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Evolution of Copper-Oxide Damascene Structures in Chemical
Mechanical Polishing
II. Copper Dishing and Oxide Erosion

Jiun-Yu Lai, Nannaji Saka,z and Jung-Hoon Chun

Department of Mechanical Engineering, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139-4307, USA

Test wafers comprising damascene structures were designed and fabricated to investigate Cu dishing and oxide erosion. The mask
design covered a wide range of linewidths and pitches, from 0.5 to 100mm, to represent such features as signal and power
transmission lines, and probing or wire-bonding pads. Experiments were conducted to investigate the evolution of the pattern
profile during polishing and to determine the onset and rates of dishing and erosion. The effects of Cu linewidth and area fraction
on the rates of pattern planarization, Cu dishing, and oxide erosion have been quantified. The effect of hardness of the composite
surface on dishing and erosion were examined. An optimization scheme, employing particle size, particle hardness, and pad
stiffness, to enhance the selectivity between SiO2, Ta, and Cu, and to reduce die-scale nonplanarity is proposed.
© 2001 The Electrochemical Society.@DOI: 10.1149/1.1420708# All rights reserved.
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As shown in the authors’ previous paper,1 the local ~die-scale!
pattern geometry affects the local material removal rate significa
The nonuniform pressure distribution resulting from the nonunifo
area fraction and layout of the pattern introduces surface nonpla
ity in the planarization stage of metal polishing. Consequently
order to remove all the metal coating on the dielectric surface
that the metal interconnects are isolated, the pattern is slightly o
polished. This results in dielectric thinning or so-called erosi
Concurrently, dishing occurs on the soft metal filled in the trenc
and reduces the cross-sectional area of the interconnect. Both
sion and dishing result in surface nonplanarity and thickness va
tion of metal interconnects across a die area.1-4

Dishing and erosion rates may be estimated by an extended
sion of the Preston equation

dh

dt
5 kp~x, y!pavf~w, Af , t* , ...!vR @1#

The Preston constant,kp , is a function of position which relate
to the physical layout of the oxide and Cu interconnects. It is
sumed that the Preston constants for different materials remain
same as those on blanket polishing. The Preston constant on bl
coating is a function of the coating hardness, abrasive size,
hardness,5 and the slurry chemistry.6-14 The pressure distribution is
affected by the actual shape of the dished/overpolished surfa
which in terms is a function of Cu linewidth,w, area fraction,Af ,
and overpolishing timet* . The pressure distribution can be deco
pled as a product of the average pressure on the die area a
geometrical functionf which includes the effects of pattern geom
etry. In practice, the geometrical functionf is not easy to find even
when the surface topography is known. In this case, surface v
tion due to dishing and erosion is comparable to the surface ro
ness of the pad and the slurry particle size. Therefore, the con
mechanics model presented in the authors’ previous paper, assu
a flat and homogeneous pad and neglecting the effects of partic
not valid any more. However, with some simplified assumptions
qualitative model for the rates of dishing and erosion at steady-s
can be achieved.

Moreover, when the size of the planarized feature is close to
smaller than the abrasive particle diameter (0.2-0.3mm! and pad
surface roughness, the calculation of local pressure must take
account the particle distribution and the pad local topography.
analytical model of this sort, however, is difficult to establis
Therefore, research on dishing and overpolishing has been con
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to experimental characterizations and parametric studies on
pattern parameters as area fraction, linewidth, and pitch.15-21Though
a few semiquantitative models have been proposed,22,23 the funda-
mentals of dishing and erosion and their relation to pattern geom
and material properties are still not fully understood. Most of t
experiments were conducted on larger size features. The results
associated problems~such as severe dishing on 100mm features!
may not be applicable to the current subquarter micrometer cir
design. The scaling issue must be addressed based on the sim
in fundamental material removal behaviors on different size f
tures.

In this paper, the steady-state Cu dishing and oxide erosion
modeled based on the pressure distribution and the local-scale
phenomenon. Dishing is also studied by considering the effect
pattern geometry, pad displacement, and particle size. Experim
are conducted to quantitatively establish the effects of Cu linew
and area fraction on the rates of pattern planarization, Cu dish
and oxide erosion. On this basis, the fundamentals of dishing
erosion phenomena and their mechanisms are examined and th
portant process parameters are identified. The results also are c
lated with the contact mechanics model in the previous paper1 to
determine the effects of pressure distribution due to the remain
surface topography on dishing and erosion. Schemes for optima
chemical mechanical polishing~CMP! to mitigate dishing and ero-
sion, employing the effects of particle size, particle hardness, sl
pH, are discussed.

