
Journal of The Electrochemical Society, 149 ~1! G31-G40~2002!
0013-4651/2001/149~1!/G31/10/$7.00 © The Electrochemical Society, Inc.

G31
Evolution of Copper-Oxide Damascene Structures in Chemical
Mechanical Polishing
I. Contact Mechanics Modeling
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Nonplanarity arising from the chemical mechanical polishing of Cu-oxide damascene structures results in the exposure field
~die-size! being partially out of focus in the subsequent lithography process. Thus the corresponding mechanisms of within-die
polishing must be determined and the within-die nonplanarity due to polishing needs to be minimized to increase the process yield.
In this paper, contact mechanics models were developed to explain the role of pattern geometry on the variation of material
removal rate. The effects of Cu linewidth, area fraction, and the elastic properties of the polishing pad on pad displacement into
low features were examined to focus on the mechanical aspects of the process. The pressure distribution on the high features was
determined and the rate of pattern planarization was quantified. Experiments on patterned Cu wafers were conducted to verify the
model. Based on these results, the planarization and polishing behavior and the within-die nonplanarity due to the variation of
pattern geometry were discussed.
© 2001 The Electrochemical Society.@DOI: 10.1149/1.1420707# All rights reserved.
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The continuing advances in ultralarge scale integration~ULSI!
necessitate the design and fabrication of extremely small dev
The existing metallization schemes for interconnects are inadeq
for new circuits. A new way to pattern Cu lines by a damasce
scheme involving trench patterning and deposition followed
chemical mechanical polishing~CMP! has demonstrated a great p
tential for developments in interconnect technology. Figure 1 sc
matically shows the copper damascene structure. Copper and d
sion barrier layers~typically Ta, Ti, or TaN! are deposited on the
etched interlevel dielectric~ILD ! surface. Then a CMP process
employed to remove the excess Cu and form conductive paths in
ILD trenches. It has been reported in the literature that the exces
coating is planarized at a rate related to the local pattern geomet1-5

In order to remove all the Cu and barrier coating on the dielec
surface, so as to isolate the Cu interconnects, the pattern within
is slightly overpolished and this results in surface nonplanarity. T
within-die nonplanarity might result in the exposure field~die-scale!
partially out of focus in the subsequent lithography process. Mo
over, dishing of the soft Cu surface and erosion of oxide also red
the thickness of Cu interconnects and increase the electrical r
tance. Thus the corresponding mechanisms of planarization, dis
and erosion must be determined and their impact on process
must be addressed.

Much of the past research on the effects of pattern geometr
material removal has exclusively focused on the ILD layer (SiO2)
polishing.6-12 Nevertheless, the results of ILD polishing can
adapted to the planarization stage in metal polishing since the
tern geometries are similar. A phenomenological model was p
posed to relate the polishing rate of arrays of various features to
feature dimension and pattern density.6 By experimentally determin-
ing the correlation between the polishing rate, feature dimensi
and the neighboring feature layout, the surface profile evolution
predicted. However, the correlation between the polishing rate
pattern geometry varies with different pattern design, and the tr
logical mechanisms of planarization were left unanswered in
model. Recently, the effects of pattern geometrical parameters,
as pattern density~i.e., high feature area fraction!, pitch, pattern
area, and the ratio of perimeter to area, were extensively studied11 It
was shown that the pattern density significantly affects the sub
scale polishing. The influential range of a specific pattern on
neighboring area was characterized by a planarization length m
sured experimentally. A density-based numerical model was
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posed to characterize the surface topography evolution for arbit
layouts. Experiments were also conducted to verify this model.11,13

On the theoretical side, contact mechanics models have b
employed to investigate the mechanisms of planarization. A pla
elastic pad was assumed for predicting the pressure distributio
the die surface with various pattern layouts.14-16A generalized rela-
tion between pressure distribution and the pad displacement
proposed. An analytical solution for pattern evolution in steady-s
regimes was also presented by Chekinaet al. Based on the model
the nonunifom polishing rate across different pattern regions is
tributed to the nonuniform pressure on the high features. The
features were assumed to stay intact without material being remo
until the deformed pad contacts them. However, the steady-s
analysis might be not applicable for some pattern layouts in
polishing. The pad might be in contact with the low features bef

Figure 1. Schematics of Cu damascene structure:~a! before polishing and
~b! after polishing.
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the high features reach the steady-state profile. Additionally, the
might not be conformal with the high features as assumed in
model.

