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Abstract

Increasing systemic error during copper CMP (Chemical Mechanical Planarization) is due to the uneven surface
topography generated during the process. A mechanistic model based on a fundamental understanding of the process
constituents was proposed to predict material removal rates and the post CMP topography. Two synergistic
mechanisms were proposed: 1) chemically dominant behavior is explained by the repetitive removal and formation of
a protective layer on copper surface and chemical dissolution during the process, 2) mechanically dominant removal
mechanism is due to the material behavior of copper at the nano-scale and subsequent oxidation and removal of the
plastically deformed copper. As a step forward to optimize the process and the manufacturing system, this model was
extended to explain pattern dependent variability during copper CMP.
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1. Introduction

Copper CMP (Chemical Mechanical Planarization) is a technique used to planarize uneven wafer
surfaces during semiconductor manufacturing processes. It has been a key enabling technology for copper
multilevel metallization of semiconductor interconnects. With scaling down of the semiconductor devices
and interconnects, and enlargement of the wafer size, the process requirements for copper CMP have
become more challenging (i.e. requiring less variation in height (step height) of the polished surface and
less defect level, etc) [1]. Moreover, major yield loss during manufacturing of the semiconductor devices
is increasingly related to the design of the chips (i.e. systemic errors) rather than to the processes (i.e.
random errors) as the devices are scaled down. Design for Manufacturability (DfM) has been adopted to
address this systemic error of the manufacturing system. However, currently available DfM tools utilize
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an empirical process model (based on Preston’s equation [2]) of copper CMP, requiring a significant
amount of calibration through experiment. Therefore, a new CMP model that reduces the burden of the
calibration is required.

Although many CMP models have been developed by different researchers [2-5], most of them were
insufficient at explaining the material removal mechanism during copper CMP. A synergistic model was
proposed by Tripathi et al. for copper CMP [6]. They assumed that the passivation layer formed is thick
enough that the abrasives or pad asperities remove only some fraction of the passivation layer at the top.
They also neglected the direct removal of copper by the action of abrasives or asperities. However, it is
evident from experimental data [7-9] that mechanical action alone (without any chemicals) can remove
some copper. Also, the time between consecutive asperity and copper interactions is too short for forming
a thick layer of the protective (passivation) material. Therefore, both mechanical and chemical aspects
and their synergism must be considered to account for the material removal mechanism during copper
CMP. In this study, a quantitative and mechanistic model of copper CMP that predicts MRR is proposed
and extended to explain pattern dependent variability during the process.

Nomenclature

Ass average contact area between an asperity and copper
A cross-sectional area of a trench generated by abrasives
Ay surface area of wafer

Ar% real contact area ratio

F Faraday’s constant
Ky correction factor accounting for partial removal of oxidized pile up copper
K, correction factor accounting for material removal only on or at vicinity of grain boundaries.

Mcy atomic mass of copper

n oxidation state of the oxidized copper

Nab number of abrasives trapped by asperities

tas interval between consecutive an asperity and copper contacts
Vv sliding velocity of abrasives

P density of copper

2. Modeling of Copper CMP to Predict MRR

A quantitative and mechanistic model for copper CMP is proposed partly based on the model by
Tripathi et al. [6]. To overcome the limitation of the previous models, a wide range of input parameters
are considered and the synergism between chemical and mechanical aspects is considered. The model can
be illustrated as follows: A fraction of the copper surface is occupied by protective material formed by
slurry chemistry. During the interaction of copper and a CMP pad asperity/abrasives a fraction of the
protective material is removed, then reformed before the next asperity/abrasives interaction. During the




Author name / Procedia Engineering 00 (2012) 000-000

time period between consecutive asperity and copper interactions, active chemical dissolution of copper
occurs at both protected and unprotected sites, but with different rates. The removal of copper by the
dissolution and by the protective material removal is termed chemically dominant material removal. In
addition, the force applied by abrasives trapped between pad asperities and copper will cause plastic
deformation of the copper if the shear stress induced by the abrasives overcomes the shear strength of
copper. This deformation is restricted to the region where defects in the crystal structure are accumulated
(such as at grain boundaries). Deformed material will be piled up along the trenches created by the sliding
path of the abrasives, then successively oxidized and removed by subsequent asperities/abrasives
interactions. This type of material removal is termed mechanically dominant material removal. The
overall MRR during copper CMP (MRRyy,) is estimated by adding these chemically (MRRyem) and
mechanically dominant (MRRec,) COmponents.