Theory

Referring to the wear equation, the Preston constant can be
fined as the ratio of the wear coefficientkw to the hardnessH of
material being polished.5 Thus the intrinsic material removal rate a
any point on the wafer surface can be determined by the Pre
equation, which may be rewritten as

dh

dt
5

kw

H
pvR @2#

wherep is the local average pressure applied at the vicinity of
interested point on the wafer surface. As shown in the authors’
lier investigation, the wear coefficient depends on the polish
mechanism and is insensitive to the material polished.5 It was found
that kw remains approximately a constant for various surface co
ings, including Cu, tetraethylorthosilicate~TEOS!, on blanket wa-
fers in the CMP conditions, if we assume that the samekw can be
applied on both die-scale and feature-scale. Then the materia
moval rate on Cu and the oxide surface, as shown in Fig. 1, ma
expressed as
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S dh

dt D
Cu

5
kw

HCu
pCuvR @3#

S dh

dt D
Oxide

5
kw

HOxide
pOxidevR @4#

whereHCu andHOxide are the material hardnesses of Cu and oxi
respectively. If the steady-state regime is assumed,i.e., the amount
of Cu dishing remains constant with overpolishing time, the mate
removal on both the Cu and oxide surface should be uniform an
the same rate

S dh

dt D
Cu

5 S dh

dt D
Oxide

@5#

As shown in the experimental results in a later section, the ste
state dishing profile usually occurs after clearing Ta and after a s
period of oxide polishing. Therefore, only the rate balance betw
Cu and oxide is considered in Eq. 5. By equating Eq. 3 and 4,
noticing that the relative velocity on the adjacent Cu and ox
regions are virtually the same, the relation between pressure dis
uted on Cu and oxide and the hardness of these materials ca
expressed as

pCu

pOxide
5

HCu

HOxide
@6#

To solvepCu andpOxide with pattern geometry, the force equilibrium
condition on the interested area across a interconnect and the
rounding oxide spacing can be employed

pCuw 1 pOxide~l 2 w! 5 p̄l @7#

wherep̄ is the average pressure on the specific area. In terms of
fraction Af , Af 5 w/l, Eq. 7 can be rewritten as

pCuAf 1 pOxide~1 2 Af! 5 p̄ ' pav @8#

Since the surface variation~nonuniformity! will not be large, usually
less than 100-200 nm after a short period of overpolishing, the l
average pressure onp̄ can be assumed approximately equal to
average pressure on the diepav. Solving Eq. 8 by the relation given
in Eq. 6, the pressure on the oxide surface at steady-state is giv

pOxide 5
p̄

@~HCu/HOxide!Af 1 ~1 2 Af!#

'
pav

@~HCu/HOxide!Af 1 ~1 2 Af!#
@9#

Figure 1. Schematic of the onsets of dishing and erosion.
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The pressure on the oxide surface is a function of the aver
pressure on the die, the hardness of materials present on the su
and the area fraction of the pattern. If the pressure in Eq. 4 is
placed by Eq. 9, the Preston equation on the oxide surface ca
rewritten as

S dh

dt D
Oxide

5
kw

HOxide

p̄

@~HCu/HOxide!Af 1 ~1 2 Af!#
vR

5
kw

H8
p̄vR '

kw

H8
pavvR @10#

whereH8 is defined as the apparent hardness and can be writte

H8 [ HCuAf 1 HOxide~1 2 Af! @11#

Equation 10 can be interpreted as that, in steady state, the polis
rate on a specific patterned area is equivalent to the rate in a
area with material hardnessH8 and the same average pressu
p̄ (' pav). If there is a variation ofH8 across a die area due to th
variation of the pattern area fraction, the deviation of the oxide a
Cu thickness from the mean thickness will increase with overpol
ing time. Hence the apparent hardness across the die shoul
designed to be as uniform as possible to reduce overpolishing. M
details about process optimization are discussed in the later sec
Additionally, the rate of oxide erosion is bound by the steady-st
rate and the blanket oxide polishing rate. Based on force equ
rium, the pressure on the oxide will increase with the increase
dishing~less pressure will be applied on the Cu lines! until it reaches
a steady-state value. Similarly, the Cu polishing rate is bounded
the blanket Cu rate~as on the planar surface right at the end poi!
and the steady-state rate of the surrounding oxide~which is very
close to the blanket oxide polishing rate except the case with
treme high area fraction!.

