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Abstract A three-dimensional contact mechanics for-
mulation is presented for chemical mechanical polishing
applications. The formulation is coupled with the Preston
material removal equation in order to simulate the evolu-
tion of pressure and wafer height. The physics-based for-
mulation allows the pressure and height to evolve such that
dishing and erosion appear seamlessly. Results are com-
pared against another feature-scale model and experiment.
The methodology and model offer physics-based results
that further the understanding of chemical mechanical
polishing for a given layout.
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1 Introduction

The highly complex manufacturing processes required for
integrated circuits (ICs) or computer chips lead to sys-
tematic variations which decrease the manufacturing yield
of the product. As technology scales down, these system-
atic variations have increased, leading to more failures in
the form of increased parasitics, short circuits, and open
circuits [1]. Chemical mechanical polishing (CMP) has
allowed tighter and more aggressive design rules to be used
by improving the uniformity of deposition and lithography
by reducing surface roughness.

CMP is a specialized polishing process in which the
surface of a wafer is planarized by mounting it on a rotating
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chuck and pressing it against a rotating pad that is flooded
with slurry consisting of a fluid and abrasive nanoparticles
[2]. Scanning electron microscope (SEM) images from
industry have shown that the wafer is non-uniformly pol-
ished. This occurs at the wafer, die, and feature scale [3, 4].
The feature-scale non-uniform polish causes systematic
defects found in manufacturing commonly referred to as
dishing and erosion. Dishing (the removal of metal faster
than the surrounding oxide) and erosion (the excess wear of
dielectric materials in regions where there are densely
patterned metal lines) are two types of defects that arise
during manufacturing when a composite, typically two
alternating materials, surface is polished as seen in Fig. la,
b. This non-uniformity leads to multiple undesired effects
on the circuit. It affects the resistance, capacitance, and
inductance (RLC) parasitics, and accurate extraction
becomes a difficult task even for commercial tools [5].
Statistical timing analysis (STA) is performed using these
electrical parameters in order to compute critical path delay
and operating frequency. If the parasitics are not accurately
modeled, it is possible for the system to no longer be able
to operate at the desired frequency since timing, such as the
critical path delay, may significantly differ from the STA
simulations post-manufacturing. Additionally, the non-
uniformity affects the subsequent layers and causes large
topographical variation and undesired effects for lithogra-
phy. This can lead to hard failure due to open and short
circuits as shown by Mekkoth [6]. These complexities and
variations cause it to be a major barrier which must be
addressed in design for manufacturability (DFM) rules [2].

To circumvent time-consuming fundamental physics-
based computer models, designers often follow rules, use
empirical models, and employ fix methods such as dummy
fill in order to minimize the defects of CMP [7]. However,
the variation in topography is not deterministic at the
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Fig. 1 a Dishing and erosion are two common systematic defects that
occur during the CMP process. b SEM showing severe dishing and
erosion across multiple layers in an integrated circuit

feature scale, the dummy fill causes an increase in capac-
itance, and the empirical data are costly and take months to
generate and analyze, causing lead products not to benefit
[8].

Seminal models such as the MIT pattern density model
[9-13] are semi-empirical, typically focusing on the die
and feature scales. They use a modified version of the
Preston material removal rate equation in combination with
an effective pattern density and the fitted parameters such
as the interaction distance of the pad in order to predict the
effects of CMP. MIT models have been verified and vali-
dated with profilometer, electron microscope, and electrical
data from CMP test wafers, which consist of blocks of
simple layout with different spacing, densities, areas, and
line widths [14] (see Fig. 2). The model has progressed
over time and now incorporates filtering functions for more
realistic effective pattern densities, contact mechanics for
better determining the pressure at the die scale, and more
accurate empirical formulations.