In this paper, models for different polishing regimes of Cu a
proposed. Contact mechanics models, with conformal and non
formal elastic pads, are employed for the planarization regime
this paper to focus only on the mechanical aspects of the polis
process. The effects of the pattern geometry~linewidth and area
fraction!, and the pad elastic properties on the pressure distribu
and pad displacement, are investigated to explain the variatio
material removal rate~MRR! on different patterns and the evolutio
of the surface profile. These contact mechanics models are exam
by polishing patterned test wafers. Moreover, the understandin
nonplanar polishing due to pattern geometry will enlighten the st
of Cu dishing and oxide erosion. The steady-state dishing and
sion will be modeled and examined experimentally in a compan
paper. Accordingly, the fundamentals of Cu damascene polis
and the mechanisms of within-die nonuniformity of material
moval are examined, and the important process parameters are
tified.

Contact Mechanics Modeling

The local pattern geometry affects the pressure distribu
p(x,y) and thus results in a nonuniform MRR according to t
Preston equation17

dh

dt
5 kp p~x, y!vR @1#

whereh is the thickness of the layer removed,t the polishing time,
vR the relative velocity, andkp a constant known as the Presto
constant. The Preston constant is affected by the hardness o
material being polished, abrasive size, slurry chemicals, and sl
transport phenomenon. At the die scale, these factors either re
unchanged for the same slurry, or vary insignificantly and can
assumed to be independent of the pressure and velocity. The o
tive of contact mechanics modeling, then, is to determine the p
sure distribution on the feature surface. As shown schematicall
Fig. 2, three regimes of polishing of patterned wafers may be p
tulated: planarization, polishing, and dishing/erosion. In the p
narization regime in Fig. 2a and b, the step-height between the

Figure 2. Schematics of the pattern/pad contact interface:~a! initial stage
with uniform displacement specified on high feature,~b! planarization stage
with pressure specified~either uniform pressure or elliptical distribution! on
the contacting high features,~c! end of the planarization with pad in conta
with low area, and~d! the onset of dishing and overpolishing.
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and low features is much larger than the pad displacementuz and
hence the load is essentially supported by the high features only.
contact mechanics models are employed to determine the pre
variation on high features and to determine the pad displacem
outside the high features to assure no wafer/pad contact on the
features. As the pad contacts the low area, however, both high
low features will be polished concurrently. The pressure distribut
will become ever more uniform while the surface is being gradua
smoothed down, Fig. 2c. In this regime, the thin, planar Cu laye
polished as in the blanket polishing situation. When the Cu laye
polished through, with the surface planarized, the pressure on
Cu and oxide would be about the same. As shown in Fig. 2d, the
interconnect Cu now wears faster than the diffusion barrier la
~Ta, Ti, or TaN! and the ILD, and the surface of Cu interconnect
dished. Additionally, the oxide will be overpolished with the in
crease of overpolishing time, which may deteriorate surfa
planarity.

Geometry and boundary conditions.—Consider a rigid line struc-
ture on the wafer in contact with the elastic pad as shown in Fig
The high features~shaded in Fig. 3! represent the Cu deposited o
the underlying oxide and the low areas represent the Cu filled in
trenched oxide region. Since the length of the line is much lar
compared with its lateral dimensions, the pattern/pad contact ca
modeled as a two-dimensional~plane-strain! problem. The pad de-
formation is usually much smaller than the pad thickness, and
the contact stresses are highly concentrated near the pad su
With this approximation, the stresses can be calculated by assu
the pad as an elastic semi-infinite body. Now the boundary co
tions along the pad surface must be specified to solve the stress
strain field in the elastic pad. On the boundary outside the loa
region, the surface is free of stress,i.e.

sz 5 txz 5 0, uxu . a @2#

Within the loaded region, for simplification, the tangential traction
assumed to be negligible in the following analyses,i.e.

txz 5 2q~x! 5 0, 2a , x , a @3#

This assumption stands only when the friction coefficient at
wafer/pad contact interface is low. Prior experimental results sup
that the friction coefficient in Cu polishing is about 0.1.18 Therefore,
the effect of tangential traction on the stresses is negligible. Ad
tionally, the normal stress within the loaded region can be speci
to determine the pad tangential and normal displacementsux(x) and
uz(x) on the entire surface,i.e.

sz 5 2p~x!, 2a , x , a @4#

Figure 3. Schematic of a moving rigid line structure in contact with a
elastic pad.
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In the contact mechanics literature, this problem has been so
and the formulation of the pad displacements within the con
region may be expressed in differential forms as19,20

]ux~x!

]x
5 2

~1 2 2v !~1 1 n!

E
p~x! @5a#

and

]uz~x!