Experimental

Mask design.—A Cu damascene structure has been designe
study the effects of geometry on metal dishing and oxide erosion
shown in Fig. 2, the pattern on each die (103 10 mm) consists of
a matrix of 23 2 mm blocks~subdie area!. These blocks in turn
consist of line-space features, with a minimum linewidth of 0.5mm.
Table I lists the design features of the pattern, and Fig. 3 shows
physical layout of the pattern on the mask. The first type of feat
is composed of fine Cu lines of constant linewidth, 0.5mm, and of
various pitches ranging from 1 to 200mm. These represent the met
interconnects with critical dimensions and different packing den
ties. The second type of feature was designed to study the effe
linewidth on dishing. Various Cu lines, from 0.5 to 100mm, with
large pitch, 200mm, were chosen to provide wide spacing betwe
adjacent Cu interconnects. For small Cu lines, the wide spa
helps study dishing mechanisms alone. Two constant Cu area
tions, 0.01 and 0.5, with various linewidths and pitches were
signed on the third type of features to study the effects of scaling
dishing and erosion. The 0.5 area fraction is close to the pre
design rules of metal layer layout in ultralarge scale integra
~ULSI! circuits. By contrast, the features with 0.01 area fracti
represent single, isolated lines.

The pattern was transferred onto the 1.5mm thick SiO2 ~TEOS!
coating by lithography on a 100 mm,~100! orientation silicon wafer.
After oxide trenches were etched to a depth of 1mm, a 20 nm thick
Ta barrier layer was deposited, followed by a 1.5mm thick physical
vapor deposited~PVD! Cu film. The scanning electron micrograp
~SEM! of the cross section of the patterned wafer is shown in Fig

Experimental conditions.—Experiments were conducted on
rotary-type polisher and the experimental conditions are listed
Table II. The normal pressure and relative velocity were maintai
at 48 kPa and 0.7 m/s, respectively, to assure wafer/pad interfa
contact. The polishing duration was varied from 1 to 6 min to co
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the underpolished, just-polished, and overpolished periods. The
ishing slurry was composed of 4 vol % ofa-Al2O3 abrasives with
average size 300 nm. Glycol and other additives were used in
slurry to prevent particle agglomeration. The slurry was mixed
mediately before use and was stirred to prevent particle set
during polishing. In contrast to the acidic solutions used in comm
cial Cu CMP, the slurry pH was maintained at 7 to focus only on

Figure 2. Schematic of the pattern layout on the test wafer.
l-

e

g
-

mechanical aspects of polishing. The Rodel IC-1400 was use
polish the wafer and the pad was conditioned before polishing e
wafer.

The profiles of the pattern surface at different polishing tim
were measured by stylus profilometry and by atomic force micr

Table I. Linewidth „w…, pitch „l…, and area fraction „A f… of pat-
terns on the test mask.

w ~mm! l ~mm! 1 2 4 10 50 100 200 500

0.5 0.50 0.25 0.125 0.05 0.01 0.0025
0.7 0.0035
1.0 0.01
2.0 0.50 0.01
5.0 0.025 0.01

25 0.50 0.125
100 0.50

Figure 3. Schematics of the CMP mask:~a, top! mask layout, and~b, bot-
tom! pattern geometry layout.
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copy~AFM! for coarse and fine features, respectively. By these d
the Cu dishing was determined by measuring the amount of re
on the Cu lines relative to the oxide surface after the Cu coating
the oxide was cleared. The oxide overpolishing was determined
measuring the remaining oxide thickness. For coarse features
oxide thickness was measured directly by ellipsometry. For fine
tures, less than 20mm wide, a reference oxide thickness was me
sured by ellipsometry on the 400mm wide oxide spacing betwee
subdie blocks. The thickness of the oxide features was determ
by relating the surface profile inside the subdie block to these re
ence spacing. All the measurements were carried out at the cen
the subdie block of the center die to minimize the effects of spa

Figure 4. SEM micrographs of the pattern~w 5 0.5 mm andl 5 1 mm!:
~a, top! cross section of the patterned oxide ILD, and~b, bottom! surface
topography after Cu deposition.
a,
ss
n
y
he
-

d
r-
of
l

variations due to wafer-scale polishing nonuniformity.

Results

Time evolution of the pattern.—As shown in Fig. 5 under optica
microscope, the patterned surface~w 5 25 mm and l 5 50 mm!
evolves with polishing time. Due to the high reflectance of Cu,
unpolished, scratch-free high features appear bright in the op
micrograph, Fig. 5a. The walls between the high and low surfa
appear dark in bright-field illumination since less normal incide
light is reflected. In Fig. 5b, after 1 min of polishing, the surface
high features was roughened. However, the surface of the low
still remained the same microstructure from the Cu depositi
which indicates that the pad did not contact the low area as predi
by the contact mechanics models. After 2 min of polishing,
shown in Fig. 5c, the surfaces of both high and low features w
roughened and the boundaries between the high and low fea
became less distinguishable. These occurred because the step-
decreased and the sharp edges of high and low features
rounded. Therefore, the pad was in contact with both the high
low features and both surfaces are polished. At 3 min, in Fig. 5d
boundaries became indistinguishable, the step-height almost
ished, and the Cu surface was planarized. As shown in Fig. 5e, w
the process almost hit the end point at 3.5 min, the less reflec
barrier layer, Ta, started to appear. After 30 s more of polishing,
barrier layer was cleared and the underlying oxide exposed.