Alternatively, die and feature-scale physics-based
models have been presented in the literature [8, 15-20].
The high-fidelity models use contact mechanics combined
with the Preston material removal rate equation to predict
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the CMP evolution. However, they have focused on peri-
odic features due to model limitations and computational
resources [15-18]. Others have presented statistical treat-
ments of contact mechanics coupled with the Preston
equation sacrificing fidelity for speed [19, 20]. Terrell and
Higgs developed a full multi-physics (i.e., fluid dynamics,
particle dynamics, and contact mechanics) model in order
to predict CMP [8] at the feature scale. While this feature-
scale model has one of the highest fidelities, it is hampered
by being computationally expensive and too slow for
regions of interest larger than a few features.

Contact mechanics-based approaches to modeling pad
deformation have been developed to operate at the feature
scale using the Winkler or elastic foundation model. Sim-
ilar to the field of computer graphics, surfaces can be
represented as discrete cuboid elements called “voxels”
(i.e., volume pixels [21]). The Winkler model in essence
treats the voxel-represented surface as a set of springs. The
Winkler model’s use of voxel on voxel contact has been
shown to represent the real contact area in micro-/
nanoscale applications with reasonable accuracy [22, 23].
However, the lack of coupling between voxels in the
Winkler model leads to the over-prediction or under-pre-
diction of wear. Sawyer circumvented this issue by intro-
ducing a 2D numerical model [24] which captures the
pressure evolution between two surfaces by coupling spa-
tial elements through the introduction of a second-order
fitting parameter. This parameter introduces curvature into
the Winkler elastic foundation model while ensuring the
dishing profile takes on a parabolic shape. The novelty in
their work was being able to produce dishing and erosion
effects from two initially flat surfaces, where one is com-
posed of two different materials. This model was also a
computationally inexpensive method for simulating dishing
and erosion profiles without the use of filtering/weighting
functions associated with pattern density. However, their
model cannot be re-formulated in three dimensions (3D)
and uses fitting parameters which are not physical material
properties.

In this paper, a 3D physics-based model and method-
ology is presented for feature-scale CMP evaluation of an
arbitrary layout. This model and methodology addresses
the shortcomings of empirical models while keeping the
fidelity of previous physics-based models with reduced
computational burden. In addition, it minimizes error that
arises as a natural consequence of the mathematics near the
boundaries of the domain being simulated, and it is able to
simulate CMP on aperiodic layouts. Dishing and erosion
are captured without utilizing fluid and particle dynamics.
Such high fidelity, and allowance of aperiodicity, may be
important when dealing with application-specific inte-
grated circuits (ASICs) in leading-edge technology nodes
such as 22 nm, where data may not be available a priori
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Fig. 2 CMP test mask
illustration from D. Boning
2003 [14]. Pitch, density, and
area are varied across the layout
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and changes in resistance and capacitance (RC) are critical
to manufacturing yield and chip performance.

2 Theory

Polishing rates depend on numerous parameters such as
material hardness, applied pressure, number of abrasive
particles, slurry pH levels, and other tribological, material,
and chemical parameters. As mentioned, the non-unifor-
mity of the surface can lead to changes in critical electrical
parameters such as resistance, inductance, and capacitance
due to increased parasitic effects. It is therefore crucial to
accurately model the effects of CMP and other manufac-
turing processes. The Preston material removal rate Eq. (1)
is a semi-empirical physics-based model which determines
the material remove rate (MRR), as follows:

dh
MRR:E:KXVXP (1)

where K is the empirical “Preston’s coefficient,” a pro-
portionality constant determined from CMP experiments
designed to account for the mechanical and chemical
uncertainties, P is the applied pressure on the wafer, V is
relative velocity between the wafer and pad during CMP,
and £ is the surface height which changes with time, ¢, due
to polishing.