]x
5 2

2~1 2 n2!

pE E
2a

a p~s!

x 2 s
ds @5b#

wheren is the Poisson’s ratio,E the Young’s modulus of the pad
ands a dummy variable

Uniform pressure distribution.—The boundary condition of uni-
form pressure may be applied when a steady-state profile of
features is reached but without contact on the low features, Fig
The pressure distribution can be related to the loadP on each high
featureux 2 nlu < a and the half widtha of the feature as

p~x! 5
P

2a
@6#

whereP is the force per unit length on each contact region,n the
index of the high feature from the center of the specific area~from
2N to N, totally 2N 1 1 high features!. In Eq. 6, the loadP on the
high features is assumed to be constant. This would be true whe
features of interest are near the center of a specific pattern area
constant linewidth and pitch, and thus its pressure distribution
not be affected by the different pattern in the neighboring sub
area. Utilizing this boundary condition, Eq. 5b can be solved for
pad displacement over the specific area. The displacement of the
can be written in normalized form as

ūz~x! 5 2
~1 2 v2!

pE

P

2a (
n52N

N F S 1 1
x 2 nl

a D
3 lnS 1 1

x 2 nl

a D 2

1 S 1 2
x 2 nl

a D
3 lnS 1 2

x 2 nl

a D 2G 1 ~2N 1 1!C2 @7#

where ūz(x) is the normalized displacement of the pad along
surface, defined asūz(x) [ uz(x)/a, C1 is an integration constan
and determined relative to a datumxo

C1 5
~1 2 v2!

pE

P

2a F S 1 1
xo

a D lnS 1 1
xo

a D 2

1 S 1 2
xo

a D lnS 1 2
xo

a D 2G @8#

The datumxo is arbitrarily chosen on the displaced surface refer
to the initial surface plane, in whichuz(xo) 5 0. The choice ofxo
usually needs to refer to the observation on the real deformed
face. This difficulty of determiningC1 is a general feature of the
elastic half-space problems since the conditions at the ends far a
from the contacting surface are undefined. To surmount this d
culty, the actual shape and dimension of the elastic body and
boundary conditions at the supporting sides must be conside
However, if our interest is on the relative shape of the pad surf
and its displacement into low features instead of the movement o
surface level, the choice ofxo is not important and will not affect the
profile of the pad surface.

Elliptical pressure distribution.—Another possible boundary
condition on the high feature is an elliptical pressure distribut
d
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given by the Hertz theory. In this case, both the wafer and the
are modeled as nonconforming elastic bodies. The pressure dist
tion in the contact region,ux 2 nlu < a, can be expressed as20

p~x! 5 poF1 2 S x

aD 2G1/2

@9#

wherepo is maximum pressure on the feature and can be found

po 5
2P

pa
@10#

As shown in Fig. 4, the pressure distribution can be rewritten as
normalized form,p̄ ~where p̄(x) [ 2ap(x)/P!, vs. the dimension-
less distance,x/a

p̄~x! 5
4

p F1 2 S x

aD 2G1/2

@11#

The elliptical pressure distribution should result in a higher rate
material removal near the center of high features. However, this
change the profile of the high features quickly and promote
pressure distribution toward a more uniform fashion. Applying t
elliptical pressure distribution on the boundary, the normalized d
placement is given as

ūz 5 2
4~1 2 v2!

pE

P

2a (
n52N

N H S x 2 nl

a D 2

2 F ux 2 nlu
a

AS x 2 nl

a D 2

2 1 2 lnS ux 2 nlu
a

1 AS x 2 nl

a D 2

2 1D G J 1 ~2N 1 1!C2 @12#

whereC2 is another dimensionless integration constant

Figure 4. Pressure distribution in the contact region of the high feature
various boundary conditions.
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C2 5
4~1 2 v2!

pE

P

2a H S xo

a D 2

2 F uxou
a
AS xo

a D 2

2 1

2 lnS uxou
a

1 AS xo

a D 2

2 1D G J @13#

Rigid flat punches with specified displacement.—In some cases
it may be simpler to specify the normal displacementuz(x) instead
of the pressure distribution within the contact region on the assu
tion that the pad conforms to the profile of the high feature. T
solution for this ‘‘mixed boundary-value problem’’ is also given
the contact mechanics literature.19 The general solution of the sin
gular integral equation forp(x), Eq. 5b, in the contact region give
by

p~x! 5 2
E

2~1 2 v2!~a2 2 x2!1/2 E
2a

a ~a2 2 s2!1/2

~x 2 s!

]uz~s!

]s
ds

1
P

p~a2 2 x2!1/2 @14#

For example, in the initial stage of Cu planarization the patt
profile is known from the prior deposition process, as shown in F
2a. By assuming uniform indentation (]uz/]x 5 0) across the flat
loaded region, the pressure distribution on an array of high feat
ux 2 nlu < a can be obtained from Eq. 14 as

p~x! 5
P

p@a2 2 ~x 2 nl!2#1/2 @15#

Figure 4 also shows the normalized pressurep̄ vs. the normalized
distancex/a across a high feature for the flat-punch contact. T
pressure reaches a theoretical infinite at the edges of the high
tures due to the discontinuity in]u/]x. In reality, a finite radius
retains the continuity of]u/]x across the edge and the pressu
would increase to a high but finite value near the edge. Moreo
since the pad material cannot sustain such a high stress, it will y
plastically. Thus the pressure would not be higher than the yi
fracture strength of the pad. Despite the pressure concentration
the edges, the pressure is distributed more or less uniformly ove
feature and close to about 0.7 times the average pressureP/2a in the
contact region. Increase of the load on each high feature propor
ally increases the pressure at each point but does not chang
distribution. Additionally, Eq. 15 shows that the general shape of
curve is not affected by the elastic properties of the pad.