Table II. Experimental conditions.

Experimental parameters Experimental conditio

Diameter of wafer, mm 100
Normal load, N 391
Normal pressure, kPa 48
Rotational speed, rpm 75
Linear velocity, m/s 0.70
Duration, min 1-6
Sliding distance, m 45-252
Slurry flow rate, mL/min 150
Abrasive a-Al 2O3
Abrasive size, nm 300
pH 7

Figure 5. Optical micrographs of the evolution of pattern surface~w
5 25 mm andl 5 25 mm!.
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much darker oxide surfaces in Fig. 5f indicate that the Ta layer
been polished off. The Cu lines are distinct because the reflect
of oxide is much less than that of Cu.

The evolution of the surface profile is shown in Fig. 6, in whi
the pattern with 5mm linewidth and 200mm pitch is employed as an
example. At the beginning of polishing, the high features were
moved faster than the low features, which quickly smoothed
surface. Also, the sharp corners were rounded in this period bec
of the pressure concentration at the edge. It is hard to say if the
features had reached a steady-state profile before the topogr
was planarized. The material removal rate in the planarization s
is about 500 nm/min for this feature and about twice that of
blanket rate although the area fraction of the high features, 0.02
very close to blanket surface. One explanation for this is that
trenches on the surface improve the local slurry dispensing. M
over, the pressure on each subdie might not be uniform due to
die level surface nonplanarity.

As the step-height between the high and low features decrea
the material removal rate on the high features approached that o
low features. This indicates that the pressure distributed more
formly while the surface was smoothed out. Finally, both mate
removal rates were close to the blanket Cu polishing rate, about
nm/min, and the surface was planarized. Then the Cu surface
mained flat until the process end point was reached, which is c
sistent as shown in Fig. 5c. After passing the end point, which
between 3 and 4 min, the Cu lines dished and the amount of dis
increased with polishing time. It is not clear if Cu started dishi
during or after Ta clearing because the Ta is removed in a very s
period in this case. The oxide was polished, too, but at a rate m
slower than that of soft Cu. Therefore, the surface topography b
up again.

A similar trend of pattern evolution was observed on the smal
features,i.e., 0.5 mm Cu lines. Figure 7 shows the AFM micro
graphs and the cross-sectional plots of the features with 0.5mm
linewidth and different pitches~1, 2, 4, and 200mm! at about the
process end point~3 min 30 s! and after overpolishing for 1.5 min
~total time, 5 min!. All surfaces in the figure were planarized ju
before the end point. Few shallow scratches due to particle abra

Figure 6. Cross-sectional profiles of the evolution of the pattern~w
5 5 mm andl 5 200 mm!.
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of the soft Cu surfaces are evident. In the case of overpoish
dishing occurs on the Cu lines, which appears dark in the A
micrographs due to its low position relative to the surrounding ox
surface. For features withl 5 1 and 2 mm ~or higher Cu area
fraction,Af 5 0.5 and 0.25!, the amount of dishing was less than 3
nm after overpolishing. In comparison, dishing is much significa
about 200 nm, for the isolated line feature with a 200mm pitch.
Significant rounding also occurs at the edges of the oxide for
isolated line structures.

Copper dishing.—Table III lists the amount of dishing at differ
ent durations for structures on the center die of the test wafer. Be
3 min, when the surface was still covered with a thin layer of C
dishing did not initiate. The onset of dishing depends on the pat
geometry, characterized by the linewidth and the area fraction of
~or the pitch!. From an earlier observation, dishing initiated at t
time when Cu was polished through. Since Cu was not cleared a
same time for features with different linewidths, or area fractio
the onset of dishing varied with the same parameters. The t
variation for the onset of dishing was about 1 min for all patterns
practice, this variation will require overpolishing part of the wafer
order to clear all the Cu on the oxide surface, and therefore cre
surface nonplanarity. The rates of dishing resulted from the le
square method for the data are listed in the table. The normal
rate of dishing, ranging from 0.04 to 1.39, is defined as the rate
dishing divided by the Cu blanket polishing rate, about 210 nm/m

The effects of linewidth on dishing for 0.5 area fraction featur
which is close to the present circuit design, are shown in Fig. 8.
small linewidth features, such as 0.5, 1, or even 25mm lines, the
amount of dishing levels off after a short period of overpolishin
The constant dishing level for 0.5 and 2mm lines are about 20 to 30
nm. This verifies the assumption in the theory section that dish
on narrow lines reaches a steady state with continued further po
ing. Moreover, the rates of dishing are bounded by blanket Cu

Figure 7. Time evolution of various patterns: AFM micrographs at~a! 3
min, 30 s, and~b! 5 min, surface profiles at~c! 3 min, 30 s, and~d! 5 min.
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Table III. Experimental results of dishing evolution.