Dishing and erosion occur at the feature scale where the
relative velocity can be assumed uniform. The Preston
coefficient K can be treated as a constant for a given pair of
rubbing materials and process set. Studies have shown that
the pressure is strongly a function of position, which would
lead to varying levels of dishing and erosion from the
Preston equation [25-27]. If the surfaces are very smooth,
as is the case in the polishing segment of CMP where

b Second Generation Mask

dishing and erosion occur, the spatially dependent pressure
would emerge from the influence from neighboring ele-
ments on the surface. This would be difficult to capture in
the Winkler elastic model which excludes shear between
neighboring surface elements. Thus, a 3D elastic half-space
contact mechanics model, derived from the Boussinesq and
Cerruti potential functions, is used in this study as shown
below:

1 (%, y

da [ db b)

(2)
—b)’

X*(l

A discussion and derivation can be found in Johnson [28].
A solution, expressed below, was formulated by Love [29]
relating a uniform pressure p, acting on a rectangular area
of 2a x 2b, on an elastic half-space, to the deflection u,, at
a general point, a distance (x, y) away.

(y+b)+\/{(y+b)2+(x+a)2

(x+a)ln }
+\/{ x+a)2}_
(x+a) (x+a)* _
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(3)
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This formulation, herein referred to as Love’s formula-
tion, couples neighboring elements as would physically
happen in an elastic half-space such as a CMP pad. Cou-
pled surface elements are important for capturing phe-
nomena such as dishing and erosion which are highly
sensitive to the composition of the surrounding layout
areas. Further, since layout is deterministic, a framework
which allows specific materials and geometrical properties
to be assigned to specific surface regions is of importance.
This fits in well with voxel surface representation since
properties can be assigned to specific voxel coordinates,
albeit the pressure is assumed to be uniform over the voxel.
Figure 3 illustrates the formulation parameters. When the
pressure profile p is known, the surface deflection u, may
be determined (and vice versa) by simultaneously solving
the coupled system of equations:

u; = CP (4)

where u, and p are vectors composed of each of the ele-
ments in the domain and C is a matrix composed of the
influence coefficients from (3).

Alternatively, the system can be solved using Fourier
transforms in order to improve computational efficiency [30].
The matrix multiplication solution differs from the Fourier
transform-based solution presented by Chekina and Keer
[31]. It does not require the domain to be periodic allowing
for the study of layouts which are both heterogeneous (i.e.,
multiple materials) and deterministic (i.e., irregular patterns).
In addition, an error-reducing scheme is introduced as shown
in “2D Model Implementation” section.

2a

| | |
T

Fig. 3 Love’s formulation determines the deflection caused by an
applied pressure, p, at any point in the domain at a distance (x, y) from
the pressure. The domain is split into a square grid with a size of
(2a x 2b) per element
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3 Methodology, Experimentation, and Results
3.1 2D Model Implementation

The 3D Love’s formulation (3) can also be represented in
2D. The Love’s formulation was coupled with the Preston
Eq. (1) in order to calculate the wafer and pressure evolu-
tion over time. Both the pad and wafer are assumed to be
perfectly flat before wear occurs. It is also assumed that the
pad is not worn down during the simulation. This method-
ology leads to results with spikes in pressure on the edge of
the domain, referred to as “pressure edge effects,” as seen in
Fig. 4 near a normalized length of O and 1. This is due to the
derivation of (3), which is a discrete solution for a finite
region located within a semi-infinite spatial domain, as the
solution to (2), which is the continuous solution for an entire
semi-infinite domain. Simply put, the domain is not just the
area accounted for in the influence coefficient matrix C, but
the entire elastic half-space. One can only have control over
the area specified by the size of the influence coefficient
matrix C. This area lies on some arbitrary point in this
elastic half-space which by definition is infinitely large.
Thus, if all the elements in an arbitrarily prescribed circle
are uniformly displaced, the half-space sees a flat punch
being pressed in, and the pressure edge effects are expected.
Thus, the half-space goes from some deflection u, in the
area spanned by the influence coefficient matrix C to a
deflection of zero in the area which is not covered by the
influence coefficient matrix. The internal spikes in pressure
are also caused by a difference in height between adjacent
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Fig. 4 Pressure (top) and wafer height (botfom) profiles after
simulating CMP for a wafer with a centered metal line
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voxels, and one can show by trial and error that the differ-
ence in height is proportional to the magnitude of the
pressure spike. Since the time step used in (1) determines
the magnitude of the differential height, the time step must
be chosen wisely so that the pressure evolves in a realistic
fashion and does not diverge from a steady-state solution.
Overall, the coupling of (3) and (1) is elegant in the sense
that an entire wafer could be modeled limited only by the
resolution (i.e., the size of the rectangular voxel elements)
permitted by computational resources. Figure 5 shows the
wear and pressure seen in a wafer containing three metal
lines. In addition, the methodology can capture phenomena
such as the increased dishing of wider metal lines as seen in
Fig. 6. Figure 7a illustrates a flowchart for this methodol-
ogy, herein referred to as the wafer-scale methodology.
However, the scale of interest is in the nanometer range and
current resources make this prohibitive. Thus, a different
methodology using (3) was developed in order to be able to
perform focused or localized analysis in the range of interest
without the use of Fourier transforms and the associated
error and periodicity conditions that come with it. Instead of
allowing for deflection in the entire area represented by the
influence coefficient matrix, only deflections which vary
from the original mean deflection are considered. A tem-
porary pressure matrix is created from this new treatment of
deflection and combined with the average pressure for the
localized region. A flowchart illustrating this methodology,
referred to as the localized methodology, is presented in
Fig. 7b.
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Fig. 5 Pressure (top) and wafer height (bottom) profiles for three
centered lines on a wafer during CMP simulation
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Fig. 6 Pressure and wafer height evolution profiles for a wafer
containing two metal lines of different widths

