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The mechanism of local planarization improvement using a solo pad in chemical mechanical polishing (CMP) was investigated, and the pad
surface temperature was found to be the key factor. The use of a solo pad results in better planarity than that of a stacked pad under the same
process conditions. When Cu CMP evaluation was conducted at various platen temperatures, a good correlation of local planarity to pad surface
temperature was confirmed regardless of the pad type. Planarity improved when the pad surface temperature was lowered, and the solo pad had
a lower temperature than the stacked pad at the same platen temperature. It is considered that the solo pad has a higher heat conductance than
the stacked pad, so that heat generated during polishing is transferred to the platen more easily through the solo pad than through the stacked
pad. The reason for the better planarity with the lower pad surface temperature was explained by the change in pad elasticity by the temperature.

© 2013 The Japan Society of Applied Physics

1. Introduction

Chemical mechanical polishing (CMP) is a key process in
LSI manufacturing and has wide spread applications such as
interlayer dielectrics (ILD), shallow trench isolation (STI),
tungsten (W) plug, copper (Cu) damascene, and replacement
metal gate (RMG)."® These applications can be categorized
in two groups by planarization type: global planarization for
ILD and local planarization for most of the others. Global
planarization for ILD is aimed at achieving a flat surface
within a lithography area,””® typically 30 x 30 mm?, to
increase the focus tolerance. There have been many studies
of the global planarization mechanism and its modeling.”~'?
On the other hand, local planarization is aimed at creating
special structures using the selectivity of the removal rate
(RR) for different materials polished at the same time.>™®
The degradation of local planarity such as by dishing or
erosion'*~!® should be minimized to suppress the variation
in transistor performance or interconnection resistance.

In CMP, a wafer is pressed on a rotating platen on which a
polishing pad is placed with polishing slurry delivered.® RR
is a function of pressure and the relative sliding speed
between the wafer and the pad, which is known as Preston’s
equation.'!” Planarity is affected by the process conditions
and consumables, i.e., polishing pad and slurry. Generally, a
stacked pad is used for device CMP, which consists of a top
layer of a hard polyurethane pad and a bottom layer of a soft
foamed or fiber pad.'® Global planarity is affected by the
deformation of the polishing pad. Therefore, a solo pad, i.e.,
the top hard layer without the bottom soft layer, is known
to be effective for global planarity.'®>" The mechanism of
local planarization is considered to be different from that
of global planarization, but there have been some reports
that a solo pad can also improve local planarity. David and
coworkers reported that STI planarity is improved by
applying a hard solo pad.?>*® However, 4 x 4mm? chips
with different pattern densities were evaluated in their
studies and it seems that the global planarity factor instead
of the local planarity factor is dominant in their planarity
improvement.

In this study, we investigate the effect of a solo pad on the
improvement in the local planarity in the Cu damascene
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process. The differences between the mechanisms and key
factors for local and global planarizations are discussed from
the results.

2. Experimental Procedure

Cu blanket wafers and patterned wafers were polished to
evaluate the RR of Cu and surface topography. Two
polishing pads, i.e., an IC1000™ (Nitta-Haas) solo pad and
an IC1400™ (Nitta-Haas) stacked pad, which consists of
IC1000 as the upper layer and a foamed pad as the lower
layer, were compared. Both pads have concentric grooves
(k-groove) on their surfaces. Commercially available slurry
for copper CMP that contains colloidal silica abrasives was
used. Three percent hydrogen peroxide (H,O,) was mixed
into the slurry before polishing. A #100 dotted-type 4in.
diamond disc (Mitsubishi Material) was used as a pad
conditioner.

ChaMP-332 (Accretech), a 300 mm CMP tool for mass
production that has a three-platen two-head configuration,
was used as the polishing equipment. One head can move
from the right (or left) between the center platen to com-
plete two-step polishing. The polishing head has a unique
structure as shown in Fig. 1. It can apply uniform pressure
on the basis of the air floating concept.”” Because the
wafer pressure and retainer ring pressure are independently
controlled, a retainer ring pressure lower than the wafer
pressure is realized. This can help in obtaining good within-
wafer nonuniformity (WIWNU) with a hard solo pad. This
machine is also equipped with an optical endpoint detector
embedded in the platens. The timing at “just cleared” when
Cu is completely removed and the barrier layer is exposed
can be detected by monitoring the change in reflectivity. The
platens have coolant paths in them and a chiller is connected
to the paths to control the plate temperature. The tem-
perature of the coolant was set to 20 °C for the first part of
the evaluation and varied from 10 to 40°C for the second
part of the evaluation. An IR camera was used to evaluate
the detailed temperature distribution of the pad surface.