Pitch,l
~mm!

Linewidth, w
~mm! w/l

Amount of dishing at different duration
~nm!

Rate of dishing
~nm/min!

Normalized
rate of dishing3 min 3.5 min 4 min 5 min 6 min

1 0.5 0.50 0 0 0 26.6 18.5 9.3 0.04
2 0.5 0.25 0 0 0 27.5 71.3 35.7 0.17
4 0.5 0.125 0 16.4 27.6 36.4 92.1 27.7 0.13

2.0 0.50 0 26.7 13.6 30.8 34.2 9.4 0.04
10 0.5 0.05 0 12.3 34.5 42.0 154.0 46.7 0.22
50 0.5 0.01 0 0 0 112.4 228.2 114.1 0.54

25.0 0.50 0 150.0 120.0 113.0 143.5 28.8 0.14
100 1.0 0.01 0 65.3 16.5 158.0 267.1 87.5 0.42
200 0.5 0.0025 0 0 0 215.7 284.5 142.5 0.68

0.7 0.0035 0 0 0 254.7 359.5 179.8 0.86
2.0 0.01 0 127.6 200.0 273.4 395.7 121.0 0.58
5.0 0.025 0 225.0 123.3 546.3 786.5 259.1 1.23

25.0 0.125 0 183.5 400.0 628.3 705.0 236.5 1.13
100.0 0.5 0 200.0 215.0 364.5 445.5 135.9 0.65

500 5.0 0.01 0 243.8 398.0 847.5 878.5 292.3 1.39
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oxide polishing rates as shown in the same section. For 0.5 a
mm wide lines, the rate of dishing before reaching the steady sta
close to the blanket oxide polishing rate, about 12 nm/min.
larger linewidths such as 100mm, however, dishing increases wit
overpolishing time and did not reach a constant level~steady state!
within the comparatively long overpolishing period in experimen
The dishing amount is about 450 nm after 3 min of overpolishi
Thus dishing rate is about 150 nm/min and is close to the polish
rate of blanket Cu, about 210 nm/min.

Dishing is as slow as the oxide removal rate for small featu
since the surrounding oxide constrains the polishing of fine Cu lin
As demonstrated in the contact mechanics analysis in the aut
earlier paper,1 the pad cannot deform sufficiently into sma
trenches. For instance, for a pattern with a small linewidth and m
est area fraction such as the 0.5 nm line withAf , 0.5, the pad
displacement into low is about 0.08 nm and can almost be negle
compared to the pad roughness. This gives us a magnitude o
maximum depth that the pad can indent into the dished Cu surf

Figure 8. Time evolution of Cu dishing for patterns with constant area fr
tion 0.5 (w/l 5 0.5) and various linewidths.
2
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.
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It is expected that the amount of dishing must be comparable to
sum of pad displacement and the indentation depth of the partic
no chemical reaction is involved. Based on experimental results
indentation depth is about 10 to 20 nm for 300 nm Al2O3 abrasive at
normal CMP conditions. Therefore, the maximum dishing is e
pected to be about 20 nm, which agrees with the measurem
After the steady state, the Cu will be polished at the same rat
oxide erosion predicted by Eq. 10. More details about oxide eros
are given later.

In contrast, when the Cu line is wide enough the pad ea
conforms with the dished Cu surface and applies uniform pres
on both Cu and oxide surfaces as on the blanket wafer. For exam
100 mm, the pad can deform into the dished area without the c
straint of a surrounding oxide. Consider when an even larger am
of dishing occurs, such as 300-400 nm in 100mm lines ~with the
consideration of pad deformation, pad roughness, and particle s!,
the ratio of dishing to linewidth is still very small, about 0.004. F
such a small difference of strain between Cu and oxide con
regions, the normal pressure can almost be assumed to be uni
i.e., pCu ' pOxide ' p̄. Hence, the dishing rate will be close to th
blanket Cu polishing rate, about 220 nm/min. Moreover, for a des
with a Cu depth of 1mm, more than 40% of the Cu is lost due t
dishing in the worst case.