The pad displacement outside the high features can be foun
substituting the pressure within loaded regions obtained from Eq
into Eq. 5b and performing the integration. The pad displacem
can be expressed in the normalized form as

ūz~x! 5 2
4~1 2 v2!

pE

P

2a (
n52N

N

lnFx 2 nl

a

1 S S x 2 nl

a D 2

2 1D 1/2G 1 ~2N 1 1!C3 @16#

whereC3 is the normalized integration constant, defined in the c
of single flat punch indentation as

C3 5
2~1 2 v2!

pE

P

2a
lnFxo

a
1 S xo

2

a2 2 1D 1/2G @17#

Results

Pad displacement.—The normalized pad displacements for t
various boundary conditions are plotted in Fig. 5 based on Eq. 7
and 16. The zero on the ordinate is set to refer to the bottom of
high features. The displacement is calculated based on the geom
-
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close to current CMP practice that area fraction is 0.5 (Af 5 w/l
5 1 2 2a/l 5 0.5), and the applied pressure on the wafer is
kPa~7 psi!. As shown in Table I, the elastic modulus and Poisso
ratio of the pad are assumed to beE 5 500 MPa andn 5 0.3
~close to those of the bulk commercial pads!. However, for features
with dimensions smaller than the sizes of pad asperities~about
20-50mm!, the intrinsic elastic properties of the pad material~poly-
urethane! may be employed to calculate the pad displacement. S
the intrinsic Young’s modulus of the pad is higher than that of
porous pad~e.g., about 1.18 times higher for the pad with 15%
porosity in volume!, the use of bulk properties will result in overes
timation of the pad displacement for the small lines~about 18%!.
The properties of the materials being polished are also shown in
Table I. The assumption of rigid punch indentation in prior analy
is valid since the Young’s moduli of all materials involved in C
damascene pattern are much high than that of the pad.

It is shown that the maximum displacements of the pad for
three boundary conditions are approximately of the same orde
magnitude. For current circuit design, in which the width of sm
features is aboutw 5 0.18-0.5 mm ~or a 5 0.09-0.25 mm for
features with an area fraction of 0.5!, the displacement of the pa
outside the high features is about 0.03 to 0.08 nm, almost neglig
compared with the surface roughness of the pad. Therefore, if
step-height is much larger than the pad displacement, as in the
narization stage of Cu polishing~for an initial step-height of abou
0.5-1mm!, the pad will not be in contact with the low surfaces. Th

Figure 5. Surface profiles of deformed pad for various boundary conditio

Table I. Elastic properties of materials.

Material
Young’s modulus

~GPa! Poisson’s ratio

Cu 128a 0.30
Ta 186a 0.30
SiO2 ~TEOS! 74b 0.20
Rodel pad 0.5 0.30

a ASM Metals Handbook, ASM International.
b Handbook of Materials Science, CRC Press, Inc.
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the material removal rate on low features will be relatively lo
because no abrasion would occur until the end of the planariza
process. Additionally, the within-die nonplanarity will result in
variation of the average pressure on different patterns and affec
pad displacement. The pressure distribution on different high
tures at the nonplanar surface can be determined numerically b
on Eq. 5 with a displacement specified boundary condition in
contact region corresponding to the actual surface topography
shown later in the Experimental results, however, the effect of m
pressure variation due to within-die nonplanarity is not as signific
as the local pattern geometry, linewidth, and area fraction on the
displacement.

Effects of pattern linewidth.—The effects of linewidth on pad
displacement are also illustrated in Fig. 5. For a pattern with c
stant area fraction, for example, 0.5, the increase of linewidth
proportionally scale-up the displacement of the pad. Conseque
the pad might start to contact the low area before the topograph
planarized. For instance, the pad displacement is about 20 nm
100 mm wide line. In reality, when the size of pad asperities, ab
100-200 nm, and particle size, about 200 nm, are considered
low area of a wide feature~interconnect line, contacting pad! will be
in contact with the pad in the planarization regime~about half of the
initial step-height in this case!. By contrast, for submicrometer siz
features, the pad asperities cannot reach the low features freely
the constraint of the surrounding high features. Hence, the pad
not contact the low area until the end of the planarization regim

Another effect of increased linewidth for the sameAf is to de-
crease the~average! material removal rate on the high feature. Sin
part of the load at some point in the planarization regime is s
ported by the low features, the average pressure on the high fea
decreases and so does the material removal rate. The variation
material removal rate for different area fraction regions results
variation of process duration for clearing Cu on the same die. T
results in part of the die being overpolished and introduces ox
thickness variation and Cu loss problems. Additionally, the ear
the low features are in contact with the pad, the more likely
surface topography may be partially retained until the end poin
the process. This may increase the surface nonuniformity and
dishing the Cu in the trenches before the Cu layer is polis
through.