3.2 2D Localized Comparison

The 2D localized methodology was compared against work
done by Sawyer [24] and experiments from the MIT group
[32-36]. Comparisons can be seen in Figs. 8, 9, 10, 11, 12
and 13. Table 1 lists the parameters used during the
simulation.

Figure 8 illustrates the evolution of wafer height and
pressure for a single line. Edge effects are essentially
nonexistent, though some numerical error can be seen after
3000 cycles. Some other interesting things can be noticed
from this Fig. 8. For example, a steady-state condition is
reached, the final pressure ratio is equal to the ratio of the
Preston coefficients, the magnitude of pressure is depen-
dent on the ratio of copper to silicon dioxide, and the
copper section reaches equilibrium much sooner than the
silicon dioxide. Steady state is expected due to the surface
evolving in a non-uniform fashion due to the non-uniform
pressure caused by the deformation pad which is assumed
to conform to the wafer surface. Once enough time has
passed, the pressure will evolve in such a way that the
oxide will be removed at the same rate as the copper as
described by (5). This same steady-state condition was
found and used by Noh et al. [25] in order to develop his
dishing and erosion model. Our model arrived at this
condition naturally from the transient simulation without a
priori knowledge of dishing and erosion behavior. The
faster evolution of the copper area is not immediately
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apparent by looking at our governing equation. However, it
does make sense when considering the Preston coefficients
and magnitude of the pressure peaks. The lower wear (i.e.,
polish) resistance of the copper causes the copper to con-
form to the shape which will allows the elements with
higher loads to decompress, resulting in less pressure until
equilibrium is reached with its neighbors.

P, oxidess Koxide (5)

P copperSS Kcopper
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Table 1 Parameters used during CMP simulation

Parameter Value (Sawyer’s Value (2D Value (3D)

reproductions) experiment

comparison)

Elastic modulus (E) 3 MPa 3 MPa 3 MPa
Poisson ratio (v) 0.3 0.3 0.3
Length x 1 mm 2 mm 1 mm
Length y N/A N/A 1 mm
Elements 3000 8000 72 x 72
Base pressure 7 kPa 21 kPa 7 kPa
Keopper 40 GPa™! 40 MPa™! 40 MPa™!
Koside 8 GPa™! 6 GPa™! 6 GPa™!
14 0.1 m/s 0.1 m/s 0.1 m/s
At 10 us 10 ps 100 ps
Initial wafer height 50 pm 50 pum 50 pm
Initial pad height 3 cm 3 cm 3cm

The steady-state pressure is a function of the fraction of
area covered by copper, referred to as the area fraction in
[24].

