)

where P2 and P; are the loads to deform the two surfaces by the same amount.
Since both structures have a similar hardness, the relation between the load and

the effective modulus can be expressed as

Ews _ My (4.13)
Eef‘f 2 m2

where E”2 and E”er3are the effective moduli of Structure 2 and 3, respectively.
When the values of the two slopes were substituted, the ratio was 1.40
suggesting that the effective modulus of Structure 3 was 1.40 times larger due to
the difference in the width of the dielectric film. The increase of ILD in the film
reduces the effective modulus which leads to higher loads necessary to deform
the surface. A similar value of ratio was observed when the pattern densities of
the two structures (/5//2 = 0.751/0.476 = 1.58).

When the structures with similar line densities but a different dielectric
materials (A and B) (section 4.3.3) were compared, it was observed that the

critical load for the structure with stiffer dielectric material (A) was 8 times larger.
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Assuming that both structures have a similar effective modulus, the critical load is
governed by the hardness. The ratio of the two critical loads can be express with

hardness as

3
I:)crit,A — ﬂ (414)
P Hyg

arit,B
where Pcita and Peis are the critical loads and Ha and Hp are the hardness of
for the structures with the dielectric film A and B. Since the ratio of the two
hardness values are approximately 2, the critical load ratio calculated from

Equation (13) is close to the observed ratio ( ~8) of the critical loads for the two

structures.

4.4 .3 Lateral Deformations

Lateral surface deformations as seen in Figure 4.8 are observed to have a
semi-circular shape with maximum lateral deformation occurring along the
centerline of the scratch. This follows the contact stress analysis and the
assumption that material will yield at a critical stress, which predicts the highest
stress occurs at the center region of the contact. It is also observed that there is

no separation between the copper and low-k dielectric line structures, until
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significant plastic deformation and delamination occur. Even in this case, there is

evidence from SEM analysis that material removal occurs as a single ‘chip’ (see

Figure 4.8), with intact copper and low-k regions. This result indicates a strong

bond between the materials and the adhesion of the films to the underlying

substrate. From the analysis one can predict the critical stresses necessary for

significant line deformation, which is the tensile stress at the trailing edge of the

contact. For the observed experimental cases, the value was estimated to be

0.326 GPa using equation (4.4) with y=0, x=-a. This stress is a major

contribution to the lateral surface deformations present on the sample. The

lateral deformation follows the same response to loading as described in sec. 4.1.

The contact stresses will generate a maximum stress state (J2) in the material

which can lead to yielding based on a specified criterion. Though for the lateral

deformations, surface driven yield is the dominant mechanism to create the

yielding of the Cu and low-k interfaces. The lateral deformation is more affected

by the line spacing and widths than the normal deformation and is due to the fact

that deformations at the interface are being measured. As the probe traverses

one domain to the next, the stress field will interact with the domain interface.

The problem of a normal shear traction boundary condition at a bi-material
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interface has been studied by Bogy [4.7 — 4.8]. When approaching a stiffer
material domain in a bi-material, the interface will deform less. The mismatch
between the two material stiffness will govern the surface deformation of the
interface. As the domain widths are made finite, the effect of the Cu stiffness
lowering the load to yield the surface will become more pronounced with a higher
Cu line density, which was observed experimentally. An increase of the dielectric
spacing (i.e. a decrease in Cu density) will lead to less lateral surface
deformation and bending of the domain boundary.

The lateral surface deformation is more intrinsically associated with the
stiffness of the Cu/low-k interface than the Cu normal deformation, and therefore
the effects of the low-k material will be more pronounced. For results of
structures with the different ILD material but the similar line density (section
4.3.6), the load necessary for lateral deformation was different by 2 times. The
ratio of the critical loads can be written as

P 3
LA = (HA/HB)Z (4.15)
Pre  (Ea/Es)

Substitution of the values gives 1.9 for the ratio, which as very close to the ratio

based on the experiment (1.8).
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For the results of the same ILD with differing line density (section 4.3.4),

the low-k region width corresponds to the changes in the slope measured from

the depth-load plot. The width ratio of the dielectric material A and B (1.71) was

similar to the square root of the slope ratio (1.69).