Polishing was carried out at a wafer pressure of 20.7 kPa
and a retainer ring pressure of 6.9 kPa. Slurry was supplied
to a platen at a flow rate of 270 ml/min, while the platen and
head were rotated at speeds of 83 and 78 min~!, respec-
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Fig. 1. Polishing head structure of ChaMP-332.
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Fig. 2. (Color online) Removal rate profile for blanket Cu wafer polishing along the diameter of the wafer.

tively. The polishing pad was conditioned for 30s in the
ex-situ mode at a disc load of 59 N, a platen rotational speed
of 80min~!, and a disc rotational speed of 88 min~'.

The polished wafers were Cu blanket wafers with 1.5 um
Cu thickness and MIT754 patterned wafers with 1000 nm
Cu thickness and 15 nm Ta thickness. The polishing time for
the blanket wafers was 60 s and that for the patterned wafers
was determined using the end point detection system as “just
cleared”.

RR was calculated by monitoring the difference in the
Cu thickness before and after polishing using a four-probe
metal thickness measurement system. The RR distribu-
tion along the diameter of the wafer was measured. The
dishing and erosion'*'® of the patterned wafer were
evaluated with a stylus profilometer. A pattern of line/space
(L/S) =9.0um/1.0um was used to represent the local
planarity. Four sites from the center to the edge in the radial
direction were measured.

3. Results and Discussion

The RRs of the blanket Cu film were evaluated for an
IC1400 stacked pad and an IC1000 solo pad with the platen
temperature set at 20 °C. The RR profiles of all the wafers
are shown in Fig. 2. The average RR of IC1400 was 925
nm/min with a nonuniformity of 1.9% (lo), while that of
IC1000 was lower at 765 nm/min with a nonuniformity of
2.0%. Then, the patterned wafers were polished under the
same conditions. The average variation of topography for
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Fig. 3.

(Color online) Pad compressibility measurement.

IC1400 was 72nm and that for IC1000 was 59 nm. The
IC1000 solo pad produces a lower RR and better planarity
than the IC1400 stacked pad.

Both of the pads have the same layer of IC1000 on top.
The only difference is the existence of a soft lower pad.
When compressibility is measured as shown in Fig. 3, the
IC1000 solo pad shows a compressibility of 1% or less and
IC1400 shows a compressibility of 3 to 4%. This difference
can explain the above result, that is, the lower compressi-
bility of IC1000 causes better planarity as in the case of
ILD planarization'”" and also causes a lower RR because
of the less contact of the pad with the wafer due to the
lower flexibility, which cannot compensate for the pad
surface waviness.”> However, as will be discussed later,
the mechanism of local planarization such as STI or Cu
damascene CMP must be different from that of global
planarization such as that of ILD CMP, and other factors are
considered to dominate the mechanism.

© 2013 The Japan Society of Applied Physics
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Fig. 5. (Color online) Relationship between Cu removal rate and platen
setting temperature.

One possible factor is the temperature during polish-
ing. Figure 4 shows the change in the temperature during
blanket wafer polishing. Both of the pads show temperature
increases but only IC1000 shows saturation at 40°C after
approximately 30s from the start of polishing. This is
considered to be due to the difference in heat conductance
between the pads. IC1400 has a lower heat conductance than
IC1000 because of the existence of a lower foamed pad, and
heat generated during polishing cannot easily escape to the
platen.

To confirm the above, a polishing test was conducted
while varying the platen temperature. Figure 5 shows the
relationship between the platen setting temperature and
Cu RR. RR increases in both pads with increasing platen
temperature but the slope for IC1400 is gentler than that for
IC1000. Figure 6 shows the relationship between platen
setting temperature and the amount of dishing and erosion.
The trend is similar to that shown in Fig. 5.