Effect of pattern area fraction.—The effects of the area fractio
are shown in Fig. 6. The normalized pad displacement,uz /a, in-
creases with theAf . The three boundary conditions show the sa
trends and similar displacement values. Among the three, the e
tical pressure distribution yields the largest pad displacement fo
Af . For lowerAf , the uniform pressure boundary condition resu
in a slightly larger pad displacement in the low area than that of
~constant! displacement specified condition. WhenAf is greater than
approximately 0.7, the pad displacement is more in the low area
the boundary condition of specified displacement in the loaded
gion.

Except for the steep increase ofuz /a with Af at higher area
fraction region,i.e., greater than 0.7, the displacement increases
most linearly withAf . Between the area fractions of 0.2 to 0.6, t
slope of the curve is about 13 1023. Thus the pad displacemen
will be about the same order of magnitude even with a slight va
tion of area fraction for the present circuit designs. Therefore, for
first few metal layers with fine interconnects, the surface will
planarized before the pad contacts the low area. Moreover, if the
linewidth is small and the effect of pad displacement is essenti
negligible, the material removal rate and the rate of planariza
will both increase proportionally withAf because the average pre
sure on the high features is inversely proportional toAf . This will
result in a buildup of the surface nonplanarity within the die acr
different area fraction regions in the planarization stage of proc

Effect of pad elastic properties.—The effect of pad elastic modu
n
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lus is shown in Fig. 7 with a dimensionless parameterpav/E, which
is close to 1024 for the present pad and the nominal pressure e
ployed in CMP. However, different pads might be tried to vary t
degree of surface planarity. For example, some engineering plas
with E about an order of magnitude greater than the polyureth
pad~about 1-5 GPa!, or even some soft metals, with a two-order
magnitude greaterE ~about 10-20 GPa!, may be tried to improve the

Figure 6. Pad displacementvs. pattern area fraction for various boundar
conditions.

Figure 7. Effects of applied pressurepav and Young’s modulus of the padE
on the pad displacement~elliptical pressure distribution!.
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surface planarity. Figure 7 indicates that the pad displacement
decrease proportionally with the increase ofE or the decrease o
pav/E value. The results can be applied to the pad displaceme
both the low feature and the lower subdie region which has b
polished down faster due to a higher area fraction than the surro
ing low area fraction region. By using a stiffer pad, the surface le
of two distinct area fraction regions may be maintained at a sm
difference and retain the surface planarity across the die. On

Figure 8. Schematics of the CMP mask:~a, top! mask layout and~b, bot-
tom! pattern geometry layout.

Table II. Properties of slurry.

Abrasive a-Al 2O3
Particle size,mm 0.3
Particle hardness, MPa 20,500
Concentration, vol % 2-3
Viscosity, Pas 0.03
pH 7
ll

at
n
d-
l
ll
e

other hand, a compliant pad, such as some polymer foams wiE
ranging from that close to the present pad~about 500 MPa! down to
one order magnitude less~about 10 MPa!, may be employed in the
final polishing regime to reduce the load on abrasive particles
prevent surface scratching. By employing the contact mecha
models, the desired range pad properties with respect to the ran
applied pressure to satisfy the requirements at different proces
gimes can be determined.

Experimental Validation and Discussion

Experimental conditions.—As shown in Fig 8, a Cu damascen
structure has been designed to verify the results of contact mec
ics modeling. The pattern for each die (103 10 mm) consists of a
matrix of 2.53 2.5 mm blocks~subdie!. These blocks in turn con-
sist of line-space features, whose dimensions are close to the
of the Cu interconnects on current chips with a minimum linewid
of 0.5 mm and a maximum linewidth of 100mm. The area fraction
of the experimental mask ranges from 0.01, representing an iso
line, to 0.5, representing a dense packing case. This pattern is t
ferred into a 2mm thick SiO2 coating by lithography on a 100 mm
~100! orientation silicon wafer. After oxide trenches are etched t
depth of 1mm, a 20 nm thick Ta barrier layer is deposited, followe
by a 1.5mm thick Cu film, by physical vapor deposition~PVD!. The
step-height of the features is a function of the trench width and

Figure 9. Optical micrographs of the evolution of pattern surfac
~w 5 5 mm andl 5 500 mm!: ~a! initial surface,~b! 2, ~c! 3, ~d! 4, ~e! 5,
and ~f! 6 min.

Figure 10. Optical micrographs of the evolution of pattern surfac
~w 5 100mm andl 5 200mm!: ~a! initial surface,~b! 2, ~c! 3, ~d! 4, ~e! 5,
and ~f! 6 min.
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Table III. Experimental results of step-height evolution at planarization stage.