4.4 .4 Environmental Effects on Contact Conditions

All tests reported were carried out as explained in a KOH solution with pH

= 9. The value was chosen to simulate to a reasonable degree the contact

conditions observed during industrial CMP processing. The effect of chemical

solution and the aqueous environment was observed to alter results for either

prolonged exposure or lack of solution in the contact space. When patterned

samples were exposed to KOH solutions for over 1 hour, low contact force (order

of nN) AFM topography imaging was observed to deform and cause a material

removal process on the surface. This is believed to be due to a significant

chemical softening of the materials, which lead to material removal even at low

contact pressures. This was also observed with SEM, showing distinct wear

grooves and material smearing on the surface in the AFM scanning directions.

When diamond coated AFM probes were used for AFM-based scratch tests in a
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dry environment, significant probe tip wear was observed. This was due to the

lack of an aqueous environment between the particle analog and the substrate at

the applied scratch loads. The probe wear was detrimental to accurate contact

analysis, since the varying tip shape and dimensions would alter the contact

conditions. It was clear that performing tests in an aqueous environment were

important for adequate understanding of the lateral and normal deformations

reported.
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4.5 Conclusion

Surface deformation during a CMP process was simulated by utilizing a

diamond-coated AFM probe as an analog of a nanoscale individual abrasive

particle in CMP and performing AFM force lithography on various structures on a

patterned wafer under KOH environment. The analysis of the modified structures

by lateral force was investigated in two categories: scratch depth of copper

interconnects and line bending of patterned structures. Profile of scratches on

both materials showed that the deformation of the dielectric film was negligible

compared to that of the copper interconnects. As expected, both scratch depth

and pile-up increased as higher normal loads were applied. It is worth noting that

the pile-up around the copper interconnects was not significant for small loads

but its magnitude increased significantly as more copper was removed. In

addition, weaker dielectric film was far more susceptible to plastic deformation.

Thus, it is crucial to estimate the load for the onset of the plastic deformation of

copper interconnects. When structures with different structure densities were

compared, the structure with lower density was preferred to lower a chance of

damaging the surface. For bending of pattern, it was found that the structure with

larger dielectric film width and with stiffer dielectric material was more resistant to
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bending. The extent of the lateral deformations in unknown at this point, though

due to the small surface deformations during scratching, the profile change is

believed to be occurring at the near surface
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Figure 4.1: Patterned silicon wafers containing a copper serpentine line

pattern within a silica dielectric
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Figure 4.2: SEM micrographs of the diamond coated probe (a) before and (b)

after scratching testing. A significant change in the probe tip after scratch testing

is shown forming debris from surface machining and wear on the tip ends.
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Figure 4.3: (a) AFM topography image of the scratched line structure. Peak
to valley height of image is 200 nm. (b) SEM micrograph of the same
structure.
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Figure 4.4: Scratch depths as a function of applied loads.
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Figure 4.5: Scratch depth and pile-up of copper interconnects with

increasing normal loads.
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Figure 4.6: Scratch depth as a function of a normal load for the structure

with different structure densities.
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Figure 4.7: Scratch depth as a function of a normal load with different

material properties
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Figure 4.8: lllustration of measurement of line bending with SEM.
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Figure 4.9: Line bending for two structures with different dielectric widths
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Figure 4.10: Effect of film materials on line bending of the pattern
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Figure 4.11: Description of the contact stress field (ox) between the

particle analog and the substrates during sliding contact; red contours represent

tensile stresses and blue contours represent compressive stresses.
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Length [mm] | Width [mm] Thickness [mm] Spring Constant [N/m]
L+5mm | w+5mm Min | Typical| Max Min | Typical| Max
90 60 1.7 2 2.3 28 48 91

Table 4.1: Dimensions and a range of a spring constant of cantilevers used in the

experiments.
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Structure Width [nm] Dielectric
Copper Dielectric Material

1 234.57 141.97 A

2 223.32 245.65 A

3 123.72 40.93 A

4 80.93 81.86 B

Table 4.2: Widths of the copper patterns and dielectric materials and their ratios

for structures.
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Fim Efashic Modulus (GPa) Hardness (GPa) Porosity (%)

A 111 21 B.7
B 8 14 25

Table 4.3: Properties of nonporous and porous dielectric materials.

