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Abstract. A new model is developed for chemical-mechanicatailed understanding of the role played by each of these CMP
polishing with soft pads. Contrary to prevalent views basegarameters and the subtle interactions between them. The
on the existing polishing rate equation (i.e., the Preston’snost basic polishing rate equation that has been widely used
equation), the new model predicts a nonlinear pressure depes-the so-called Preston’s equation [3—9], although there are
dence of the polishing rate. It is shown that the fundamentatarious models for different aspects of a CMP process [10—
mechanism of the pressure dependence for CMP with a sofi6]. The Preston equatiorwhich predicts that the removal
pad is completely different from that with a hard pad. Thisrate(RR), i.e., the thickness decrease over tifndn/ At), de-
new model, which is shown to be consistent with experimenpends linearly on the downward wafer press&eand the
tal evidence, resolves an apparent inconsistency between tredative velocity between the pad and the wafer surfdce
Preston’s equation and experimental observations concerning., [4],
the pressure dependence of the polishing rate. The new model
provides an important starting point for elucidating the otherRR= — = K PV 1)
aspects of the CMP process including the pattern-density de- At
pendence of the planarization rate. where K, is Preston’s coefficient, which is a strong func-
tion of the other CMP parameters. The wide use of Preston’s
PACS: 82.40.Ls; 82.40.Yd equation for CMP is surprising since it was obtained for pol-
ishing with hard pads, whereas the conventional CMP pads
used in IC manufacturing are soft compliant polymer ones.
The National Technology Roadmap for Semiconductors prefhe difference in the pad hardness could be responsible for an
dicts the manufacturing of th®.18-um generation ULSI inconsistency between the Preston equation and experimen-
chips in 1999. A single logic chip of th8.18um gener- tal observations concerning the pressure dependence of the
ation will consist of more than 20 million transistors and polishing rate. The experimentally observed pressure depen-
6—7 interconnect metal layers. Development of planarizadence of the polishing rate could often be roughly fitted by
tion technologies that can be used for the manufacture cfome linear lines [18—20]. However, such linear fittings do
future-generation ULSI chips is one of the major challengesiot necessarily verify the Preston equation as people have of-
today [1]. Chemical-mechanical polishing (CMP) appears tden thought. This is because such linear fittings [18—20] do
be the only viable method for global planarization, thoughnot satisfy the required physical limit 8#R— 0 asP — 0
the CMP process is still not well understood at this mo-as predicted by the Preston equation.
ment. Understanding the fundamental mechanism involved in It is the goal of this work to introduce a new model for
a CMP process is essential for meeting the strict planarizatioBGMP with soft pads. We have found that the softness and
requirements in manufacturing the future-generation ULStoughness of pads play a vital role in determining the pres-
chips. Fundamental studies are expected to lead to a widenisgre dependence of the removal rate. In contrast to the con-
of the process window and a lowering of the manufacturingzentional Preston equation, the pressure dependence of the
cost of CMP. removal rate for CMP with soft pads is found to be nonlinear,
A CMP system (pagslurry/wafer) involves many vari- i.e., RRo P%2. It is shown that the fundamental mechanism
ables including tool process parameters (pressure or force afor the pressure dependence of the polishing rate in CMP pro-
plied to the wafer and pad, velocity of wafer and pad, polishcess with a soft pad is completely different from the case of
ing time, etc.), wafer variables (film type and pattern density)a hard pad. This new model is consistent with experimental
slurry variables (chemistry, particle size, and other properevidence, and the apparent inconsistency between the Preston
ties), and pad variables (hardness, roughness, and other pr@aruation and experimental observations concerning the pres-
erties) [2]. A better control of a CMP process demands a desure dependence of the polishing rate is resolved.
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1 Model elastic interaction between an abrasive particle and the polish-
ing surface [17], therRRo PV. Note thatRRoc PV for

The Preston equation as an empirical relation for optical glasg fully plastic interaction since in such a case P2 [17].
polishing was substantiated by Cook [4,5] who considered The above consideration can be applied to a CMP pro-
that the removal of atomic clusters involves the bond breakcess with a hard pad, but is evidently not applicable for
age as a result of elastic interaction between abrasive particlasCMP process with a pad which is much softer than that
and the wafer. Consider the cross section of the worn groovef the wafer and abrasive particles. As shown schematically
caused by a Spher|ca| abrasive part|c|e of radRues shown In FIgS 1 and 2, there is a fundamental difference between
in Fig. 1. Its cross-section area$s~ h xr. Herer isthera-  the soft- and hard-pad CMPs in how the abrasive particles
dius of the contact area, ahds the indentation depth of the are held against the wafer surface and in how the force is
abrasive particle. Since typically« R, thenh ~r2/2Rand applied to the abrasive particles. For a CMP process with