The effects of linewidth on the dishing behavior of isolated line
with Af 5 0.01 is shown in Fig. 9. The trend is similar to those
an area fraction of 0.5: dishing increases with overpolishing ti
and its rate is bound by blanket Cu and oxide polishing rates.
amount and the rate of dishing on isolated lines increased comp
to those on 0.5 area fraction lines. The rate of dishing increa
about 14 times for both 0.5 and 2mm features, and smaller for 5mm
or larger features. However, it is not so significant when the fif
times decrease on the area fraction is considered. Additionally, d
ing on small Cu lines, such as 0.5 and 2mm ones, does not reach
steady state with about 2.5 min of overpolishing. Figure 10 sho
the effects of area fraction on dishing for 0.5mm lines. It is con-
firmed again that the area fraction does not affect dishing sign
cantly. For an area fraction ranging from 0.01 to 0.5, the rates
dishing are all close to the blanket oxide polishing rate. It is a
shown that, except for the one with the very low 0.01 area fracti
dishing will stay at a low level, less than 35 nm, even with 2 min
overpolishing.

In Fig. 11, the present work on features with 0.5 area fraction
compared with the data from the literature with a commerc
chemical slurry.20 Similar Cu dishing levels for the same sizes
lines at the end point and after a short period of overpolishing w
reported by other researchers.9,10,18,19,21It is apparent that the dish
ing behavior is not affected by the presence of chemicals in
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slurry, less than 25mm. In both experiments, dishing reaches t
same steady-state level after overpolishing for about 1 min. H
ever, for a wide Cu area, for example, 100mm, the dishing rate is
reduced by proper tailoring the slurry pH and chemistry. The dish
amount is reduced by half, from 450 to 230 nm, after 3 min
overpolishing. Even for a short period of overpolishing, 1 min, dis
ing is reduced by a factor of 0.65 by using a chemical slurry. Th
results suggest that the effect of chemistry on dishing depends o
assistance of mechanical particle abrasion. The pure chemical
ing is not very significant in the Cu polishing process. For sm
lines, the material removal due to particle abrasion decreases

Figure 9. Time evolution of Cu dishing for patterns with constant area fr
tion (w/l 5 0.01) and various linewidths.

Figure 10. Time evolution of Cu dishing for patterns with constant lin
width (w 5 0.5 mm! and various area fractions (w/l).
-

e
he
h-

l
th

the increase of dishing because of the decrease of load on the
ticle. Thus the chemical effect of altering the hardness of the sur
material is not significant to the reduction of the Cu dishing rate.
the contrary, the pressure distribution is a lot more uniform and d
not change much with the increase of dishing because the pad
conform with dished surfaces. Thus the change of surface prope
by chemistry can change the rate of dishing, similar to the res
observed on the blanket wafer. Further discussion about pro
optimization by tailoring the slurry chemistry is given in a lat
section.

Oxide erosion.—Oxide erosion starts at the onset when the
layer is polished through, which depends on the geometry of patt
In this case, it varies from 3 to 4 min of polishing for differen
patterns on the die. Figure 12 shows the amount of oxide erosiovs.
the polishing time for constant linewidth of 0.5mm. The amount of
erosion increases with overpolishing time. It shows that the rate
oxide erosion increases with pattern area fraction. For a small
fraction, such as 0.01, 0.05, and 0.125, the rates of erosion
similar and close to the rate of blanket oxide polishing. For an a
with a larger area fraction, such as 0.25 and 0.5, the rates of ero
increase with area fraction. Figure 13 shows the comparisons
tween analytical and experimental results for the effect of area f
tion on the rate of erosion. The solid line represents the analyt
results of Eq. 10 with blanket polishing of Cu and oxide at 270 a
26 nm/min, respectively. It is shown that the experimental res
agree with the model well, especially when the area fraction is
than 0.25. For a higher area fraction like 0.5, the rate is higher t
that predicted by the model. A possible explanation for this discr
ancy is that the slurry transfers more efficiently at the interface o
dense pattern area than on a blanket area or a less dense are
dished Cu recesses will improve the intrinsic rates of material
moval of Cu and oxide and thus increase the rate of erosion.

Figures 14 and 15 show oxide erosion of various patterns w
different linewidths and constant area fractions of 0.5 and 0.01,
spectively. It is shown that the linewidth has less effect than the a
fraction on the rate of oxide erosion. In the case of an area frac
of 0.5, the rate of erosion is about 100 nm/min for linewidths ran
ing from 0.5 to 100 nm. For a small area fraction of 0.01, whi
mimics the area with isolated interconnects on the surface, the
of oxide erosion is very close to the blanket rate of oxide polishi

Figure 11. Comparison between the present work on dishing with neu
slurry and the results from the literature20 with chemical slurry.
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for linewidths ranging from 0.5 to 5 nm. This implies that scali
does not change the pressure distribution on both Cu and oxide
significantly since only mechanical polishing is involved in th
case. The pressure distribution on the surface during the overpo
ing stage essentially is affected by the area fraction only. Thi
because the average material removal rate across a subdie a
constrained by the rate of oxide erosion, which in turn depends
the area fraction of pattern.