The steady-state normalized pressure from the localized
methodology was compared against the linear rule of
mixture model determined by Sawyer [24]. The results
follow roughly the same trend; however, they diverge as
the area fraction increases. We believe that this divergence
is due to the difference between the half-space approxi-
mation and the elastic foundation approximation of the pad
behavior. Elastic foundation models such as the Winkler
model have been shown to be a reasonable match [23], but
there is some discrepancy as compared with classical
elastic deformation solutions such as Hertz [28]. This is
attributed to the thickness of the voxel which is more
arbitrary than rigorously chosen. This uncertain parameter
does not exist for an approach like ours. Thus, as copper
area increases, the discrepancy caused by the dubious
voxel thickness becomes larger. Results are shown in
Fig. 9.

Figures 10, 11, 12, and 13 are direct comparisons
against the figures presented in Sawyer [24], since Saw-
yer’s model was validated by the experiments of [37]. The
localized methodology’s results capture the pressure
effects at the material interfaces leading to the dishing- and
erosion-like profiles encountered during manufacturing.
The pressure and wafer height results are a close match
with the corresponding results, shown in Fig. 14 from
Sawyer’s modeling work [24]. The pressure from Fig. 14
has been non-dimensionalized by the mean applied pres-
sure (6a), while the wear death (highest wafer height—-worn
wafer height) has been non-dimensionalized by the
deflection of the pad under a uniform applied load (6b).
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Quantitatively and qualitatively, the local methodology
results, Figs. 10, 11, 12, and 13 show good agreement
when compared to Fig. 15. The magnitude of pressure
during evolution is shown to be dependent on the area
fraction, as shown in Figs. 10, 11, and 12, and a spread
from ~9 kPa (Fig. 10) to ~ 15 kPa (Fig. 11) can be seen.
Area fraction varies across chip even with tight design
rules; thus, there can be CMP-sensitive pieces of layout
which may exhibit too large of pressure magnitudes lead-
ing to manufacturing defects. Another important observa-
tion is that the localized methodology allows the pressure
to evolve in a realistic fashion, especially during the early
cycles. Figure 14 illustrates the initial evolution of pressure
and height using Sawyer’s empirical formula. As shown in
Fig. 14, the pressure needs numerous cycles to evolve into
the expected pressure profile and initially evolves in a step-
like fashion. This is a consequence of the differential term
in Sawyer’s formula. This is nonexistent when using the
elastic half-space model. The pressure profile is immedi-
ately present and evolves in a natural fashion as time
progresses. The differential term also requires the time step
to be much smaller in order to maintain a stable solution.
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3.3 3D Model Results

The main advantage of the current model is that it is
inherently three-dimensional (3D). It can be implemented
in 3D in order to capture dishing and erosion effects, since
elastic foundation model is 3D to begin with, leaving no
complications in transitioning into the 3D domain. Fig-
ures 16, 17, 18, and 19 show two simulations done in 3D.
The pressure profile and wafer height are shown after five
cycles, Fig. 16, and after steady state has been reached,
Fig. 17, for a layout composed of three metal lines. We
can see that at steady state, the height of the wafer has
evolved such that every element is subject to a pressure
which causes the exact amount of wear in all voxels. The
same simulation was performed on a layout composed of a
3 x 3 via array with transient and steady-state results
shown in Figs. 18 and 19, respectively. A random

asymmetric layout was also simulated as shown in Fig. 20.
As can be seen, pressure behaves in a complex manner.
Specifically, bends in lines and the effects of neighboring
lines should be of concern to designers during manufac-
turing. Currently, there are no experiments to compare
these results. Mostly, these experiments would serve to
more accurately assign parameters as it is difficult to select
terms such as elastic modulus and the Preston coefficients
which have been shown to have significant variance over
time [38, 39]. The 3D results give good high-fidelity height
evolutions allowing for exploration of manufacturing run
times, material properties, and loads. In addition, post-
manufacturing changes such as electric parasitic effects
can be measured and studied. Effects such as larger dishing
and erosion in the center of via arrays naturally arise using
the Love’s formulation allowing for further studies of
layout patterns.