Linewidth w
~mm!

Pitch,l
~mm! w/l

Step-height at different durations
~nm! Rate of

planarization
~nm/min!2 min 3 min 4 min 5 min 6 min

2.0 4.0 0.50 857 582 270 114 28 213
2.0 200.0 0.01 800 636 489 355 201 148
5.0 200.0 0.025 851 700 565 315 222 164
5.0 500.0 0.01 849 711 550 435 320 133

25.0 50.0 0.5 897 601 253 47 10 233
25.0 200.0 0.125 795 654 503 321 212 150

100.0 200.0 0.5 945 695 345 78 49 241
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pattern density. The mask layout and the corresponding area
tions of metal interconnect lines with respect to the specificw andl
are shown in Fig. 8.

In this set of experiments, low nominal pressure of 28 kPa~4 psi!
and linear velocity of 0.46 m/s were employed to decrease the
terial removal rate for a longer period of planarization than the n
mal CMP conditions. A neutral slurry with 4 vol % of 0.3mm Al2O3
abrasive particles was used to focus on the mechanical aspect o
process and verify the contact mechanics models. The compos
and the properties of the slurry are listed in Table II. In addition,
polishing experiments were conducted on the grooved comme
polyurethane pad, Rodel IC-1400, and conditioning was perform
between each polishing to retain a similar surface condition of
pad. The initial and polished profiles of the patterns were recor
by a stylus profilometer and the atomic force microscope~AFM!, for
coarse and fine structures, respectively.

The evolution of patterns.—The evolution of the patterned su
face ~w 5 5 mm andl 5 500 mm! is shown in Fig. 9. Due to the
high reflectance of Cu, the unpolished, scratch-free high feat
appear bright in the optical micrograph, Fig. 9a. The walls betw
the high and low surfaces appear dark in bright-field illuminat
since less normal incident light is reflected. The low features are
reflective because of the coarse microstructure from the Cu dep
tion. After 2 min of polishing as shown in Fig. 9b, the surface
high features was slightly roughened, but is still highly reflect
compared with the low area. The same coarse microstructure o
low area indicates that the pad does not contact the low area
predicted by the contact mechanics models. Moreover, the bo
aries between the high and low features become less distinguish
and wider due to the rounding at the edges. This has been expla
in the earlier theory section by the high stress concentration aro
the sharp edges in the early stage of planarization. Similar sur
morphology was found in Fig. 9c, d, and e for polishing 3, 4, an
min. Nevertheless, after 6 min of polishing, as shown in Fig. 9f,
surfaces of both high and low features are roughened. Therefore
pad is now in contact with both the high and low features and b
surfaces are polished.

Figure 10 shows the evolution of a different pattern with mu
larger linewidth, 100mm, and 0.5 area fraction with 200mm pitch.
The trend of surface evolution is similar to the prior case with sm
line and area fraction. Few scratches were observed on the low
because large contaminant or agglomerate particles might be t
ported into the trenches and contact with pad asperities to abrad
surfaces of low features. Additionally, the low area starts to
roughened at about 4 min of polishing, earlier than that of the p
case. This implies that the pad contacts with the low features in
planarization stage for wider lines, which suggests that pad displ
ment increases with the linewidth. A qualitative comparison betw
the theoretical prediction and the experimental results of the
displacement is given in the next section.

Effect of pattern geometry.—The remaining step-heights of var
ous patterns at different polishing durations are listed in Table
For the features of interest, the process is still in the planariza
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stage since the step-height after 6 min of polishing is gener
larger than twice the rms surface roughness, about 10 nm. The
of planarization is defined by the reduction rate of step-heig
which indicates how fast the surface topography can be remove
the planarization process. It is found that the rate of planarizatio
strongly affected by the area fraction of the pattern but less by
linewidth. For Af

5 0.5, the surface was planarized at a rate about 220 nm/min, tw
the rate of blanket Cu polishing, about 100 nm/min. For smallAf of
0.01, the planarization rate is close to the blanket rate, about
nm/min.

The time evolution of step-heights for patterns with 0.5 ar
fraction is shown in Fig. 11. Again, the high features of 2, 25, a
200 mm line structures were planarized at a similar rate. Since
low area is not polished in the earlier stage of planarization, up
min according to the experimental observation, the rate of mate
removal at the high feature can be estimated based on the ra
step-height reduction. The dashed line in the figure represents
least square fit of the data before the low area is in contact with p
which indicates that the MRR on the high features is about 3
nm/min. After about 5 min of polishing, the pad starts contacting
low area when the step-height reaches about 50 to 200 nm, dep
ing on the linewidth of the patterns. The rate of planarization
duces to about 130 nm/min before the surface is planarized, a
half that before the pad contacts with low features. This sugg

Figure 11. Time evolution of step-heights for patterns with constant a
fraction 0.5 (w/l 5 0.5) and various linewidths.
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that now the load is uniformly supported by both low and high ar
rather than just 50% of the high area in the earlier stage.