Moreover, in Fig. 14 and 15, the oxide erosion rate is smalle
the early stage of overpolishing before the steady-state regime.

Figure 12. Oxide erosion for patterns with constant linewidth (w
5 0.5 mm! and various area fractions (w/l).

Figure 13. Comparison between the theoretical and experimental results
rate of oxide erosion for various patterns with constant linewidth 0.5mm and
various area fractions.
ry

h-
s
a is
n

t
is

may be explained by the variation of pressure distribution on b
the Cu and oxide surface during overpolishing. Consider the c
that the surface is planar when the Cu is just cleared. The pressu
distributed uniformly on both Cu and oxide surface. Since the
dishes and the surface nonplanarity increases, the pressure on t
will decrease because the pad might be slightly deformed into
dished area and relax stresses on the contacting surface. Bas
force equilibrium, the load on the oxide might increase and thus
material removal rate~MRR! increase until it reaches a steady valu
The MRR of oxide is bound by the steady-state rate given by Eq
and by the blanket rate~at the stage when the surface is planar!.

r

Figure 14. Time evolution of oxide erosion for patterns with constant ar
fraction 0.5 (w/l 5 0.5) and various linewidths.

Figure 15. Oxide erosion for patterns with constant area fraction (w/l
5 0.01) and various linewidths.



rat
be
no
pa
v-

pro
ne
e
t

ect

be

a
t
ug
he
th
ra
n-

ce

ide
n
on
s
ni

pa

fo

r-
ca
ni

a,
ard
are
t b
on

les
ge

op
th

wil
ex
ry
ing
ntr

th.

Cu
nd
etal

ses,
ests
du-
g a
in-

ox-
clu-

eled

area

he
Cu

the

pat-
e
lts

itial
nt

s
Cu

the
gh

ses
th is
ess
nd

lish-
e
ture
do
ght
u-
the
all

ttern
hes
f ero-
wear
at-

han
ns-
nifi-
la-
a

Cu
and
the
er-
will
ro-
se
to

erns
ight

Journal of The Electrochemical Society, 149 ~1! G41-G50~2002! G49
Discussion: Process Optimization

The effects of Cu pattern geometry on the material removal
in the planarization stage and on dishing and oxide erosion has
studied earlier. The prior analytical and experimental results
only help in understanding the fundamental mechanisms of
terned wafer polishing, but also provide an opportunity for impro
ing the process outcomes. In Cu CMP, there are two important
cess requirements within a die area: remaining Cu intercon
thickness and its within-die nonplanarity~which also represents th
variation of the surface topography!. The remaining Cu thickness a
any point~at a randomly chosen pointk in the j th subdie region of
the i th die of the wafer! can be expressed as

hijk 5 ho 2 ~m i 1 j j~i! 1 d j~i! 1 r k~ij !! @12#

where ho is the initial designed thickness of the Cu interconn
which is the same as the depth of the oxide trench;m i the mean of
oxide erosion~usually referred to the global oxide loss and can
measured on a wide oxide area! on a specific diei, j j~i! the deviation
of the amount of oxide erosion fromm i on the subdie areaj ~with the
same pattern geometry! on the diei. Therefore, the amount of Cu
loss due to oxide erosion is the sum ofm i andj j~i! . Also in Eq. 12,
d j~i! is the amount of dishing on the subdie areaj on the diei, and
r k~ij ! the random error at a specific pointk in the subdie areaj on the
die i. The random error for each observation in the subdie are
estimated by randomly choosingn replicants of Cu interconnec
thickness. If a specific subdie with repeat features is larger eno
i.e., the different pattern of neighboring subdie will not affect t
pressure distribution and slurry flow in most of the subdie area,
random error represents the error form measurement and other
dom factors. The intention of employing Eq. 12 is to just help ide
tify the effects of each geometry or process parameters for pro
optimization.

In order to minimize the Cu loss, each variable on the right s
of Eq. 12 must be minimized, both mean and variance. The mea
oxide overpolishing,m i , is affected by the average Cu area fracti
and increases with overpolishing time. Also its variance acros
wafer increases with the increase of within-wafer polishing nonu
formity, which is determined by the global~wafer-scale! factors
such as wafer/pad contact conditions, slurry dispensing, and
stiffness~as discussed in a previous paper!. In practice, the average
area fraction is limited to 0.3 to 0.5 and does not vary too much
similar IC products. Thus minimization ofm i relies mostly on the
reduction of within-wafer polishing nonuniformity so that the ove
polishing time required to remove the excess Cu at different dies
be minimized. Detailed schemes of reducing within-wafer nonu
formity can be found in the authors’ previous investigation.5