The pad surface temperature during polishing was
monitored using an IR camera. Figure 7 shows examples
of the measurement where the platen setting temperature is
20°C and the indicated temperatures are highest at the end
of the polishing. Colors in the images show the temperature
distribution for each point. A high temperature is observed at
the polishing pad surface just behind the polishing head and
the area on the pad corresponding to the wafer center
showed the highest temperature. By comparing 1C1400
with IC1000, a higher temperature and a wider temperature
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Fig. 8. (Color online) Relationship between maximum temperature of
pad surface and platen setting temperature.

variation are observed in IC1400 than in IC1000. Two points
corresponding to the wafer center and wafer edge on the
polishing pad were chosen to precisely monitor the tem-
perature change as shown in Fig. 7. The highest temperature
during polishing was plotted in Fig. 8 with respect to the
platen setting temperature. A steeper slope appears in the
IC1000 solo pad than in IC1400 stacked pad, which
indicates the higher heat conductivity of the IC1000 solo
pad than that of the IC1400 stacked pad. To clarify the
relationship between the polishing pad surface temperature
and polishing performance, Figs. 5 and 6 are converted into
Figs. 9 and 10, respectively, with respect to the highest pad
surface temperature during polishing. These figures show
good correlations of the highest pad surface temperature

© 2013 The Japan Society of Applied Physics
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to RR, as well as to the amount of dishing and erosion,
regardless of the pad type.

The amount of dishing and erosion at every measurement
site on the wafer is plotted in Fig. 11. The amount is lower
and its variation is smaller in IC1000 than in IC1400. On the
other hand, the highest amount of dishing and erosion is
observed around the center of the wafer.

All the results indicate that the pad surface temperature,
which is considered to be dominated by the difference in
the heat conductivity between the pads, is the key factor
determining RR and local planarity. Next, the mechanisms
of the temperature dependencies of RR and polished pattern
topography are discussed. The increase in RR in IC1400
is simply understood as the enhancement of the chemical
factor caused by the heat generation in CMP. The change in
topography can also be explained by the same mechanism,
that is, the etching factor is enhanced by the temperature rise
resulting in an increase in the amount of dishing. If this is
the case, there should be no pattern size dependence of the
erosion or dishing deterioration caused by a higher tem-
perature. The amount of dishing changed by more than
30nm for the 9.0/1.0um (L/S) pattern, but the dishing
value itself for the isolated 1 um line pattern was less than
5nm under all the conditions. This result contradicts the
hypothesis that the etching effect is enhanced by tempera-
ture. Another possibility is the changes in pad physical
properties caused by heat. The mechanisms of global and
local planarizations in relation to pad properties are
considered as follows.

In the case of ILD CMP, planarization proceeds as a result
of the difference in local pressure induced by the surface
topography, as shown in Fig. 12. The actual polishing pad
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(b)

Fig. 12. Schematic diagram to explain global planarization mechanism.
(a) At the start of polishing, the raised area has a higher RR because

of its higher local pressure than the flat area. (b) After planarization,

the difference in local pressure becomes zero and the planarization no longer
proceeds.

has many pores and asperities of micrometer orders, and the
percentage of the area of contact between the pad surface
and the wafer is only 1% or less.?®*? However, a model such
as that shown in Fig. 12, where the pad surface is treated as
a smooth surface, is considered to be reasonable as long
as the macro behavior of the polishing pad is discussed.
In the beginning of the polishing, the difference in the local
pressure between a convex area and a concave area that have
a certain distance between them, is large and the planariza-
tion speed is high, as shown in Fig. 12(a). After polishing
proceeds and the step height decreases, the local pressures
become the same between the convex area and the concave
area, as shown in Fig. 12(b). This is the limitation of
planarity, which is related to the pad deformation. If the
pad deformation is small, the distance for the limit of the
planarity between the convex and concave areas increases
or the step height decreases. Boning et al.'” simulated
the planarity by considering the pattern density and pad
deformation, calculating the planarity from the pad physical
properties, i.e., Young’s modulus and Poisson’s ratio. When
we consider the deformation of the stacked pad, the effective

© 2013 The Japan Society of Applied Physics
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Fig. 13. Schematic diagrams to explain local planarization

mechanism (1). (a) Shortly after multiple materials are exposed, there is no
local pressure difference and a step is created because of the selectivity of
material RRs. (b) After polishing, the created step causes a local pressure
difference and the deterioration of local planarity stops when the local
pressure ratio becomes the inverse of the RR selectivity. This means the
RRs for both materials becomes equal if the CMP follows Preston’s
equation.

parameters for the deformation are considered to be the
bending modulus® of the top layer and the Young’s
modulus of the bottom layer. This seems to be very similar
to the pad compressibility measurement method shown in
Fig. 3. This is the mechanism of global planarization
improvement using the solo pad.