2.1. Chemically Dominant Material Removal Mechanism

The chemically dominant mechanism can be explained using Figure 1. Once the force exerted on
copper by pad asperities is determined (Figure 1(a)), the fraction of the protective material that is
removed during the interaction of an asperity and copper can be estimated (Figure 1(b)). This is defined
as the removal efficiency (7). The frequency of asperity/copper interactions and the removal efficiency
determine the characteristic time t, which dictates how much area of copper is occupied by the protective
material, which is termed as coverage ratio, & (Figure 1(c)). The coverage ratio right after the interaction
by an asperity is the value at t, and right before the next interaction by an asperity is the value at to+t,.
During copper CMP the coverage ratio changes cyclically between these two values and the amount of
copper oxidized (by dissolution and by forming the protective material) can be calculated by evaluating
the area under the current density curve between t, and to+t,s. Thus, the chemically dominant removal of
copper can be calculated using Faraday’s law as shown in equation (1). Those three components of this
mechanism are explained as follows.

to+Hys

M :
MRR,,, =—2- [i(t)dt
PnFT "
(a) Frequency and Force of (b) Removal Response of (c) Adsorption Kinetics of
Asperities and Copper Interactions Protective Material ‘Protective Material \
< 1 —
£ N < [T g
] = - e
2 _ S '% ts On SN
c 2 &= = s £
© t w o © O
1S as = oo T >
s~ g © = <
° o o o=
g § > 3
2 Time (ms) < Force on an asperity (mN) ©
to Time (s)

Figure 1. Modeling framework for the chemically dominant material removal mechanism

The frequency of asperity/copper interactions can be determined by evaluating the real contact area
ratio and the average area of each contact. Those data were obtained from optical images of the contact
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interface [10]. Based on the data, the interval between consecutive asperity/copper contacts was
determined to be 1-10 ms and the duration of each contact was 10 ps.

The relationship between the removal efficiency and the force applied on copper by an asperity was
determined by comparing the area swept by an asperity and the area swept by the abrasives trapped
between the asperity and copper during the interaction of an asperity and copper. It was assumed that the
sweeping action of abrasives embedded in an asperity generates linear trenches on the copper surface.
The determined relationship between the removal efficiency and the number of trapped abrasives for
typical CMP condition is shown in Figure 2(a). The contact area between an asperity and copper was
assumed to 100 um? and the abrasive sizes were 100 nm in diameter.

The adsorption kinetics of the protective material on copper in pH 4 aqueous solution containing
0.01M BTA and 0.01M glycine were theoretically analyzed [11], supplying direct input to the model. The
chemically dominant material removal rate during copper CMP can be determined by considering all of
these inputs.
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Figure 2. (a) Dependence of the removal efficiency on the number of abrasives trapped in between an asperity and copper; (b)
Indentation of an abrasive into copper at the nano-scale during copper CMP

2.2. Mechanically Dominant Material Removal Mechanism

Previous analysis of the mechanical response to the force applied by abrasives to copper was based on
mechanical material properties obtained at the macro-scale [3]. The predicted MRR [3] was three orders
of magnitude higher than the experimental values [7-9], suggesting the need for a new approach. Figure
2(b) shows the interaction of an abrasive and copper during copper CMP. The force exerted on copper by
an abrasive was evaluated to be 0.1-1 uN for typical copper CMP process. Since the size of grains of
copper (about 1 um in diameter) is much larger than the contact area by an abrasive (about 10 nm in
diameter), the plastic deformation of copper should be induced by homogeneous nucleation of the
dislocations in the crystal of copper. Therefore, nano-scale material behavior is highly relevant to this
case. The resolved shear strength of copper by nano-indentation on the inside of the grain was 10.6 GPa
[12], which is nearly three orders of magnitude larger than the value at the macro-scale (42 MPa). This
value is in fact much larger than the shear stress induced by the abrasives during copper CMP, 1.4-2.9
GPa (estimated by assuming 1000 abrasive particles of 100 nm diameter are trapped in 100 pm? of
contact area between copper and an asperity), implying that the deformation of copper is elastic when an
abrasive interacts at the inside of a copper grain. Therefore, it is suggested that plastic deformation only
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occurs at sites with high concentrations of defects, such as the grain boundaries and the vicinity of
plastically deformed regions. Once the copper is plastically deformed, copper will be piled up along the
trench formed by the indentation (Figure 2(b)). The surface of the piled up material will be preferentially
oxidized by the oxidant and dissolved oxygen in the slurry because of the high density of defects and the
large surface area to volume ratio. The oxidized copper will be more brittle than the pure copper; and thus
the oxidized layer will be removed by subsequent interactions of asperities or abrasives. Therefore, the
mechanically dominant removal rate can be calculated as follows:

K.K NabAcv
1

2

MRR

mech —

2.3. Predictions of the Proposed Model

The material removal rate of a 4” copper wafer in a pH 4 slurry containing 0.01 M BTA, 0.01 M
glycine and 5 wt% alumina abrasives (100 nm diameter) where potential of copper was controlled to 0.6
V (vs. SCE) by external voltage was estimated to validate the proposed analysis. Here we assume that the
average area of contact between the copper and an asperity is independent of the applied pressure, but that
the number of asperities that contact the copper increases with increasing pressure. Thus the time between
consecutive asperity-copper interactions at a given site is inversely proportional to the real contact area
ratio and the sliding velocity:

A

= V. Ar%

The real contact area ratio Ar% is a linear function of the applied pressure because it captures the
number of asperities contacting the copper along with their area [10]. Hence, the time between
consecutive asperity-copper interactions is inversely proportional to the applied pressure. Note that with a
fixed average area of contact between a given asperity and copper, the number of abrasives embedded in
a given asperity and the force transmitted to a single abrasive particle are independent of pressure unless
the concentration of abrasives changes. Thus, neglecting any influence of pressure on sliding velocity
one would expect the efficiency of a given asperity in removing copper or protective material to be
independent of pressure. Finally, when evaluating the force applied to an abrasive particle, it was
assumed that only the abrasive particles embedded between an asperity and copper transmit the force
applied by the asperity (i.e. the asperity itself does not deform enough by supporting abrasives to contact
the surface of copper).

The chemically dominant material removal rate of copper was estimated using equation (1) for current
densities measured experimentally in our previous work using glycine solutions containing BTA and
externally controlled potentials to induce oxidation [11]. Copper was assumed to oxidize to the Cu®*
oxidation state. to was determined from the kinetics of adsorption of BTA and equation (3). The estimated
chemically dominant removal rate of copper in this environment is shown in Figure 3. The mechanically
dominant removal rate of copper, estimated using equation (2) for the same conditions is also shown in
Figure 3. Three different values of the fraction of copper surface undergoing plastic deformation by the
abrasives (K1), namely 0.05%, 0.1% and 0.2%, were assumed. It was also assumed that all the deformed
copper forms ridges that are readily oxidized, then removed by subsequent abrasives (see Figure 2(b)).
The total removal rate of copper during CMP under these conditions shows that the material removal

@)
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behavior does follow Preston’s equation, supporting the proposed analysis. Also, the magnitude of the
MRR is on the order of that observed during conventional copper CMP.
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Figure 3. Estimated material removal rates of copper in a pH4 slurry containing 0.01 M BTA, 0.01 M glycine and 5 wt% alumina
abrasives (100 nm diameter) where potential of copper was controlled to 0.6 V (vs. SCE) by external voltage: (a) influence of the
applied pressure (sliding velocity was 1 m/s) and (b) sliding velocity (applied pressure was 4 psi) showing the influence of different
K; values (0.05%, 0.1% and 0.2%).

3. Modeling to Explain Pattern Dependent Variability

Utilizing the proposed mechanistic CMP model, a modelling framework for the pattern dependent
variability is proposed as shown in Figure 4. The success of this approach is dependent on the evaluation
of the input parameters to the proposed MRR model. The influence of the wafer topography on the input
parameters was qualitatively investigated. Assuming that the length and size of the pad asperities follow a
probability distribution function (such as Gaussian distribution), only asperities smaller and longer than
the size of a trench can reach the bottom of the trench. In addition, large asperities can deform to reach
the bottom of a smaller trench. These two mechanisms affect the number and size of the asperity and
copper contact, ultimately influencing the time between consecutive asperity/copper interactions, the
removal efficiency and the mechanically dominant removal of copper. As the metal line width increases,
the number of asperities that can reach inside of the metal line increases, resulting in decreased time
interval between consecutive copper/asperity interactions. This frequent interaction will remove more
protective material on the copper surface, allowing more copper to be dissolved. Also, more copper will
be deformed and subsequently oxidized by the frequent abrasion by abrasives trapped by the asperities.
The expected output is more dishing for wider metal lines as experimentally confirmed [13]. Also, the
fact that the grain size of copper is smaller at narrow features on the wafer than at the wider features [14]
suggests that copper at narrow lines will be more susceptible to mechanically dominant removal, resulting
in dishing. Once the input parameters of the proposed MRR model are evaluated by considering these
effects, the local MRR and thus eventually the post CMP topography can be determined if the MRR of
dielectrics and barrier materials are known.

4. Conclusion
A quantitative and mechanistic model of copper CMP was proposed considering the synergism

between chemical and mechanical aspects of the process. The proposed MRR model was extended to
explain pattern dependent variability by considering the influence of the topography on the input
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parameters of the MRR model. This model qualitatively explains well the dishing behavior during copper
CMP. Formulation and experimental validation of the model will be conducted.

| Incoming topography of wafer surface

Influence of topography on the MRR model
components

| Consumables, Workpiece and Processing parameters

- — - - Local interaction interval & force
| Adsorption kinetics of protective material |

Local removal response of protective material and copper

Mechanistic copper CMP model l

Local MRR of copper
Post CMP topography
Local MRR of barrier and dielectric

Figure 4. Modeling framework for pattern dependent variability during copper CMP
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