@ Springer



36 Page 10 of 12 Tribol Lett (2015) 59:36

Pressure (Pa)
Pressure (Pa)

Height (nm)
Height (nm)

Fig. 16 3D pressure and height profiles after five cycles for three ~ Fig. 18 3D pressure and height profiles after five cycles fora3 x 3
copper lines surrounded by silicon dioxide via array surrounded by silicon dioxide

Pressure (Pa)
Pressure (Pa)

Height (nm)
Height (nm)

Fig. 19 3D pressure and height profiles at steady state fora3 x 3 via
Fig. 17 3D pressure and height profiles at steady state for three array surrounded by silicon dioxide
copper lines surrounded by silicon dioxide

methodology allows for the study of local wear without the
4 Conclusion need to discard large amounts of edge data. Unlike Fourier

transform methods which introduce error and have peri-
A three-dimensional contact mechanics formulation with a  odicity constraints which need to be met, the current model
wafer and localized methodology is presented for both two  allows for high accuracy. The formulation fits well with the
and three dimensions. It captures dishing and erosion  voxel surface elements representation which is well suited
effects at both the wafer and feature scale. The localized  for nanoscale applications and deterministic surfaces such
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Pressure (Pa)

Fig. 20 3D pressure and height profiles after five cycles for an
asymmetrical design of copper lines surrounded by silicon dioxide

as those born from IC layouts. Results are compared
against an empirical feature-scale model which had been
experimentally validated. The methodology and model
offer physics-based results that further the understanding of
CMP for any given layout.

Acknowledgments The authors would like to acknowledge the NSF
Division of Computing and Communication Foundations (CCF)
within the CISE Directorate for supporting this Award 0811770 and
the CSSI DFM working group led by Professor Shawn Blanton.

References

1. Liu, Y., Nassif, S.R., Pileggi, L.T., Strojwas, A.J.: Impact of inter-
connect variations on the clock skew of a gigahertz microprocessor.
Paper presented at the Proceedings of the 37th Annual Design
Automation Conference, Los Angeles, California, USA (2000)

2. Comes, R., Terrell, E., Higgs, C.: Pad deflection-based model of
chemical-mechanical polishing for use in CAD IC layout. IEEE
Trans. Semicond. Manuf. 23(1), 121-131 (2010)

3. Park, T., Tugbawa, T., Boning, D.S., Hymes, S., Brown, T.,
Smekalin, K., Schwartz, G.: Multi-level pattern effects in copper
CMP. In: Proceedings of the CMP Symposium of the Electro-
chemical Society Meeting, pp. 94-100 (1999)

4. Shan, L., Levert, J., Meade, L., Tichy, J., Danyluk, S.: Interfacial
fluid mechanics and pressure prediction in chemical mechanical
polishing. J. Tribol. 122, 539 (2000)

5. He, L., Kahng, A.B., Tam, K.H., Xiong, J.: Design of integrated-
circuit interconnects with accurate modeling of chemical-me-
chanical planarization. In: Proceedings SPIE 5756, Design and
Process Integration for Microelectronic Manufacturing III, p. 109
(2005)

10.

11.