For the wide features, it is shown that the pad starts to contac
low area much earlier before the topography is planarized. For
stance, the low area for the 100mm line has been polished when th
step-height was about 350 nm. This step-height is larger than
pad displacement predicted by the contact mechanics model, w
is about 20 nm. In reality, when the size of pad asperities, ab
20-50 mm, and particle size, about 300 nm, is considered, the
area of a wide feature~interconnect line, contacting pad! will be in
contact with the pad at the earlier planarization regime. By contr
for micrometer or submicrometer size features, the pad asper
cannot reach the low feature freely with the constraint of the s
rounding high features. Hence, the pad does not contact the low
until the end of the planarization regime. Therefore the high fea
will be polished further down before the low feature has been p
ished, as in the case of 2mm lines.

On the other hand, as shown in Fig. 12 for the patterns with 0
area fraction and linewidth 2 and 5mm, the high features are re
moved at a lower rate of about 140 nm/min for the first 6 min. T
high area is polished slowly as on a blanket area because o
small area fraction. Since the removal rate on the high feature
low and the linewidth is small, the low area remained unpolish
during the polishing period. The MRR on the high area rate is ab
half that for 0.5Af in the earlier planarization stage. These imp
that the average pressure on each subdie is similar and the no
formity of material removal rate across a die is essentially due to
nonuniform pressure distribution on the high features affec
mainly by the pattern area fraction.

Moreover, the MRR of high features for a 0.01 area fraction
much higher than the blanket rate, and is slightly higher but clos
the blanket rate after the pad is in contact with the low area w
uniform pressure distribution. This can be explained by the effe
of surface nonplanarity across subdie areas of different area
tions. The high area fraction area will be planarized faster than
low area fraction. Based on the contact mechanics model, the ar
low area fraction will on average support a higher normal press
However, compared with a single line, the pressure difference
tween the high and low area fraction regions usually will not
large because the subdie area is wide so that the pad can dis
into the low subdie region and even out the pressure. Additiona

Figure 12. Time evolution of step-heights for patterns with constant a
fraction 0.01 (w/l 5 0.01) and 2 and 5mm linewidths.
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the trenches on the wafer surface might help transport the slurry
thus increase the MRR slightly.

Conclusions

The mechanical aspects of planarization behavior in the CMP
Cu patterns in the early stages was studied based on the co
mechanics models. Experimental results to support the models
also presented. Based on the model and the experimental result
following conclusions can be drawn.

1. Three different boundary conditions, displacement, unifo
pressure, and elliptical pressure distribution~Hertzian contact! on
high features, were specified to represent the initial stage, ste
state stage, and pattern/pad nonconformal situation. For each c
tion, the pad penetration into low features of submicrometer line
insignificant compared with the surface roughness of the pad. Th
fore, the applied load is carried by the high features during p
narization and the material removal rate increases with the area
tion of Cu interconnects~i.e., the percentage of the low featur
area!.

2. The pad displacement increases with the increase of linew
and area fraction and with the decrease of the pad elastic mod
For the wider Cu features~about 100mm! at the higher levels of
interconnects, the pad may start to contact low areas and reduc
rate of planarization and retain the surface topography. For a
fractions of about 0.5, the pad displacement does not vary sig
cantly with the area fraction. Additionally, the models can be used
choose the desired elastic modulus of the pad to help improve
surface planarity for given conditions~pressure, pattern geometr
etc.!.

3. The contact mechanics models cannot be applied when
surface uniformity is small, as at the end of the planarization st
and the dishing and erosion regimes, because pad roughness a
particle/wafer contact conditions are difficult to obtain. On the oth
hand, the nonuniform MRR in different density regimes across a
can be explained by the contact mechanics model.
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Appendix

Microcutting Model of Polishing

The wear equation is another way to represent the volume w
in sliding or abrasive wear21,22

V 5 kw

LS

H
@A-1#

where V is the volume removed,L the load on the sample,S the relative sliding
distance,H the hardness of the worn material concerned, andkw is the wear coefficient.
It may be noted that the wear equation is concerned only with the total worn volu
regardless of whether the surface is worn uniformly or the size of the contacting sur
It is also found that the wear coefficient, to a first approximation, can be use
categorize the wear processes,i.e., the wear coefficient will be approximately the sam
for various materials if the wear mechanism is the same.