157



Material Curvature Elastic Poisson ratio
Radius [nm] Modulus [GPa]
Diamond probe 500 1141 0.07
Copper Infinity 110 0.3
Dielectric A Infinity 11 0.17
Dielectric B Infinity 8 0.17

Table 4.4: Values to calculate contact radii of the contact between the diamond

probe and its counterfaces.
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u P. based on 12.48 GPa [uN] P, based on 44.13 GPa [uN]
0.1 6.512 52.100
0.2 2.381 19.045
0.3 1.098 8.784
0.4 0.589 4,714
0.5 0.351 2.806
0.6 0.225 1.800
0.7 0.153 1.222
0.8 0.108 0.866
0.9 0.080 0.636
1.0 0.060 0.481

Table 4.5: Critical loads as a function of friction coefficient for two effective

moduli.
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Chapter Five
Conclusions

In this work, lateral force microscopy (LFM) was performed with analogs

(silica-coated AFM probe and diamond-coated AFM probe) of a nanoscale

individual CMP abrasive particle to mimic a chemical mechanical polishing (CMP)

process. The silica-coated AFM probes were used to investigate the 2-body

friction contribution of an individual silica CMP polishing particle in contact with

the polishing pad (JK111) and silica substrates (bulk silica and thermal grown

oxide wafer) for load and pH ranging from 10 nN to 50 nN and 7 to 11,

respectively. Actual surface deformations of the three samples were obtained by

considering the effect of pH on softening of the pad and silica materials (silica

probe and silica substrates) and on the surface force, which caused

overestimation of the measured surface deformation. The actual deformation was

used to determine which mode of friction was involved during LFM. It was shown

that the predominant friction mode for the pad surface was plowing friction while
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the friction of the silica substrates was governed by adhesive friction. This

difference was why the pad experienced larger friction than the silica substrates.

For the bulk silica substrate, the friction was lower due to the formation of a

presumed silica gel layer by the high pH solution. A proper friction model for the

bulk silica was determined by fitting the friction results with Carpick’s generalized

transition equation. The friction results at pH 7 and 9 were determined to follow

the JKR model. The friction response at pH 10 and 11 did not show any friction at

zero normal load, so the analysis of the friction data was based on a Hertzian

contact model. The measured surface deformation and friction coefficient in this

work can be used as inputs to material removal rate (MRR) models because they

are measured with a particle analog of an individual CMP abrasive particle.

The diamond-coated AFM probes were used to simulate the surface

deformation during a CMP process. AFM force lithography on structures

composed of various copper-dielectric pattern densities and two dielectric

materials under a KOH environment was performed. The modified surfaces due

to lateral force were analyzed to obtain the scratch depth of copper interconnects

and line bending of patterned structures. It was observed that the deformation of

the dielectric film was negligible as compared to that of the copper interconnects
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when the profiles of the scratches were analyzed. Both scratch depth and pile-up

of copper interconnects increased with normal loads. Removal of copper at low

load did produce pile-up but the magnitude of the pile up increased significantly

with larger loads. It was observed that the structure with higher pattern densities

were susceptible to deformation because the ratio of the copper interconnect to

the dielectric was larger. Thus, it is crucial to estimate the load for the onset of

the plastic deformation of copper interconnects for the surface deformation. In

addition, a weaker dielectric film was far more susceptible to plastic deformation

as expected. For bending of pattern structures, it was found that the structure

with a similar pattern density but larger dielectric film width or with stiffer dielectric

material was more resistant to bending.
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