On the other hand, in the case of the STI or Cu damascene
process, planarization consists of two steps. The first one is
to planarize the initial steps and the second one is to remove
residual films on the stopper layer, such as the oxide film
from the SiN layer in the case of STI or the Cu film from the
barrier layer in the case of Cu CMP. The first step is similar
to ILD CMP but the planarization is generally easy because
the patterns have small features.

Thus, we focus on the second step where we assume that
local planarization starts from a flat surface and becomes
worse with polishing time. If the selectivity is 1.0, that is, if
the RRs of the buried material and stopper material are the
same, there will be no deterioration of planarity. In general,
however, STI or Cu CMP usually uses a high-selectivity
slurry between Si0O, and Si3N, for STI, and Cu and a barrier
for Cu CMP. For example, provided that the Cu RR is
10 times higher than the Ta RR, the RRs of these materials
are the same for blanket wafers when Cu is just cleared
because of the lack of the difference in pressure, as shown
in Fig. 13(a). Then, the local step height increases because
of the difference between the RRs. At the same time, the
pressure difference increases because of the generated steps.
If the RR follows Preston’s formula, the local step height
increases until the pressure difference ratio becomes 1 to 10,
as shown in Fig. 13(b).

If we consider the pad surface to be smooth and flat, the
pressure difference increases rapidly at such micrometer
scale features even with a very small step, and the deteri-
oration of local planarity stops immediately. Thus, the
mechanism of local planarization should be different from
that of global planarization and we should not consider the
pad surface to be smooth and flat. Elbel et al. proposed a
model of a spring network for tungsten dishing®” and
Vlassak reported the relationship between pad asperity and
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Fig. 14. Schematic diagram to explain local planarization mechanism (2).
Considering the pad surface as being composed of small springs makes

it easier to understand the local planarization phenomenon than considering
pad bending deformation. (a) Soft springs cannot make a large difference
in local pressure with small steps and cause the deterioration of the
planarity. (b) Hard springs can make a large difference in local pressure
with small steps and the deterioration of the local planarity to stop
immediately.
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Fig. 15. Temperature dependence of elasticity (E’) for IC1000.

dishing.'” The spring model shown in Fig. 14 makes it is
easy to understand the local planarization. When the spring
constant is large, i.e., the effective surface elasticity is high,
the pressure difference increased and the local planarity
deterioration stops immediately. On the other hand, when
the spring constant is small, i.e., the surface elasticity is
low, the pressure difference cannot increase even after the
step height increases. The effective elasticity of the pad is
considered to be a function of surface asperity and material
elasticity.

The bulk elasticity measurement of a polishing pad by
dynamic mechanical analysis was reported,’®3" and the
temperature dependence of elasticity (E’) for IC1000,
as shown in Fig. 15, is widely recognized. The elasticity
decreases with increasing temperature. The mechanism of
local planarization improvement by the solo pad is explained
by this pad elasticity trend, however, bulk elasticity is not
the key factor. Bulk elasticity must have a strong correlation
to the effective surface elasticity, and the change in the
effective surface elasticity is considered to explain the
results of this study.

The solo-pad can maintain a low surface temperature
and a high effective surface elasticity during polishing to
improve local planarity. Using the CMP tools used in this

© 2013 The Japan Society of Applied Physics
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study, which can be applied to a solo pad, is one approach to 6)
local planarity improvement. Another approach is to control 7
the effective pad surface elasticity from the viewpoints
of material elasticity and pad surface asperity. This pro- 8)
vides a clue to pad material and pad conditioning devel- 9)
. . 10)
opment. The direct measurement of effective pad surface
elasticity®” will be a key technology and another challenge 11)
for the development of pad material and pad conditioning to
improve local planarity. 12)
4. Conclusions 12;
Copper damascene CMP using a solo pad improves planarity
as in the case of ILD CMP, compared with that using a 15)
stacked pad. However, the planarization mechanism of Cu 16)
CMP is different from that of ILD CMP. It is considered that  17)
the higher heat conductivity of the IC1000 solo pad could  18)
keep the pad surface temperature low and the elasticity high 19)
to prevent dishing enhancement. This result indicates that
there is room to improve local planarity by keeping the  20)
effective pad surface elasticity high. A method for evaluat-
ing the effective pad surface elasticity separately from the 21)
bulk property will be a key technology for the development 59
of pad materials and pad conditioning to improve local
planarity. 23)
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