S r3/R[17]. Consequently the removal ralRis a hard pad, a change in the applied force causes a change
in the indentation depth of abrasive particles into the wafer.
RR= N SL @ On the other hand, for a CMP process with a soft pad, an

increase in the force applied to the wafer causes abrasive par-
ticles to embed into the asperities of the pad surface, which
whereN is the total number of abrasive particles in contactact like an elastically soft spring because the contact pressure
with the polishing surface whose surface aredjd is the is usually low [11-13, 16]. With the increase in the applied
sliding distance of the particle during atimetaindL /t o< V. force, the asperities of the pad surface go into the pad, and

At’

Hence, the contact area between the wafer and pad is increased. Con-
sequently, an increase in the applied force to the wafer can
RRxr3v. (3) increase the number of particles in contact with the wafer but

not markedly increase the force applied to each particle and
Note that the pressure dependencdldbr the case of a hard its indentation depth into the wafer. Thus, the pressure depen-
pad is much weaker than that & Sincer oc P¥2 for an  dence of the polishing rate for a soft pad is mainly determined
P, by the pressure dependence of the total number of particles in

the polishing rate for a single particle in the case of a soft pad,

P,

B

hard pad : hard pad

sbrasive particle \ ‘

Fig. 2. Schematic of the contact between a wafer, an abrasive particle, and
Fig. 1. Schematic of the contact between a wafer, an abrasive particle, ana soft pad which is much softer than both the wafer and particle. klere
a hard pad. Heré and R are the indentation distance and the radius of anand R, are the indentation distance and the radius of an asperity of the soft
abrasive particler, is the radius of the contact area between the particle andgad;r, is the radius of the contact area between the asperity and the wafer
the wafer surface surface

compressed part of
soft pad asperity
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which is again proportional td, but the pressure dependencethe contact load is undertaken by the pad—wafer contact [11—
of RRy is negligible in comparison withN(P). Hence, forthe 13, 16]. Consequently, the applied for¢e) dependence of
reasons discussed above, the polishing rate for a CMP proceté® contact areé, between an asperity and the wafer is given
with a soft pad can be given by by [17],

RRox N(P)V . (4)  Agox F2P o P23, (5)

The contact between the soft pad and the wafer surface cdrhe abrasive particles on the pad surface can simply be taken
be considered to be elastic. The concentration of slurry pags evenly distributed. ThusN(P) oc Ay < P%3, and (4) be-
ticles on the pad surface is usually low. Hence, almost altomes

RR= Ks,P?3V, (6)

300
whereKg; is the coefficient which is a function of other CMP

variables. Our new result given by (6) indicates that the pol-
ishing rate for a CMP process with a soft pad depends nonlin-
early on pressure, and contains the physically correct limit of
RR— 0asP — 0.

This result is consistent with available experimental ev-
idence as demonstrated in Fig. 3, which presents a compar-
ison between the predicte?/® dependence and the exper-
imentally observed pressure dependence of polishing rates
for thermalSiO,, PETEOSSIO,, and fluorine-doped silicon
oxides [18—20]. It should be emphasized again that although
the experimentally observed pressure dependence of the pol-
ishing rate could be roughly fitted by some linear lines, such
linear fittings cannot satisfy the required limit BfR— 0 as
P — 0, and thus do not validate the Preston equation.
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2 Concluding remarks

0 5 10 15 20 A new polishing rate equation, (6), has been established for
the chemical-mechanical polishing with soft pads. The model
has been developed on the basic of the physical observation
that for CMP process using a soft pad (whose hardness is
much less than that of both the abrasive particles and wafer),
800! an increase in the overall force applied to the wafer leads
to an increase in the number of abrasive particles in con-
tact with the wafer. However, this does not markedly increase
the local force applied to each particle and the indentation
depth of a particle. The pressure dependence of the total num-
ber of particles in contact with the wafer is much stronger
than that of the indentation depth of a particle (and thus the
removal rate caused by a single particle). The pressure de-
pendence of the polishing rate with a soft pad is nonlinear
and is determined by the pressure dependence of the number
of particles in contact with the wafer. This result is in con-
(Y trast to the existing polishing rate equation, i.e., the Preston
equation. This new model is in full agreement with experi-
200 mental evidence and will provide an important starting point
for elucidating the other aspects of CMP process including
the pattern-density dependence of the planarization rate.
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