13.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

. Mekkoth, J., Krishna, M., Qian, J., Hsu, W., Chen, C., Chen, Y.,

Tamarapalli, N., Cheng, W., Tofte, J., Keim, M.: Yield learning
with layout-aware advanced scan diagnosis. In: International
Symposium for Testing and Failure Analysis, vol. 32, p. 412.
ASM International (1998)

. Mehrotra, V., Sam, S.L., Boning, D., Chandrakasan, A., Val-

lishayee, R., Nassif, S.: A methodology for modeling the effects
of systematic within-die interconnect and device variation on
circuit performance. Paper presented at the Proceedings of the
37th Annual Design Automation Conference, Los Angeles, Cal-
ifornia, USA (2000)

. Terrell, E., Higgs II1, C.: A particle-augmented mixed lubrication

modeling approach to predicting chemical mechanical polishing.
J. Tribol. 131, 012201 (2009)

. Boning, D.S., Nassif, S.: Models of process variations in device

and interconnect. In: Chandrakasan, A., Bowhill, W., Fox, F.
(eds.) Design of High Performance Microprocessor Circuits,
Chap. 6. IEEE Press, New York (2000)

Stine, B., Ouma, D., Divecha, R., Boning, D., Chung, J.: A
closed-form analytic model for ILD thickness variation in CMP
processes. A A 1, 2.0 (1997)

Stine, B.E., Boning, D.S., Chung, J.E., Camilletti, L., Kruppa, F.,
Equi, E.R., Loh, W., Prasad, S., Muthukrishnan, M., Towery, D.:
The physical and electrical effects of metal-fill patterning prac-
tices for oxide chemical-mechanical polishing processes. IEEE
Trans. Electron Devices 45(3), 665-679 (1998)

. Stine, B.E., Ouma, D.O., Divecha, R.R., Boning, D.S., Chung,

J.E., Hetherington, D.L., Harwoo, C., Nakagawa, O.S., Oh, S.Y
Rapid characterization and modeling of pattern-dependent vari-
ation in chemical-mechanical polishing. IEEE Trans. Semicond.
Manuf. 11(1), 129-140 (1998)

Tang, B.D., Xie, X., Boning, D.S.: Damascene chemical-me-
chanical polishing characterization and modeling for polysilicon
microelectromechanical systems structures. J. Electrochem. Soc.
152, G582 (2005)

. Boning, D.: Pattern dependent characterization of copper inter-

connect. In: Tutorial, international conference on microelectronic
test structures (ICMTS) (2003)

Chekina, O., Keer, L., Liang, H.: Wear-contact problems and
modeling of chemical mechanical polishing. J. Electrochem. Soc.
145, 2100 (1998)

Vlassak, J.: A model for chemical-mechanical polishing of a
material surface based on contact mechanics. J. Mech. Phys.
Solids 52(4), 847-873 (2004)

Yoshida, T.: Three-dimensional wafer process model for nanoto-
pography. In: MRS Online Proceedings Library, vol. 767 (2003)
Yoshida, T.: Three-dimensional chemical mechanical polishing
process model by BEM. In: Electrochemical Society Proceedings,
vol. 99-37, pp. 593-604 (1999)

Rzehak, R., Vasilev, B.: Greenwood—Williamson model for pat-
tern-dependent planarization. In: 2007 international conference
on planarization/CMP technology (ICPT), pp. 1-6. VDE (2007)
Vasilev, B., Rzehak, R., Bott, S., Kiicher, P., Bartha, J.W.:
Greenwood—Williamson model combining pattern-density and
pattern-size effects in CMP. IEEE Trans. Semicond. Manuf.
24(2), 338-347 (2011)

Kaufman, A.: Volume visualization. Vis Comput 6(1), 1 (1990)
Dickrell, D.J., Dugger, M.T., Hamilton, M.A., Sawyer, W.G.:
Direct contact-area computation for MEMS using real topographic
surface data. J. Microelectromech. Syst. 16(5), 1263-1268 (2007)
Pddra, P., Andersson, S.: Wear simulation with the Winkler
surface model. Wear 207(1-2), 79-85 (1997). doi:10.1016/
S0043-1648(96)07468-6

Sawyer, W.: Surface shape and contact pressure evolution in two
component surfaces: application to copper chemical mechanical
polishing. Tribol. Lett. 17(2), 139-145 (2004)

@ Springer


http://dx.doi.org/10.1016/S0043-1648(96)07468-6
http://dx.doi.org/10.1016/S0043-1648(96)07468-6

36

Page 12 of 12

Tribol Lett (2015) 59:36

25.