As suggested by Eq. 12, the rate of]j/]t, due to the local pat-
tern layout and the variation of pattern density in the subdie are
determined by the wear coefficient, Cu area fraction, and the h
ness of both Cu and oxide. The arrangement of the subdie
fraction is usually prescribed by the circuit designers and canno
changed. In order to minimize the effects of pattern local layout
erosion,]j/]t must be adjusted to be as low as possible and/or
sensitive to the local geometry variation in the final polishing sta
~or after the onset of dishing and erosion!. The rate of oxide polish-
ing decreases with the wear coefficient. It might be possible to
timize the process by employing soft abrasive particles, in which
hardness of the abrasive is close to interlevel dielectric~ILD ! oxide
but still higher than those of Ta and Cu. Hence less erosion
occur even when the overpolishing time for cleaning up all the
cess Cu still remains the same. A slight overpolishing is necessa
practice to remove a thin layer of oxide to ensure metal clear
However, an endpoint detection scheme must be adopted to co
overpolishing.

It is shown that dishing is strongly related to the Cu linewid
For submicrometer lines, the rate of dishing is very low~close to the
oxide blanket rate and is not sensitive to the slurry chemistry! and
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steady-state dishing is very small. The effects of dishing on the
loss and surface nonuniformity might be negligible for current a
future circuit designs. However, for some designs with a large m
pad or wide power transmission lines, 50-100mm wide, it is shown
that dishing rate is close to that in blanket polishing. In these ca
dishing results in Cu loss and surface nonplanarity. This sugg
that Cu dishing might be reduced by increasing the Young’s mo
lus of the pad to reduce the pad indentation, or by employin
slightly basic slurry to retard the Cu polishing rate but without
creasing the rate of oxide erosion.

Conclusions

Both analytical and experimental studies on Cu dishing and
ide erosion, are presented in this paper and the following con
sions can be drawn.

1. The steady-state Cu dishing and oxide erosion are mod
and the material removal rate in a subdie area~with same pattern
geometry! is related to the apparent hardness of that area. Both
fraction and the material hardnesses~Cu and oxide! will affect the
polishing uniformity across different pattern regions in the die. T
die-scale surface nonplanarity and the variance of the remaining
thickness will increase with overpolishing time before reaching
steady state.

2. Experiments were conducted on patterned Cu wafers. The
tern, with minimum dimension 0.5mm, was designed to study th
effects of linewidth, area fraction, and scaling effect. The resu
agree with trends shown by contact mechanics modeling. The in
topography is planarized quickly and the time variation for differe
patterns~Af ranging from 0.01 to 0.5! to reach planar surface i
about 1 min. After the surface has been planarized, the remaining
is removed at a rate close to the blanket polishing rate. Also
surface variation will remain until part of the Cu is polished throu
in some subdie areas.

3. After the Cu is cleared, the surface nonplanarity increa
because of dishing and erosion. Experiments show that linewid
an important geometrical parameter for dishing. For thin lines, l
than 1mm, the dishing rate is close to the oxide blanket rate a
might reach a steady-state profile after a short period of overpo
ing. For wider lines, about 50 to 100mm, the Cu is dished at a rat
close to the blanket rate. Compared with the results in the litera
with chemical slurry, it is shown that the slurry pH and chemicals
not increase the amount or rate of dishing for small lines, but mi
retard the dishing of wider lines. This implies that the load distrib
tion due to the deformation of the pad and mechanical action of
particles play an important role in Cu dishing, especially for sm
lines.

4. Compared to dishing, oxide erosion depends more on pa
area fraction but less on linewidth. It is shown that erosion reac
a steady-state rate after a short period. The steady-state rate o
sion is dependent on the apparent hardness and the intrinsic
coefficients of Cu and oxide. Experiments also show that for a p
tern with a large fraction, the rate of oxide erosion may increase t
that predicted by the model due to the improvement of slurry tra
port. Moreover, since erosion does not depend on linewidth sig
cantly, when the device scale shrinks down, the within-die nonp
narity will mainly be attributed to the erosion but not dishing if
large variation area fraction is shown on the pattern layout.

5. The objectives of process optimization are to maximize the
removal rate and to reduce surface nonplanarity due to dishing
erosion. The key is to reduce oxide erosion and to minimize
variance of dishing and erosion resulting from the effects of diff
ent area fractions and linewidths. Thus the surface topography
not be uneven even with a short period of overpolishing. It is p
posed to employ SiO2 abrasive or other particles with hardness clo
to the ILD silicon oxide to reduce the oxide removal rate and
increase the polishing selectivity between Cu and oxide. For patt
with wide Cu lines, the results suggested that the dishing rate m
be reduced by a stiff pad and/or by a slight basic slurry.
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