Equation A-1 can be expressed as the volume wear rate form

dV

dt
5

kwL

H
vR @A-2#

where vR (5 dS/dt) is the relative velocity of the two surfaces in contact. If th
removal across the surface in contact is assumed to be uniform,i.e., thickness of the
layer removed,h is constant across the surface, Eq. A-2 may be further written as

dh

dt
5

kw

H
pvR @A-3#
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This is identical to the Preston equation in Eq. 1, and the Preston constantkp is the ratio
of the wear coefficient to the hardness of the worn surface. It may be noted that Eq
can be used on both global as well as local scales.

If only the mechanical aspect of the polishing is concerned, it was shown by
authors that plastic deformation of the surface material by particle abrasion is the d
nant mode of material removal.5 In this case, the microcutting model can be employ
to estimatekw and the material removal rate. In this model, abrasive particles ac
single-point cutting tools and produce shallower and narrower grooves unde
smaller load than those in grinding or other abrasion processes. Hardness determin
depth of particle penetration and, therefore, the material removal rate and surface
The abrasive is normally harder than the surface being polished to maintain a hig
of material removal. The frictional force is mostly due to the resistance of the
surface being polished to plastic flow. Upper bound estimates for the material rem
rate in the microcutting mode have been made in the past by idealizing the shape
abrasive tip as a cone or a sphere.23-25

For a conical tip of abrasive particle, as shown in Fig. A-1a, the depth and widt
cut are related by

d 5
w

2
tan u @A-4#

whered is the depth of the grooves,w the width of the grooves, andu the angle between
the abrasive and the surface. The normal force,f n , on the particle is support by the
pressure,p, at the contacting interface, which is assumed to be the pressure on th
surface at yielding. Since only the front half of the cone is in contact while sliding,
normal force can be calculated simply by multiplying the projected area of the con
ing surface with the pressure at yielding of the worn surface. Thus

f n 5
pw2

8
p @A-5#

It may be noted that in the above equation the yield pressure is approximated a
hardness,H, of the worn surface. The material removed can be estimated by the pro

Figure A-1. Schematics of microcutting model in polishing:~a! with conical
shape abrasive,~b! with spherical shape abrasive.
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of the cross section of the groove,dw/2, and the sliding distance of the particle,S.
Hence, the wear coefficient thus can be determined by Eq. A-1 as

kw 5
VH

LS
5

~dwS/2!H

f nS
5

tan u

2p
@A-6#

The same treatment can be applied to an abrasive with a spherical tip, as sho
Fig. A-1b, which might be closer to the actual shape of the abrasive particles.
geometry of the groove can be related to the radius of the particles,r, by

r 2 5 ~r 2 d!2 1 ~w/2!2 @A-7#

In polishing, the penetration is usually very shallow and therefore Eq. A-7 can
simplified and the depth of the groove can be approximated by

d 5
w2

8r
@A-8#

Thus, the normal forces acting on the particle to penetrate the surface and the
coefficient can be determined as before

f n 5
pw2

8
H @A-9#

kw 5
2

p S 2r

w D 2H sin21S w

2r D 2 S w

2r D 1
1

2 S w

2r D
3J @A-10#

Prior experimental results by the authors showed that the wear coefficient in C
conditions is less than these estimated by the microcutting model.5 This implies that the
material is not cleanly sheared off by a single pass of the abrasive particle. This po
also supported by the observation that no chip-like wear particles were found on
worn wafer or post-CMP pad surfaces. Instead, ridges were formed along with s
deeper and wider grooves, which suggests particle plowing. In fact, early resear
abrasive wear24 found that when the attack angleu between the abrasive and the coatin
surface is small~i.e., the rake angle is a large negative value!, large plastic deformation
occurs at the surface and in the subsurface region below the contact. Since the pe
tion depth in the CMP condition is usually very shallow, the attack angle for any sh
of particles will be very small. Therefore, it is more likely that plowing will preva
rather than cutting.

On the other hand, if the chemical aspect is important or dominant in mate
removal, the wear coefficient and the Preston constant are also determined b
chemical reaction, slurry composition, and the slurry rate and dispensing phenom
at the interface. This is beyond the focus of this paper and is not discussed here.

List of Symbols

Af area fraction of metal pattern
a half-linewidth of the metal pattern

C1 , C2 , C3 integration constants
d depth of the surface scratch
f n normal force applied on the abrasive particle
h thickness of the material removed on wafer surface

kp Preston constant
kw wear coefficient
L normal load on the wafer
P load per unit length on a high feature
p normal traction on the wafer surface

po maximum normal traction on a high feature
q tangential traction on the wafer surface
S relative sliding distance
t experiment duration

ux , uz normal and tangential displacements of the pad
ūz normalized normal displacement of the pad
V volume loss due to wear

vR relative linear velocity of wafer
w pattern linewidth

x, y, z Cartesian coordinates
xo position of a datum on the displaced surface of pad

Greek

Dh oxide overpolishing
d Cu dishing
l pattern pitch
u angle between the abrasive and the sworn surface
n Poisson’s ratio

sz normal stress on the pad surface
txz shear stress on the pad surface
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