26.

27.

28.

29.

30.

31.

32.

Noh, K., Saka, N., Chun, J.-H.: A multi-scale model for copper
dishing in chemical-mechanical polishing. In: Molecular Engineer-
ing of Biological and Chemical Systems (MEBCS), vol. 1 (2005)
Higgs, C.F., Ng, S.H., Borucki, L., Yoon, I., Danyluk, S.: A
mixed-lubrication approach to predicting CMP fluid pressure
modeling and experiments. J. Electrochem. Soc. (2005). doi:10.
1149/1.1855834

Shan, L., Levert, J., Meade, L., Tichy, J., Danyluk, S.: Interfacial
fluid mechanics and pressure prediction in chemical mechanical
polishing. J. Tribol. 122(3), 539-543 (2000)

Johnson, K.L.: Contact Mechanics. Cambridge University Press,
Cambridge (1987)

Love, A.E.H.: The stress produced in a semi-infinite solid by
pressure on part of the boundary. Philos. Trans. R. Soc. Lond.
Ser. A Contain. Pap. Math. Phys. Character 228(ArticleType:
research-article/Full publication date: 1929/Copyright © 1929
The Royal Society), 377-420 (1929)

Xie, X.: Physical understanding and modeling of chemical
mechanical planarization in dielectric materials. PhD Disserta-
tion, Massachusetts Institute of Technology, Cambridge (2007)
Chekina, O., Keer, L., Liang, H.: Wear-contact problems and
modeling of chemical mechanical polishing. J. Electrochem. Soc.
145(6), 2100-2106 (1998)

Cai, H.: Modeling of pattern dependencies in the fabrication of
multilevel copper metallization. PhD Dissertation, Massachusetts
Institute of Technology, Cambridge (2007)

@ Springer

33.

34.

35.

36.

37.

38.

39.

Cai, H., Park, T., Boning, D., Kim, H., Kang, Y., Kim, S,, Lee, J.-
G: Coherent chip-scale modeling for copper CMP pattern
dependence. In: MRS Proceedings, vol. 816 (2004)
Gbondo-Tugbawa, T.E.: Chip-scale modeling of pattern depen-
dencies in copper chemical mechanical polishing processes. PHD
Dissertation, Massachusetts Institute of Technology, Cambridge
(2002)

Tugbawa, T., Park, T., Boning, D., Pan, T., Li, P., Hymes, S.,
Brown, T., Camilletti, L.: A mathematical model of pattern
dependencies in Cu CMP processes. In: Electrochemical Society
Meeting. Honolulu, HA, USA (1999)

Tugbawa, T., Park, T., Lee, B., Boning, D.: Modeling of pattern
dependencies for multi-level copper chemical-mechanical pol-
ishing processes. In: MRS Online Proceedings Library, vol. 671
(2001)

Tugbawa, T., Park, T., Lee, B., Boning, D., Lefevre, P., Nguyen,
J.: Modeling of pattern dependencies in abrasive-free copper
chemical mechanical polishing processes. In: Proceedings of
VLSI Multilevel Interconnect Conference, pp. 113-122 (2001)
Ng, S.H., Hight, R., Zhou, C., Yoon, L., Danyluk, S.: Pad soaking
effect on interfacial fluid pressure measurements during cmp.
J. Tribol. 125, 582 (2003)

Stein, D.J., Hetherington, D.L.: Review and experimental anal-
ysis of oxide CMP models. In: Electrochemical Society Pro-
ceedings, vol. 9937, pp. 217-233 (1999)


http://dx.doi.org/10.1149/1.1855834
http://dx.doi.org/10.1149/1.1855834

	A Contact Mechanics Formulation for Predicting Dishing and Erosion CMP Defects in Integrated Circuits
	Abstract
	Introduction
	Theory
	Methodology, Experimentation, and Results
	2D Model Implementation
	2D Localized Comparison
	3D Model Results

	Conclusion
	Acknowledgments
	References




